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ABSTRACT: In recent years, the use of hydraulic lime in conservation and restoration of historic buildings has
increased due to the pathological processes involved in the use of Portland cement. This investigation deter-
mines the properties of hydraulic lime mortars with added carbon fibers for their possible use in restoration of
architectural heritage. The results obtained are compared with mortars to which glass and basalt fibers have
been added. The results show that the fibers affect significantly the behaviour of the mortar. Although the
fibers have a negative impact in the workability and increase the air void content, they improve significantly the
mechanical strengths. Although no relevant differences have been found in the pre-cracking behaviour, it has
been proven that the fibers avoid a fragile behaviour of the mortar, showing a better post-cracking behaviour.
Mortars with carbon fibers are the ones that show the best performance, increasing the toughness up to 12080%
over the reference mortars.
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RESUMEN: Influencia de la adicion de fibras de carbon en las propiedades de los morteros de cal hidraulica:
comparacion con fibras de vidrio y basalto. En los ultimos afos, se ha incrementado el uso de cal hidraulica en
trabajos de conservacion y restauracion de edificios historicos debido a los procesos patoldgicos involucrados
en el uso de cemento Portland. En esta investigacion se determinan las propiedades de los morteros de cal
hidraulica con adicion de fibras de carbono para su posible uso en restauracion del patrimonio arquitectonico.
Se comparan los resultados obtenidos con morteros a los que se les han afiadido fibras de vidrio y basalto. Los
resultados muestran que las fibras afectan significativamente al comportamiento del mortero, mejorando sig-
nificativamente las resistencias mecanicas. Aunque no se han encontrado diferencias relevantes en el comporta-
miento previo al agrietamiento, se ha demostrado que las fibras evitan una rotura fragil del mortero, mostrando
un mejor comportamiento posterior al agrietamiento. Los morteros con fibras de carbono son los presentan un
mejor rendimiento, aumentando la tenacidad hasta un 12080% sobre los morteros de referencia.
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1. INTRODUCTION

Due to its excellent physical and mechanical
properties, Portland cement is currently the most
widely used binder in the manufacturing of con-
struction mortars. However, its use in restoration
works and the conservation of historical buildings,
which was very common during the twentieth cen-
tury, has been shown to be counterproductive due
to the pathological processes which develop (1, 2).
This incompatibility derives from its high mechani-
cal strength in contrast to the base material, from
the formation, due to the migration of alkaline ions,
of a large quantity of soluble salts, the crystalliza-
tion and subsequent increase in volume of which
causes tensions and efflorescence, and from exces-
sive water retention due to the low permeability of
those mortars (3).

For this reason, the use of hydraulic lime has
increased in projects involving buildings which form
part of a region’s historical heritage (4, 5). It may
be said that hydraulic lime mortars represent a link
between those using Portland cement and mortars
dating from before the nineteenth century, display-
ing greater physical, chemical and mechanical com-
patibility with the materials normally used in these
constructions (6).

The main disadvantage of hydraulic lime mor-
tars is their high plastic shrinkage together with low
mechanical strength and relatively fragile behavior
when subjected to mechanical loads. Their limited
deformation capacity and ability to absorb energy
constitute a problem in certain situations, such as,
for example, in the event of earthquakes, which may
result in the detachment of fragments of mortar
coating, putting human safety at risk.

This issue, widely studied in cement-based mate-
rials, can be overcome by incorporating glass fibers
(7-9), basalt fibers (8-11) and carbon fibers (12-14)
in the matrix. However, the behavior of hydraulic
lime mortars with added fibers has been studied
significantly less, indeed it was only possible to find
a few albeit interesting references. Lucolano et al.
(15) published that the addition of glass and basalt
fibers improved the toughness and post-cracking
behavior of hydraulic lime mortars. Santarelli et al.
(16) reported an improvement in compressive and
flexural strengths, as well as in the post-cracking
behavior of hydraulic lime mortars featuring differ-
ent types of basalt fiber. No references of the use of
carbon fibers in hydraulic lime mortars have been
found.

Consequently, obtaining hydraulic lime mortars
with more ductile behavior and improved mechani-
cal strength which can be used in historical buildings
as an alternative to cement mortars implies attaining
greater compatibility with the base materials used in
old factories and, furthermore, providing a greater
guarantee of the safety of these constructions.

In addition, from all these studies, it is possible
to conclude that the fibers have a tendency to floc-
culation and therefore the amount of fiber that can
be incorporated into the mixture is limited by the
formation of “balls” (tangled fibers), which nega-
tively affect their working capacity (17); and that
the amount of fiber added varies by up to 10% (16),
but that the best results are obtained from mixtures
containing less than 1.5% (12,14).

This research formalizes a study (not done until
the moment) about the behavior of hydraulic lime
mortars with carbon fibers added. In addition, its
influence is studied in comparison with glass and
basalt fibers and a mortar with mixed glass and
carbon fibers. Four percentages of fibers have been
used over the total volume of the mortar (0.33%,
0.66%, 1% and 1.33%). Based on an analysis of the
load—deflection curves obtained from the flexural
and compression tests, the energy absorption capac-
ity of the material has been quantified.

2. EXPERIMENTAL PROCEDURE
2.1. Materials

In order to carry out the experimental work,
hydraulic lime mortars were manufactured using the
following materials:

- Natural hydraulic lime NHL 5, in accor-
dance with regulation EN 459-1 (18), from
Saint-Astier

- By way of aggregate, river sand that is siliceous
in nature. With a size in the granulometric range
of 0-4 mm

- Carbon fibers (Mapei), AR glass fibers (Fiber
Eagle) and basalt fibers (Mapei)

- Drinking water

- Glenium Sky 604 by way of superplasticizer

The technical characteristics of the fibers are
shown in Table 1, whilst Figure 1 displays the
appearance of the aforementioned fibers.

In order to be able to assess the effect of the
fibers, reference mortars were produced by mixing
490kg/m* of hydraulic lime, 1,470kg/m? of silica
sand and 0.65 water/binder ratio. Based on the
reference mortars, different mortar mixtures were
manufactured, adding carbon (CF), mixed (50 %
carbon and 50% glass fibers) (MF), glass (GF)
and basalt (BF) fibers. The percentages added are
0.33%, 0.66%, 1% and 1.33% over the total mor-
tar volume. Finally, with the aim of improving the
workability of the mortars following the addition
of fiber, 2kg/m? of a water-reducing additive were
added to the mixture. Due to increase of popula-
tion in developing countries the need forlow-cost
residential housing has increased considerably
around the world (1, 2).
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TABLE 1. Size and physical and mechanical properties of the materials.

Carbon fibers (CF) Glass fibers (GF) Basalt fibers (BF)
Length (mm) 12 12 12
Density (g/cm?) 1.79 2.68 2.75
Elastic modulus (GPa) 230 72 91
Tensile strength (GPa) 4.2-4.5 1-1.7 3.8-4.1
Elongation at break (%) 2.1 4.3 3.1
Specific elastic modulus (GPa/cm’) 30 31.78

FIGURE 1. Appearance of the fibers used (a) carbon fibers (b) glass fibers (c) basalt fibers.

2.2. Manufacturing and curing

The mixing was performed in accordance with
the procedure described in regulation EN 196-1 (19).
To begin with, the water is mixed with the binder
for 30 seconds on a slow speed, before gradually
adding the sand for the following 30 seconds. The
mixing is completed following the pattern of quick

(30 seconds) - stopped (90 seconds) - quick (60 sec-
onds). In mortars with added fibers, taking into con-
sideration the results obtained by Gao et. al. (20),
the fibers are premixed with water for 60 seconds
before adding the hydraulic lime and starting to mix.
For each mortar tested, three prismatic test pieces
were manufactured (40x40x160mm?) and wrapped
in polyethylene film for the first few hours in order
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to delay evaporation. The curing process was carried
out in a humidity chamber at a temperature of 20°C
and relative humidity of 95% for 28 days, according
to standard EN 459-2 (21).

2.3. Experimental techniques

The physical properties; slump, density in a fresh
and hardened state and trapped air content; were
determined following the criteria set out in regula-
tions EN 1015-3 (22), EN 1015-6 (23), EN 1015-10
(24) and EN 1015-7 (25), respectively.

The mechanical characterization of mortars
was carried out in accordance with regulation
EN 1015-11 (26). In order to perform the flex-
ural strength testing, Ibertest model MIB-60/AM
equipment was used featuring deflection control,
a 100mm separation between supports and a load
speed of 0.4mm/min. The tests to determine the
compressive strength were performed using the
fragments produced during flexural strength test-
ing, with the same equipment and a deflection
speed of 1 mm/min.

The toughness was obtained by calculating
the area below the load-deflection curve up to a
variable deflection, &, as shown in the following
Equation [1]:

S

T = |P§ ds [1]

S

As ASTM C1609 (27) recommends, the flexural
toughness evaluation indexes are: the load at
the first crack, the maximum load, the residual
load and the area below the curve up to a deflec-
tion of L/150 (L being the distance between
supports). In this study, the indexes used to evalu-
ate the flexural toughness of hydraulic lime mor-
tars included the area below the curve up to
breakage (T,), up to a deflection of L/600 (T s0),
up to a deflection of L/150 (T.;s5) and up to
collapse (T,). The maximum load (P,) and resid-
ual loads Py 0, Prjiso and P, (28, 29), were also
calculated.

The compressive toughness was determined by
adapting the procedure set out in UNE 83508 (30).
The area below the load-deflection curve was cal-
culated up to breakage (T,,), up to a deflection of
1.125mm (T, ;»5) and up to a deflection of 2.250mm
(Te2250). The maximum compression load (P,)
and residual loads P, j»s and P, s (31) were also
calculated.

The microstructural characterization and mor-
phology of the fracture surfaces of the hardened
samples was carried out using a scanning electron
microscope (SEM Jeol JSM-820). All samples were
coated using gold sputtering before testing.

TABLE 2. Physical properties of the mortar mixtures.

Air void Density. Density.
Mortar  Slump content Fresh Mortar Hardened
mixtures cm (%) (kg/im?) Mortar (kg/m?)
R 190 3.1 2110 1970
CF-0.33 150 4.1 2100 1930
CF-0.66 150 5.3 2050 1900
CF-1 140 6.0 2000 1860
CF-1.33 130 6.9 1950 1830
MF-0.33 160 4.0 2080 1880
MF-0.66 160 5.3 2040 1860
MF-1 140 6.5 2020 1820
MF-1.33 140 7.3 1980 1790
GF-0.33 160 3.5 2100 1920
GF-0.66 150 4.7 2080 1890
GF-1 140 6.3 2020 1850
GF-1.33 140 7.5 1980 1820
BF-0.33 160 4.2 2110 1960
BF-0.66 150 5.1 2030 1920
BF-1 140 6.1 2020 1900
BF-1.33 140 6.9 2000 1860
3. RESULTS

3.1. Physical properties

The physical properties of the mortars are shown
in Table 2. The gradual increase in the amount of
fibers added implies a drop in slump, which has a neg-
ative impact on the workability of the mortars (32).
This effect is common to all of the fibers, not show-
ing significant differences. It is due to the formation
of a mesh-like structure which stems from the fact
that the distribution of the fibers restricts the seg-
regation of the mixture. This, together with the
greater amount of binder required in order to coat
the fibers (due to their high specific surface) results
in the increased viscosity of the mixture (33). As a
result, the formation of “groups” or “tangled fibers”
(Figure 2) is observed, having a negative effect on
the workability.

Furthermore, the increased fiber amount
implies a drop in the mortar density due to the
increase in trapped air, resulting in mortars which
are less compact. This phenomenon derives from
an interruption in the continuity of the material’s
microstructure, as a result of including fibers in a
homogeneous body.

3.2. Flexural and compressive strength
The average flexural and compressive strengths

for the different hydraulic lime mortars are set out
in Table 3. The strengths’ increase by the addition
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FIGURE 2. Image of backscattered electrons. BSE at 250 magnifications. Formation of fiber clusters.

TABLE 3. Mechanical properties of the mortar mixtures.

Mortar Flexural Compressive
mixtures strength (MPa) strength (MPa)
R 0.74 (0.02) 2.49 0.17)
CF-0.33 0.96 0.07) 2.60 0.22)
CF-0.66 1.18 0.07) 3.02 (0.15)
CF-1 1.47 (0.14) 3.29 0.17)
CF-1.33 1.38 (0.11) 3.32 (0.11)
MF-0.33 1.03 0.11) 3.00 (0.16)
MF-0.66 1.07 (0.16) 3.11 0.12)
MF-1 1.31 (0.05) 3.65 (0.13)
MF-1.33 1.33 (0.10) 3.61 0.19)
GF-0.33 1.01 (0.06) 2.98 0.17)
GF-0.66 1.18 0.07) 3.30 (0.35)
GF-1 1.36 (0.14) 3.78 (0.25)
GF-1.33 1.33 (0.15) 3.81 0.19)
BF-0.33 0.99 (0.05) 2.72 (0.08)
BF-0.66 1.23 (0.04) 3.29 (0.09)
BF-1 1.40 (0.08) 3.60 (0.18)
BF-1.33 1.40 (0.13) 3.44 0.17)

of fibers can be seen in Figure 3. When compared
with the reference mortars, the average values
increase by 35%, 57%, 87% and 84%, for addition

percentages of 0.33%, 0.66%, 1% and 1.33% respec-
tively (Figure 3.a). In a similar way, compressive
strength increases when any type of fiber is added
(Figure 3.b), averaging increases of 13%, 28%, 44%
and 42% compared with the reference values.

Regardless of the type of fiber added, the flexural
and compressive strengths of the mortars increase
with the addition of fibers up to 1%. At higher con-
tents, a resistances decrease takes place due to the
difficulty of dispersing high amounts of fibers (20).
Because the resistances variation depends on numer-
ous factors (such as, the cementitious matrix, the
nature of the aggregate and the type and length of
the fibers), contradictory data has been found in the
bibliography regarding the mechanical resistances
(15, 16). Therefore, the results have to be compared
with similar materials.

With regards to the type of fiber, observing the
standard deviation of each of the experimental
mortars, there are no significant differences between
the different fibers, and no substantial improvement
is found when carbon fibers are added.

3.3 Flexural toughness indexes

The flexural behavior of hydraulic lime mortars
can be divided into four stages, as shown in Figure 4.
Up until reaching a load of between 0.35kN and
0.40kN, the behavior is linear (stage I). After this
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point, the behavior is still noticeably linear but the
gradient of the line is lower due to the lower rigid-
ity of the test piece, caused by micro-cracking (stage
IT). Once the maximum load has been reached, the
stitching effect between the fibers prevents brittle
fractures, displaying improved post-cracking behav-
ior compared to mortar mixes which do not contain
added fibers (stages III and IV). In the third phase,
the residual loads rapidly drop before stabilizing
and slowly dropping until reaching collapse (stage
1V). While, the mortar mixes which do not contain
added fibers display brittle fractures, the toughness
of the mortars with added fibers increases with the
fiber content until this reaches 1%, displaying lower
values for a fiber content of 1.33%.

The parameters that quantify the toughness are
shown in Table 4; the area below the curve up to
breakage (T,), up to a deflection of L/600 (T} ),
up to a deflection of L/150 (Ty,5,) and up to col-
lapse (T,); as well as the maximum load (P,) and
residual loads Py, Prsiso and P,. The rise in the
values of these parameters as the percentage of
fiber addition increases highlights the increased
ductility of these mortar mixes, irrespective of the
fiber type added.

In comparison to the reference mortar, the addi-
tion of 0.33%, 0.66%, 1% or 1.33% of carbon,
mixed, glass and basalt fibers, implies an increase in
values T,,, Ty ;50 and T, of 204%, 1029% and 1883%,
of 409%, 2776% and 4348%, of 566%, 3431% and

7029% and of 562%, 3235% and 4516%, respec-
tively. The toughness increases to a greater extent
when the fiber added is carbon fiber, obtaining T,
Tiso and T, values which are 683%, 3620% and
12070% higher than those for the reference mortars.

The evolution of the energy absorption values of
the different mortars tested to a deflection of L/600
(Ty600) and to the collapse (T,) is shown in Figure 5.
As can be observed, the Ty ,and T, values increase
with the addition of fibers, the optimum percent-
age being 1%. The increase of the Ty, values is
very similar in all of the mortar mixes, irrespective
of the type of fiber added, being between 40% and
55%. This shows us the low influence of the type of
fiber in the first phase of post-cracking fissuration.
However, when the specimen is subjected to greater
deformations, the influence of the fiber’s nature
increases. On average, mortars with carbon fibers
show T}, 5 and T, values a 7% and 63% higher to
mortars containing a mixture of fibers, a 17% and
102% higher to mortars containing glass fibers and
a 18% and 80% higher to mortars containing basalt
fibers. These results show the best post-break behav-
ior of mortars with carbon fibers.

This data highlights the improved behavior of
mortar mixes containing added fibers. This improve-
ment, already reported by other authors (15, 16), is
due to the fact that the fibers, which are randomly
placed in every direction throughout the mortar
mixture, act as “bridges” or “hooks” between the

TABLE 4. Flexural toughness indexes of hydraulic lime mortars.

P,(kN)  Prp(kN) Prjso(kN) P, (kN)  T,(kNmm) Ty (kKNmm) Tyy5(kNmm) T, (kN mm)

R 0.30 0.0070

CF-0.33 0.40 0.27 0.17 0.16 0.0270 0.0496 0.1489 0.1728
CF-0.66 0.50 0.15 0.26 0.16 0.0434 0.0634 0.2212 0.4878
CF-1 0.62 0.56 0.30 0.19 0.0548 0.0721 0.2604 0.8519
CF-1.3 0.58 0.54 0.27 0.15 0.0461 0.0700 0.2562 0.3978
MF-0.33 0.42 0.26 0.17 0.13 0.0176 0.0503 0.1533 0.1883
MF-0.66 0.52 0.38 0.20 0.15 0.0307 0.0626 0.2049 0.2527
MF-1 0.58 0.54 0.26 0.14 0.0465 0.0704 0.2447 0.3887
MF-1.3 0.56 0.48 0.22 0.16 0.0437 0.0693 0.2253 0.3409
GF-0.33 0.43 0.26 0.19 0.0181 0.0506 0.1245
GF-0.66 0.45 0.29 0.17 0.15 0.0202 0.0544 0.1633 0.1977
GF-1 0.56 0.45 0.24 0.14 0.0328 0.0717 0.2381 0.3306
GF-1.3 0.57 0.53 0.19 0.11 0.0389 0.0716 0.2351 0.2932
BF-0.33 0.42 0.21 0.17 0.0224 0.0442 0.0697
BF-0.66 0.52 0.46 0.26 0.20 0.0482 0.0623 0.2158 0.3071
BF-1 0.59 0.53 0.30 0.20 0.0523 0.0688 0.2456 0.4250
BF-1.3 0.60 0.52 0.22 0.20 0.0566 0.0698 0.2174 0.2607
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FIGURE 5. Evolution of energy absorption values on bending up to a deflection
of L/600 (TL/600) and of collapse (Tu) for the different types of mortars containing fibers.

sides of a crack and are able to transmit the effort
with highly variable angles depending on their posi-
tion in relation to the cracking plane.

There are two effects which are useful for improv-
ing the post-cracking behavior of hydraulic lime
mortars containing fibers: increasing the effort
required for fracturing to begin and increasing the
energy required for cracking to continue spreading.
Both effects depend on the interaction between the
fibers and the matrix. Micrographs (BSE at 1000
magnifications) of the fracture surfaces of hydraulic
lime mortars with fibers (1%) are shown in Figure 6.
It can be observed how there is a certain amount of
hydraulic lime attached to the surface of the fibers,
which indicates good bonding between hydrau-
lic lime matrix and the fibers and an effective load
transfer mechanism.

Meanwhile, the absence of fiber breakage leads
to the conclusion that the fault is caused by the
extraction or slipping of the fibers, an effect which
is known as ‘pull-out’. The grooves formed when
the fibers are extracted can be seen in Figure 7, con-
firming this trend. This separation mechanism was
found in other studies using acrylic fibers (34), glass
(35), basalt fibers (36), polypropylene fibers (37)
and steel fibers (38).

3.4. Compressive toughness indexes

The compressive behavior of hydraulic lime mor-
tars can be divided into four stages, as shown in
Figure 8. Up until reaching a load of between 3.5kIN
and 4kN, the behavior is linear (stage I). After this
point, the linearity starts to disappear due to the
lower rigidity caused by micro-cracking and it takes
on a parabolic shape (stage II). Once the maximum

load has been reached, the residual strengths fall, a
greater or lesser deflection being required depending
on the amount of fibers added (stage I1I). On com-
pression, ductility increases with a fiber content of
up to 1%, a fiber content of 1.33% displaying simi-
lar or lower results.

The most representative results from analyzing
the diagrams displaying load-deflection on com-
pression are shown in Table 5. The area below the
curve was calculated up to breakage (T,,), up to a
deflection of 1.125mm (T, ;,5) and up to a deflec-
tion of 2.250mm (T, ,s,). The maximum compres-
sion load (P,,) and residual loads P, ;,s and P, s
were also calculated.

In comparison with the reference mortar, the
addition of 0.33%, 0.66%, 1% or 1.33% of carbon,
mixed, glass and basalt fibers, represents an increase
in the Tcpe TC1.125 and T02.250 ValueS Of 740/0, 9% and
21%, of 110%, 21% and 37%, of 147%, 34% and
54% and of 154%, 32% and 51%, respectively. When
1% carbon fibers is added, the toughness index, T,
T, 125 and T, s, increase by 106%, 27% and 43%
over the reference mortars.

The evolution of the compression energy absorp-
tion values of the different mortars tested to a deflec-
tion of 1,125 mm (T, ,s) and 2,250 mm (T, 5s)
is shown in Figure 9. The T, 55 and T, .5, values
increase with the addition of fibers, the optimum
percentage being 1%. This increase is very similar in
all of the mortar mixes, irrespective of the type of
fiber added. However, the best results are obtained
when glass fibers are added, with T 55 and T, s
values a 10% and 11% higher to those obtained in
mortars with carbon fibers, a 4% and 5% higher to
those containing mixed fibers, and a 7% and 7%
higher to those containing basalt fibers.
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FIGURE 7. BSE at 400 magnifications of hydraulic lime mortars. Example of pull-out in hydraulic lime mortar containing mixed fibers.
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FIGURE 8. Compressive behavior of hydraulic lime mortars containing added fibers:
(a) carbon fibers (b) mixed fibers (c) glass fibers (d) basalt fibers.
TABLE 5. Compressive toughness indexes for hydraulic lime mortars.
P, (kN) P25 (kN) P50 (KN) T, (kN mm) Te1.125 (KN mm) Te.250 (kN mm)
R 3.98 3.75 2.18 1.95 3.75 7.28
CF-0.33 4.15 4.14 3.73 3.73 3.79 8.27
CF-0.66 4.82 4.81 4.13 3.96 443 9.55
CF-1 5.25 5.25 4.67 4.02 4.78 10.43
CF-1.3 5.30 5.28 4.59 4.79 4.77 10.32
MF-0.33 4.73 4.72 3.70 3.13 4.25 8.94
MF-0.66 4.89 4.84 4.10 3.49 4.35 9.43
MF-1 5.82 5.79 4.94 4.84 5.18 11.32
MF-1.3 5.76 5.68 4.68 4.63 5.09 11.17
GF-0.33 4.74 4.72 3.84 3.30 442 9.29
GF-0.66 5.27 5.25 4.50 4.68 4.77 10.35
GF-1 6.01 5.99 5.40 5.76 5.24 11.66
GF-1.3 6.06 6.05 5.08 5.24 5.15 11.65
BF-0.33 4.35 4.33 3.67 3.39 3.88 8.43
BF-0.66 5.20 5.19 4.46 4.26 4.66 10.10
BF-1 5.74 5.74 4.97 4.67 4.97 11.12
BF-1.3 5.48 5.45 4.59 5.13 4.86 10.55
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FIGURE9. Evolution of the energy absorption values on compression up to a deflection of 1.125mm (Tc1.125) and of 2.250mm
(Tc2.250) for the different types of mortar containing fibers.

4. CONCLUSIONS

This research studies the physical and mechanical
properties of hydraulic lime mortars with addition
of carbon fibers, analyzing its influence in compari-
son with mortars with glass and basalt fibers.

The results confirm that the fibers significantly
affect mortar behavior. Having obtained and exam-
ined the results, the following conclusions can be
reached:

- The addition of fibers to mortar mixes implies a
loss of workability and an increase in the amount
of trapped air, resulting in less compact mortars.

- The flexural and compressive strength values
gradually rise with the increase in fiber content
until this reaches 1% at which point the best
results are obtained. Although mortars with
carbon fibers have better a mechanical behav-
iour, there are no significant differences when
other types of fibers are added.

- Mortars with fibers addition have a better post-
cracking behaviour, regardless of the type of
fiber added. Mortars with carbon fibers are the
ones that show the best performance with an
increase in toughness up to 12,080% over the
reference mortars.

- The toughness indexes, Ty ;5, and T, of hydrau-
lic lime mortars with carbon fibers are a 7% and
63% higher to mortars with mixed of fibers,
a 17% and 102% higher to mortars with glass
fibers and a 18% and 80% higher to mortars
with basalt fibers.

- The SEM images show good bonding between
the hydraulic lime matrix and the fibers with-
out obvious phase disconnection, greater energy

being required for the detachment of the fibers
and development of cracks.

- All of the mortar mixes with added fibers
produce higher energy absorption values on
compression than the reference mortars. This
increase is gradual up to an addition of 1%, irre-
spective of the fiber type used.

This research shows the technical feasibility of
hydraulic lime mortars with carbon fibers, proving
better performance than mortars with glass and basalt
fibers. While it is true that no significant differences
have been found in the pre-cracking behavior, a bet-
ter post-cracking behavior of the mortars with carbon
fibers can be observed, absorbing these types of mor-
tars a greater amount of energy before the collapse.
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