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Abstract: Various types of additives have been diachronically used in historic mortars, whereas their
use in lime-based grouts, used for the restoration of historic structures, is rather limited. In this study,
an effort was made to investigate the performance of glass additives in grouts, consisting of lime
and natural pozzolan. The additives concerned glass fibers (3 and 6 mm in length), glass beads and
bubbles, added in a proportion 0.3–3% w/w of binders. Five grout compositions were manufactured
and their properties at fresh and hardened states were tested. From the evaluation of the results, it
was asserted that glass additives influenced the grouts’ performance in a favorable way. Their fresh
state and physical properties were maintained or slightly improved, while there was a significant
enhancement of the long-term mechanical characteristics of the mixes. Additionally, the adhesion
capability of grouts was notably increased, which is a crucial aspect indicating their efficacy.
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1. Introduction

Various additives have been diachronically used in mortars in order to improve their
properties at fresh and hardened state, concerning straw, wooden chips, charcoal, shells,
etc. [1,2]. They were added in a low proportion (1–3% w/w of binders), enhancing the
mixtures’ plasticity and volume stability, while contributing to the reduction of their density
and shrinkage cracking [1–4].

During the past few decades, various types of additives have been applied in ce-
ment and lime-based mortars concerning fibers and glass powder, as well as waste
materials [3–11]. Fibers are usually of natural (coconut, sisal, bamboo, jute), steel, glass or
synthetic origin, concerning carbon, nylon, polyester, acrylic, basalt and polypropylene ma-
terials [2]. Their characteristics (origin, dimensions, mechanical properties) and proportion
may positively influence the physico-mechanical properties of the final products [5–10].

The use of fibers in grouts has been studied since the 1990s, focusing, however, on
cement-based grouts [12–14]. According to the literature, mainly steel, polypropylene
and carbon fibers have been used, affecting both the fresh and hardened state proper-
ties of grouts [15–19]. The addition of fibers usually improves bleeding, flexural, and
compressive strength, as well as cracking resistance [15–19]. The mixing procedure is a
significant aspect, highlighted by researchers, as it is conducted to avoid fibers’ clumping
and aggregation [12–14]. To this end, fibers are usually added in the grout mixtures during
or after the last stage of mixing [13–16].

Glass beads, on the other hand, have been used in a variety of applications, such as
blast cleaning processes, and as additives of concrete, mortars and grouts [20–24]. They
present a smooth spherical surface, with increased filler ability, as well as enhanced flow
properties [20]. Their elastic modulus and tensile strength depend on their diameter (the
larger particles contribute to higher strength), and they may increase the strength of the
modified composite systems [20]. The addition of glass powder and beads in cement
matrixes [22,23] may contribute to a microstructure densification, improving strength and
transport properties.

Heritage 2021, 4, 906–916. https://doi.org/10.3390/heritage4020049 https://www.mdpi.com/journal/heritage

https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0002-4069-7768
https://www.mdpi.com/article/10.3390/heritage4020049?type=check_update&version=1
https://doi.org/10.3390/heritage4020049
https://doi.org/10.3390/heritage4020049
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/heritage4020049
https://www.mdpi.com/journal/heritage


Heritage 2021, 4 907

In the case of building heritage, grouting is an extensively applied technique for
restoring and strengthening historic masonries, as well as for consolidating architectural
surfaces [25–37]. During the past few decades, lime-based grouts have been widely de-
veloped, following the principle of compatibility, while multiple grouting systems have
been applied, according to the needs of each restoration work [28–35]. In order to en-
hance their properties at fresh and hardened states, various additives have been also
used [14,25,28,30–34].

The crucial aspect that must always be taken into account is the high water de-
mand of this type of grouts, usually leading to volume instability, bleeding and low
strength [14,25,32–36]. To address this, high speed mixing, superplasticizers and other
additions are proposed [25,26,32–35].

The use of fibers in lime-based grouts has been scarcely investigated [14], likely
because fibers are mostly accustomed to mortars and cement-based grouts, while glass
microspheres have not been thoroughly assessed [30,31]. Their addition seems to enhance
both the fresh and hardened state properties of the mixtures, but further documentation is
needed to identify their contribution [14,30,31].

In this study, an effort was made to study the influence of a short proportion of glass
fibers, beads, and bubbles in lime–pozzolan grouts, developed for the restoration of historic
masonries. The fresh and hardened state properties of the mixtures were tested and the
experimental results were comparatively assessed. From their evaluation, the positive
impact deriving from the glass additives’ presence was asserted.

2. Methodology
2.1. Design of the Grout Compositions

During the experimental part of the study, five grout compositions were manufactured
and tested. Their binding system was based on hydrated lime and natural pozzolan, in
a proportion of 1:1 (by mass), following former research work and literature [14,30–37].
The glass additives used concerned beads, bubbles, and fibers (Figure 1). Their proportion
in the mixtures (w/w/ of binders) was low, ranging from 0.3% for fibers, 1% for bubbles
and 3% for beads. In Table 1, the characteristics of the binding agents are presented, while
Table 2 describes the properties of the glass additives.
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Figure 1. The glass additives used. (a) 3 mm fibers, (b) 6 mm fibers, (c) beads, (d) bubbles. 
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Figure 1. The glass additives used. (a) 3 mm fibers, (b) 6 mm fibers, (c) beads, (d) bubbles.

Table 1. Characteristics of the binding agents used in the grout mixtures.

Raw Materials
Relative Density

(g/cm3)
Pozzolanicity Index

ASTM C311:77 (MPa)

Grain Diameter (µm) of Volume
Fractions (%)

d50 d90

Hydrated lime (powder) 2.471 - 3.09 10.80
Natural pozzolan (Milos island) 2.403 10.50 4.30 11.60
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Table 2. Characteristics of the glass additives used in grouts (according to the technical sheets of the products).

Glass Additives
Dimensions

Composition Density (g/cm3) Strength (MPa)
Diameter (µm) Length (mm)

Beads 50 - Soda–lime–silicate glass 1.5 68
Bubbles 45 - Soda–lime–borosilicate glass 0.6 21

Fibers
20 3 E-glass 2.68 1000 (tensile)
20 6 2.68 1200 (tensile)

The composition of the grout mixtures is presented in Table 3, where the W/B ratio is
also indicated. In an effort to reduce the water demand, a polycarboxilate superplastcizer
(Master Glenium 11) was added in a proportion of 1% w/w of binders. According to
the literature [14,32,35,37], the superplasticizer addition may enhance both the fresh and
hardened state properties of grouts.

Table 3. Constituents of the grout mixtures.

Grout
Composition

Binders (Parts of
Weight) Glass Additives (% w/w of Binders) Superplasticizer

(1% w/w of
Binders)

W/B
Ratio

Lime Pozzolan Fibers (3 mm) Fibers (6 mm) Beads Bubbles

1 1 1 - - - -
√

0.97
2 1 1 0.3 - - -

√
1.11

3 1 1 - 0.3 - -
√

1.20
4 1 1 - - 3 -

√
1.02

5 1 1 - - - 1
√

1.01

2.2. Mixing and Testing Procedure

The mixing procedure followed former research work [14,32,34,37], according to which
the binders were firstly hand-mixed with the superplasticizer and a gradual proportion of
water to prevent aggregation. When the mixture was homogenized, a high-speed mixer
was applied (up to 6000 rps) for 5 minutes. The glass additives were added in different ways
and according to several trials. Glass beads and bubbles were inserted with the binders,
following the conventional method, whereas fibers were added and mixed by hand, at
the end of the high-speed mixing. According to relevant studies [13–16], extreme foaming,
fiber aggregation and clumping takes place when fibers are added at the beginning of the
mixing procedure and especially when a high-speed mixer is used.

Immediately after mixing, the fresh properties of the grouts were tested, regarding
fluidity (flow time), penetrability and volume stability (Figure 2). In each case, results
concerned the mean values of three tests.
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(EN 445: 2007); (c) sand–column test (EN 1771:2004); (d) volume stability (ASTM C 940-98A).
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Flow time was measured according to ASTM C939-02 [38] and EN 445: 2007 [39]
standards (Figure 2a,b). Measurements were taken immediately and 1 h after mixing to
further evaluate the efficiency of mixtures through time. The time limit applied was 10–11
s (measured at the ASTM cone), which, according to former research work [14,32,34,37],
guarantees performable grouts both at fresh and hardened states. The water content was
respectively adjusted.

Injectability (Figure 2c) was tested according to EN 1771:2004 (sand–column test) [40],
using transparent plexiglas cylinders (390 × 22.2 mm). They were filled with natural
sand of siliceous origin, of 2–4 mm gradation, corresponding to cracks of 0.3–0.6 mm
range [14,32,41]. Under a pressure of 0.8 Atm, the grout was injected in the cylinder and the
respective time (seconds) was recorded. The grout–sand material coming from the cylinders
was further molded (5× 5× 5 cm) in order to assess its compressive strength. According to
former research and literature [14,29,32,34], this method can indirectly indicate the grouts’
adhesive capability.

The volume stability measurement followed ASTM C 940-98A [42], determining both
volume change and bleeding (Figure 2d) and using a reduced grout quantity (500 mL). The
upper limit of 5% was taken into account to prevent segregation phenomena [14,32,34].

The mixtures were molded (sealed 4 × 4 × 16 cm molds) until hardening and were
afterwards cured at a chamber with 90 ± 2% RH and temperature 20 ± 1 ◦C up to the
testing ages (28, 90 and 210 days). Eighteen prismatic specimens of each composition
were manufactured. The shrinkage deformations, through volume and mass change
measurements, were recorded in two specimens cured at 60 ± 2% RH and 20 ± 1 ◦C, up to
the age of 60 days.

At the age of 28, 90 and 210 days, the physical and mechanical properties of the grouts
were recorded. Mechanical characteristics were conducted in three specimens/composition
(mean values were taken), while for the physical properties, one specimen per test was
assessed. Their physical properties concerned porosity, absorption and apparent specific
gravity according to RILEM CPC 11.3 [43], as well as water absorption coefficient due to
capillary action (EN 1015-18:2002) [44]. Mechanical properties concerned dynamic modulus
of elasticity (BS 1881-209:1990) [45] and flexural and compressive strength (BS EN1015-
11:1999) [46], while the compressive strength of the grout–sand specimens (derived from
column test) was also determined at the age of 28 and 90 days (two specimens per test).

All results were comparatively evaluated to investigate the impact of the various glass
additives on the overall performance of the grout compositions.

3. Results and Discussion
3.1. Water Content and Fresh State Properties

The water demand of the mixtures was slightly affected by the glass additives accord-
ing to their individual characteristics (Table 2). The reference mixture (comp. 1) presented
the lowest W/B ratio (0.97), which was increased by the glass fibers’ addition (around
10–20%). The fibers’ length influenced the water demand analogically (the longer the fibers,
the higher the water content) and according to previous research [14] and literature [8].
Glass beads and bubbles slightly increased the W/B ratio (around 5%), in accordance with
relevant research works [22].

Regarding the fresh state properties of the mixtures, as presented in Table 4, the
following aspects could be asserted. As has been previously reported, fluidity according to
the ASTM cone was maintained around 10–11 s, corresponding to 6–7 s at the EN cone [14].
The flow time increase, measured 1 h after manufacture, ranged from 1.4% to 4.2% for
the ASTM cone to 0.15–3.8% in the EN cone, showing the performability of the mixtures
throughout time. Generally, the addition of glass fibers, especially the larger ones (6 mm),
showed the most intense time increase in the ASTM cone (2.6–4.2%), whereas glass beads
had the higher increase in the EN cone (3.7%). The increase in the length of fibers increased
the 1 h flow time, as well as the addition of glass beads and bubbles, whereas all mixes
were still performable 1 h after manufacture.
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Table 4. Fresh state properties of the grouts.

Composition

Fluidity (s)
Injectability

(s)

Volume
Reduction

(%)

Bleeding
(%)

ASTM Cone EN Cone

0 h (s) 1 h (s) Increase (%) 0 h (s) 1 h (s) Increase (%)

1 10.14 10.30 1.58 6.85 6.86 0.15 2.45 2.0 1.0
2 10.27 10.54 2.63 6.34 6.42 1.26 2.47 2.9 2.4
3 10.34 10.77 4.16 6.37 6.53 2.51 2.90 3.1 2.8
4 10.70 10.88 1.68 6.58 6.83 3.79 3.28 1.4 0.9
5 10.60 10.75 1.42 6.22 6.45 3.70 2.95 2.0 3.0

Injectability ranged from 2.5 to 3.3 s, with the lower value shown in the reference
mixture. Glass additives slightly increased injection time, with the higher value recorded
in glass bubbles (comp. 5), while all mixes showed a good performance. Regarding volume
stability, volume loss was recorded, ranging from 1.4% to 3.1%, as well as bleeding ranging
from 0.9% to 3%. Values were significantly lower than the 5% limit [14,32,34], with the
lower changes attributed to glass beads and bubbles. Again, the fibers’ length induced
alterations, however at a performable level.

Generally, the fresh state properties of the mixtures were influenced by the glass
additives, whereas their efficacy was maintained, according to relevant studies [14,15,24,28].
No aggregation phenomena were recorded (especially due to the fibers’ addition) during
or after the fresh state properties testing.

3.2. Physical Properties

The shrinkage deformations of the specimens, recorded through their weight and
volume changes, are presented in Figure 3. The more extreme changes took place during
the first 20 days; after this period, mass and volume were gradually stabilized [14,37].
The maximum weight loss ranged from 30% to 45% and was induced by glass additives
(Figure 3a), whereas the reference grout showed fewer changes. Glass fibers exhibited the
more extreme loss (especially the 6 mm ones). This could be attributed to the higher water
content of the mixes, as well as the additives’ tendency (and especially fibers) to retain
water further evaporated [8,14]. The maximum volume loss was around 4.5–5%, being
improved by glass beads and bubbles. The 6 mm fibers, as well as the reference mixture,
showed the more intense volume alterations.

It was generally asserted that shrinkage deformations were induced by increasing the
fibers’ length, in accordance with studies on fiber reinforced lime-based mortars [8] and
grouts [14]. Glass beads and bubbles slightly reduced volume alterations and increased
mass loss, following respective studies [22–24]. Güllü et al. [22] reported that in cement
grouts, glass powder (GP) increases the setting time of the mixtures (linearly to its propor-
tion), attributed to the excess water attained. Kamali and Ghahremaninezhad [23], on the
other hand, stated that hydration is enhanced by GP in cement pastes due to their high sur-
face area which may provide increased nucleation sites, leading to shrinkage phenomena.

Porosity and absorption were also influenced by glass additives, as shown in Figure 4.
They were increased by the fibers’ addition and especially by the 6 mm ones (comp. 3),
around 10–15%, whereas they were decreased by beads (comp. 4) and bubbles (comp. 5),
around 10%. Kamali and Ghahremaninezhad [23] also indicated a pore refinement of
GP-modified cement pastes, derived from microstructure modifications and related with
the pozzolanic behavior of GPs.

Apparent specific gravity was decreased in compositions 2 and 3 and slightly increased
in composition 4. In glass bubbles (comp. 5), it was slightly reduced, following its low
density (Table 2) and in accordance with relevant literature [24]. These variations were in
line with other research work [22], indicating that the density and grain size of GP may
influence the density of the final products.
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Figure 3. Shrinkage deformations of the grout specimens. (a) Weight changes; (b) volume changes. 
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Figure 4. Physical properties of grouts at 90 d age (porosity, absorption, apparent specific gravity).

Water absorption due to capillary action (Figure 5) showed a higher tendency by
glass beads (comp. 4) and bubbles (comp. 5), while it was lessened by fibers. The
6 mm glass fibers seemed to present lower values, according to former research work [14].
Generally, in all mixtures, capillary absorption was increased with time, presenting the
higher values at 24 h (1440 min). This phenomenon was contrary to other building materials’
performance (i.e., lime-based mortars), which show an intense value increase during the
first measurements and further stabilization due to the equilibrium achieved between the
absorbed and evaporated water [3]. According to former research work [32,34,37], lime-
based grouts present an increasing capillary absorption throughout time and depending
on the nature and characteristics of their constituents.
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Figure 5. Water absorption due to capillary action (90 d).

3.3. Mechanical Properties

The mechanical properties of the grouts, measured at 28, 90 and 210 days, are presented
in Figure 6. They were gradually enhanced up to 210 days, around 30–250%, with the
more intense increase shown in compressive strength and depicting the low strength
development rate of lime-based grouts [27,31–34].

Dynamic modulus of elasticity presented a 30–230% increase at 210 days, compared
to the 28 d one (Figure 6a). The highest rise was recorded by the fibers’ presence, especially
the 6 mm ones (comp. 3), which showed lower 28 d values (1.5–2 GPa). The 210 d modulus
of elasticity was around 4–6 GPa, with the highest values recorded in the reference grout
(comp. 1). It was generally decreased by all additives and especially by fibers (2, 3),
according to relevant research and literature [4,14,22].

Flexural strength was also gradually enhanced, with the 90 d increase (compared
to the 28 d) varying from 10% to 55% and the respective 210 d increase from 20% to
90% (Figure 6b). The lower increase rate was attributed to the reference composition
(comp. 1), which showed the higher initial strength (0.75 MPa). The 28 d strength was
around 0.5–0.75 MPa, 0.8–0.9 MPa at 90 days and 0.9–1 MPa at 210 days. Glass additives,
although presented the lower 28 d flexural strength (compared to the reference grout),
contributed to a further enhancement, showing the highest 90 and 210 d values. The 3 mm
fibers (comp. 2) showed the lowest initial values, corresponding to a higher long-term
increase. The flexural strength increase due to the fibers’ addition has also been recorded
in the literature [3,13–15], however it should be stated that it mainly refers to the long-term
strength level.

Compressive strength (Figure 6c) showed the more extreme changes throughout time.
The values were 0.8–1.3 MPa at 28 days, 1.5–2 MPa at 90 days and 2–2.8 MPa at 210 days,
resulting in a 30–150% strength increase at 90 days and 80–200% at 210 days. The highest
increase for both ages was recorded with the addition of the glass beads and bubbles. The
highest 28 d strength was given by fibers (comp. 2–3), whereas the highest 90 d strength
was given by glass beads (comp. 4) and bubbles (comp. 5). The final (210 d) strength was
enhanced by all additives (up to 40% compared to the reference grout), with the highest
values recorded in the 3 mm glass fibers (comp. 2).

The positive impact of fibers on the compressive strength of lime and cement-based
grouts has been documented by the literature [14,16]. Regarding glass beads, Güllü
et al. [22] indicated that GP (up to a proportion of 3%) may increase the compressive
strength of cement grouts, depending on its particle size and chemical composition.

Generally, it was asserted that the 28 d flexural strength of the mixtures corresponded
to the 50–85% of the final (210 d) one, while the 28 d compressive strength to the 35–55%.
These remarks show the very slow strength development rate of lime-based grouts, whose
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mechanical properties should be tested in due time and at least at the age of 90 days in
order to better envisage their performance.
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Figure 6. Mechanical properties of the grout compositions (28, 90, 210 days). (a) Dynamic modulus
of elasticity; (b) flexural strength; (c) compressive strength.

In Figure 7, the compressive strength of the grout–sand specimens is presented in
order to indirectly evaluate the adhesive capability of grouts. The lower 28 and 90 d values
were recorded in the reference grout (comp. 1), showing that the use of all glass additives
enhanced the cohesion of the specimens. Fibers showed a strength increase of 40–55%,
while beads and bubbles showed an increase of around 20–58% at both ages. The highest
rise was shown at the 90 d age and was around 2 MPa (the reference grout had a respective
strength of 1.3 MPa). It was therefore asserted that glass additives enhanced the adhesive
capability of grouts, which is a crucial parameter that must be taken into account during
grouting to guarantee the efficacy of the mixtures [14].
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4. Conclusions

The use of a short proportion of glass additives in lime-based grouts (i.e., fibers,
beads, bubbles) seems to be a promising alternative for producing efficient repair materials
for the consolidation of historic structures. Their presence maintained the grout’s fresh
and physical properties, and there was a significant enhancement of their mechanical
characteristics, especially those concerning their long-term strength. Synoptically, their
influence may be recorded as follows:

• The W/B ratio was increased by the glass additives by around 5–20%, with higher
water demand given in the longer fibers (6 mm). The fresh state properties of the
mixtures were maintained at a performable level. Flow time measured 1 h after
manufacture was slightly increased by additives (especially the 6 mm fibers), as well
as injection time. Volume changes and bleeding were slightly induced by the fibers’
addition (beyond the 5% limit), while glass beads significantly reduced alterations.

• Shrinkage deformations were primarily attained during the first 20 days and were
slightly reduced by glass beads and bubbles, and induced by fibers. Porosity was
increased by the fibers’ addition (especially the 6 mm ones) and was slightly decreased
by beads and bubbles, with opposite results for apparent specific gravity. Water
absorption coefficient was higher with the presence of beads and bubbles and was
slightly lessened by fibers.

• The long-term mechanical properties of the grouts were significantly enhanced by
glass additives. Dynamic modulus of elasticity was decreased due to their presence,
while flexural strength was increased by around 10–20% (compared to the reference
grout). Compressive strength was also enhanced (increased by 20–40%), with the 6
mm fibers found to be more effective.

• The adhesive capability of grouts, measured through the compressive strength of the
grout–sand specimens, was significantly improved by the presence of the additives
(around 20–55%), with the highest values given by the fibers’ addition.

In conclusion, it could be stated that glass beads and bubbles maintained or even im-
proved the fresh and physical properties of grouts, while strength was increased. Fibers, on
the other hand, altered the former characteristics (still at a performable level), contributing
significantly to strength development. Naturally, the type and proportion of glass additives
affected the overall performance of the matrix and should be further assessed, taking into
account the limitations and requirements of each application.
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