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Abstract: The paper presents the results of an experimental campaign on the confinement of masonry
square columns with fiber-reinforced lime mortar (FRLM) composites made of a natural lime-based
matrix. The experimental results show the effectiveness of such a composite for increasing both
strength and ductility performances of strengthened columns. Predictive formulas from the literature
and from the Italian guidelines CNR-DT 215/2018 do not perfectly fit the experimental outcomes
and do not confirm the strength increase of the confined columns. The reason can be attributed to
the very low mechanical properties of the natural matrix used to form such a composite. Therefore,
considering that the use of a natural and sustainable matrix fully compatible with the masonry
substrate is a fundamental requirement for strengthening masonry columns of buildings belonging to
architectural heritage, an additional future effort should be made by researchers involved in this field.
In particular, for a reliable prediction of the strength of masonry columns confined with composites
made of natural matrices, wider experimental campaigns are necessary to refine available formulas
with respect to different substrates and component materials.

Keywords: masonry columns; FRCM composites; confinement; experimental campaign; analyti-
cal predictions

1. Introduction

Masonry buildings constitute a large part of world historical heritage. Particular
attention has always been devoted to the study of their state of conservation and their
response to seismic activity through in situ investigations as well as analytical-numerical
models [1–4]. Historic masonry buildings are usually characterized by typical elements
with both structural and decorative functions at the same time, such as arches, vaults
and columns. In case of seismic events or with load increases, these masonry elements
show extreme vulnerability [5,6]; this phenomenon is often fostered by the natural de-
terioration of the original material properties. These architectural elements enrich the
masonry, helping to enhance its aesthetic and typological character. In this context, the
neoclassical architectures—for example, the well-known buildings of Palladio—as well as
the common and more recent masonry buildings that characterize European historic city
centers (Figure 1) can be taken as an important reference in Europe.

In Latin America, all the 17th and 18th century rich post-Baroque buildings with large
colonnades, vaults and domes and the wide aqueducts marking the areas surrounding
many Spanish colonial towns, have now been declared UNESCO World Heritage Sites
(Figure 2).

All these buildings need to be structurally updated through appropriate retrofitting
interventions in order to be preserved and maintained for future generations.

In this ambit, an important topic is represented by the strengthening interventions on
compressed masonry columns.
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Figure 2. Historical masonry building in Merida/Cancun region (Mexico).

In order to strengthen such masonry members, traditional interventions include the
use of iron bands or other metal devices to reduce transversal deformation. Sometimes
metal hoops were applied and heated, followed by a cooling process in order to produce
a pre-stress state, resulting in an active reinforcement. In the last two decades, fiber-
reinforced polymer (FRP) composites have been used as a passive intervention to increase
the load-bearing capacity of both masonry and reinforced concrete columns. The crucial
problem concerning the precise evaluation of the effective collaboration of the composite
material wrap and the calculation of the maximum strength of reinforced columns were
largely experimentally and analytically investigated [7–9].

At the same time, great attention was devoted to the definition of a theoretical model
for the mechanical behaviour of FRP-reinforced columns. Campione and Miraglia [10] pro-
posed a stress–strain relationship for a confined member, applying the formula proposed
in Mander et al. [11] to predict the strength of a concrete compressed column confined by
means of steel hoops. The form and coefficients of the equation were variously adapted in
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order to fit experimental results obtained for FRP-wrapped specimens and wide compara-
tive studies on compressed members confined with FRP are available in the literature.

In the last decade, FRP composites have been progressively substituted by more com-
patible and sustainable composites made of a fabric embedded in a cement-based mortar
(FRCM—fabric reinforced cementitious matrix). Today, FRCMs are usually preferred to
FRP composites, especially for strengthening historical and monumental masonry con-
structions. Certain issues involving the bond performances of such composites are under
experimental and numerical investigations [12,13].

In fact, the scientific community raised the issue of the low physical-chemical com-
patibility of FRP composites with the masonry material, mainly in the case of historical
and artistic buildings for which the sustainability of the intervention and the compatibility
with the old substrate is strictly required. Concerning the strengthening of compressed
masonry members, the use of FRCM composites is still in an early stage and only few
experimental data and analytical studies are available in the literature [14–16]. In particular,
load-carrying capacity, ductility properties and the failure mode of masonry columns
strengthened with FRCM composites are still “open issues” that require a great effort of
investigation from the scientific community.

Formulas in use to calculate the strength of masonry members confined with FRCM
wraps are basically the same as those already used for FRP confinement, where the contri-
bution of the mechanical properties of a mortar matrix is specifically considered. These
formulas refer to an old expression used for confinement by means of steel reinforcement
that dates back to 1929 and was presented by Richart et al. [17]. This expression was
proposed as a result of an experimental campaign aimed at evaluating the strength of
axially loaded concrete cylinders confined with a steel spiral [18]:

fcc = fco + k’f’ (1)

where fcc is the strength of the confined member, fco is the strength of the unconfined
member, f’ is the lateral uniform confining pressure and k’ is a coefficient that Richart
proposed equal to 4.1.

In subsequent years, other researchers used Richart’s formulation for concrete columns
reinforced with FRP wraps, but by reinterpreting the f’ parameter as the confinement
pressure corresponding to the ultimate strength of the reinforcement.

After performing a wide experimental campaign, some researchers (Campione and
Miraglia [10]) found that a value of k’ equal to 4.1 in Equation (1) was not able to perfectly
reproduce the strength of compressed elements wrapped with FRP; for this reason, they
proposed a different value of the coefficient k’.

Today, numerous formulations can be found in the literature, where different values
of the k’ parameter are adopted by researchers in order to fit the outcomes of their experi-
mental campaigns. It follows that the problem of the correct evaluation of the confinement
effect produced by composite materials is currently partially unsolved and a further effort
by the scientific community is necessary in order to provide more targeted and reliable
formulas.

2. Materials and Methods
2.1. The Effect of Masonry Column Confinement by Means of FRCM Composites

In recent years, the strengthening of masonry columns using FRCM composites has
been replacing the one based on FRP composites. The reasons depend on the greater
compatibility between the inorganic matrices and the masonry substrate with respect to
the epoxy matrices, as well as the greater breathability allowed to masonry, which reduces
the formation of moisture spots and the complete reversibility of the strengthening inter-
vention [19]. Recently in the literature [20], innovative techniques to make the confinement
of masonry columns by FRP composites wrapping reversible, based on the interposition of
separating films between the column and the jacket, have been proposed, but the problems
related to low breathability persist.
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However, it is worth noting that the application of FRCM composites to masonry
columns is very sensitive to the matrix type used to form the composite, both in terms of
strength and ductility. In fact, it is well known that, for a chosen reinforcement textile, the
use of a cement-based matrix, whose mechanical properties are higher than those of the
masonry column, provides a very high strength increase, comparable to the one obtained
using FRP composites. Nevertheless, the high increase of strength corresponds to a brittle
behaviour of the masonry column, which fails due to the core disintegration that is kept
together only by the strengthening wrap. Conversely, the use of a matrix characterized
by mechanical properties not very different from those of the masonry member, such as
a natural lime mortar, provides only a low strength increase but allows a much more
ductile behaviour of the columns themselves. In fact, in this case, failure occurs with the
spreading of vertical cracks while the masonry core preserves much more intact with a
residual strength. Therefore, the choice of the matrix used to form the composite must be
properly addressed for a targeted and correct strengthening intervention and this issue
becomes more important in the case of interventions on historical and/or monumental
buildings.

The possible use of composites assembled with different types of inorganic matrices
has led researchers to formulate different analytical models to predict the strength of a
confined column based on different coefficients calibrated to fit the results of laboratory
tests, often performed by themselves. Currently, the many formulations available in the
literature for FRCM-confined members are strongly affected by these coefficients and are
basically derived from those previously proposed for FRP confined masonry columns. Two
general expressions can be found in the literature: the first has been derived from the study
of confined concrete columns and is reported in Equation (1); the second is reported in the
following Equation (2):

fcc = fco

[
1 + k’

(
fl

fco

)α]
(2)

The structure of Equation (1) expresses that the strength of a confined concrete column
is given by the strength of the column devoid of the reinforcement plus a rate depending
on the effect of the uniformly distributed confinement pressure (in the case of a circular
member) increased by the coefficient k’ that incorporates the material and typology of the
composite.

The structure of Equation (2) provides k’ with a different meaning, namely, the
coefficient which increases the axial strength of the strengthened column. The structure of
this equation is currently the one most preferred by the researchers involved in this field.

Some authors have even proposed an alternative formulation of Equation (2) to predict
the ultimate strength of an FRCM-confined masonry column. This proposal is based on the
reasoning that, if the confining composite material is a low volumetric fraction compared
to the column size, its effect is negligible and the strengthening is ineffective, as reported
in, e.g., [21]:

fcc = fco if fl
fco

≤ 0.99

fcc = fco

[
0.88 + 1.324

(
fl

fco

)]
if fl

fco
≥ 0.99

(3)

However, the main point of difference among the various formulations of Equation (2)
proposed by numerous authors is the value assigned to the coefficient k’. Some authors
propose constant values for k’, for instance, Murgo and Mazzotti [15], who propose that
k’ = 1.53. Other authors, such as Cascardi et al. [16], propose a coefficient k’ as a function
of the characteristic compression strength fmat of the composite matrix, as follows:

fcc = fco

[
1 + k’

(
fl

fco

)0.5
]

where k’ = 6ρmat
fmat

fco
, ρmat =

4tmat

D
(4)

where D indicates the diagonal of the rectangular section or the diameter of the circular
section of the column.
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Balsamo et al. (Equation (5)) [22] and the Italian guidelines CNR-DT 215/2018 [21]
(Equation (6)) compute the coefficient k’ based on the density gm of masonry:

fcc = fco

[
1 + k’

(
fl

fco

)]
where k’ =

( gm
1000

)0.662
(5)

fcc = fco

[
1 + k’

(
fl

fco

)0.5
]

where k’ =
( gm

1000

)
(6)

Currently, the reference code for confining intervention of masonry columns using
a FRCM wrapping is provided by the Italian guidelines CNR-DT 215/2018 [23]. These
guidelines recommend confining a masonry column using a continuous wrapping made of
composite material with fibers aligned orthogonally to the geometrical axis of the column
and embedded within an inorganic matrix in such a way as to counteract the transversal
expansion.

According to these guidelines, the ultimate axial strength fmcd of the confined column
is given by Equation (2), which is rewritten as in Equation (7):

fmcd = fmd

[
1 + k’

(
fl,eff

fmd

)α1
]

(7)

where fmcd is the axial compressive strength of the confined column, fmd that of the
unconfined column, fl,eff is the effective lateral confining pressure, k’ is the coefficient of
strength increase and α1 is an exponent which is set equal to 0.5 if experimental data are
not available.

The coefficient k’ is computed as a function of the density of the composite matrix,
according to Equation (8):

k’ = α2

( gm
1000

)α3
(8)

where α2 and α3 are set equal to 1 in the absence of experimental data which can justify
the adoption of different values.

Since only in the case of a circular column the lateral confining pressure fl acts uni-
formly along the cross-section and is entirely effective to counteract the lateral expansion,
in the case of a square or rectangular column only a rate of it can be considered as actually
effective because the stress distribution inside the cross-section of the column follows the so
called “arch effect”. According to this theory, there is a stress concentration at the corners
of the cross-section while at the mid-sides the section the stress is practically zero. For this
reason, the edges of the cross-section are recommended to be rounded and the effective
lateral confining pressure is introduced in Equation (7) in the place of fl and computed
according to Equation (9):

fl,eff = kHfl (9)

Coefficient kH is denoted as the coefficient of horizontal efficiency and depends exactly
on the shape of the cross-section of the column. In the case of a circular column, kH = 1,
while in the case of a rectangular column of sides B and H and diagonal D it is obtained
through Equation (10):

kH = 1 − B2 + H2

3BH
(10)

Finally, to compute the lateral confining pressure, the Italian guidelines provide
Equation (11):

fl =
2nftfEfεud,rid

D
(11)

where nf and tf are the number of layers and the equivalent thickness of the reinforcement,
respectively, and εud,rid is the strain of the FRCM composite, computed as follows:
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εud,rid = min
(

kmat·ηa·
εuf
γm

; 0.004
)

(12)

0.004 being the conventional value of the strain for which the masonry core of the column
is considered to be disintegrated and is held together only by the wrapping textile; ηa is the
environmental conversion factor set equal to 1 and γm is the partial material safety factor
set equal to 1.5 for ultimate limit states. To compute the coefficient kmat in Equation (12),
the following formulas are provided:

kmat = α4·
(
ρmat·

fc,mat

fmd

)2
(13)

ρmat =
4tmat

D
(14)

where α4 is set equal to 1.81 if experimental data are not available, fc,mat is the characteristic
compression strength of the matrix and tmat the overall thickness of the composite.

2.2. Laboratory Tests

An experimental campaign was carried out at the Materials and Structures Testing
Laboratory of the University of Florence. The experimental program was organized
into two main phases. The first phase concerned the mechanical characterization of all
the constituent materials (of the masonry specimens and of the composite material). In
the second phase, six square columns, 250 × 250 × 500 mm3 in size, with a full-scale
cross-section, were built assembling bricks and cement–lime mortar. After 28 days of
curing under constant levels of temperature and humidity, three of the six columns were
strengthened with a composite material made of a natural lime-based matrix and a balanced
polyparaphenylenebenzobisoxazole (PBO) mesh. All the columns were then subjected to a
uniaxial compression test to evaluate the effectiveness of the confinement provided by the
fiber-reinforced lime mortar composite.

2.2.1. Mechanical Characterization of Masonry: Bricks and Cement–Lime Mortar Joints

Bricks and cement–lime mortar were mechanically characterized according to the stan-
dard UNI EN 772-1:2015 [24] and UNI EN 1015-11 [25], respectively, and the average values
of corresponding results are reported in Table 1. The bricks used for the construction of the
columns, 250 × 120 × 55 mm3 in size, were provided by the San Marco Terreal Company.
The bricks were tested under three-point bending tests, while uniaxial compressive tests
were performed on cubic specimens of 50 × 50 × 50 mm3 in size, obtained by cutting the
original bricks. Specimens of the cement–lime mortar used for the masonry assemblage,
160 × 40 × 40 mm3 in size, were subjected to three-point bending tests, then compressive
tests were performed on the stumps obtained after the bending test failure.

Table 1. Result of three-point bending tests and uniaxial compression tests on bricks and cement-lime
mortar specimens.

Material Compression Strength (MPa)
(Standard Deviation; CoV)

Flexural Tensile Strength (MPa)
(Standard Deviation; CoV)

Brick 17.10
(0.84; 0.05)

5.60
(0.58; 0.10)

Cement–lime mortar joint 2.92
(0.18; 0.06)

0.44
(0.07; 0.16)

2.2.2. Mechanical Characterization of FRLM Composites

The composite material was obtained by embedding a PBO fabric in a natural lime
mortar matrix prepared in the laboratory.
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The lime-based mortar was mixed according to the following proportions: one part
lime, one part water, three parts river sand. The mortar is fully natural, and it was mixed
without any other additives. First, the mortar specimens, 160 × 40 × 40 mm3 in size, were
subjected to three-point bending tests and then the two stumps produced by the rupture of
each prism were subjected to uniaxial compression tests. The results of the tests are shown
in Table 2. It is important to note that the strength of the natural lime mortar was lower
than 1 MPa.

Table 2. Result of three-point bending tests and uniaxial compression tests on lime-based mortar.

Material
Compression Strength fc,mat

(MPa)
Flexural Tensile Strength ft

(MPa)

(Standard Deviation; CoV) (Standard Deviation; CoV)

Lime-based mortar
0.79 0.64

(0.12; 0.15) (0.02; 0.03)

The PBO fabric, with the equivalent thickness of 0.014 mm, provided by the man-
ufacturer, is a bidirectional net with a weight of 22 g/mm3 both in the warp and in the
weft direction. The weaving of the PBO mesh provides sufficient spaces for the passage
of the inorganic matrix (Figure 3) and, therefore, it improves the adhesion between the
matrix and the PBO fabric. PBO specimens were made of five yarns in the longitudinal
direction and subject to tensile tests. The results of the tensile tests are summarized in
the stress–strain diagram plotted in Figure 4 and are also reported in Table 3, where they
are compared with data provided by the manufacturer. A discrepancy between results
obtained experimentally and from datasheets can be observed, probably due to the number
of specimens tested, the test rate and the influence of the gripping system; in the analytical
study proposed in this investigation the experimental results will be adopted.
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Table 3. Result of tensile test on PBO mesh.

Material σt Ef εuf

(MPa) (MPa)

PBO
3300 * 270,000 * 0.0149 *
5800 ** 282,000 ** 0.025 **

* Experimental value; ** Data from manufacturer datasheet.

The stress–strain diagram (Figure 4) provided by the tensile test shows a rather linear
elastic behavior until the peak load was attained and brittle failure occurred.

Finally, it is worth noting that the efficacy of FRLM reinforcement depends on the
adhesion between the fabric and the matrix. Therefore, to assess this aspect, tensile
tests were carried out on three coupons consisting of a matrix sheet, with dimensions of
500 × 65 × 10 mm3, in which the PBO mesh was embedded (Figure 5).
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Tests were performed using a specifically designed gripping system (Figure 5a) consist-
ing of two couples of steel-bolted plates bracing the specimen, with the aim of preventing
slippage phenomena, and a couple of steel plates connected to the clamps of the testing
machine. The connections are constituted by a lower D-shackle and two shank hooks
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welded to the steel plates, as shown in Figure 5a, in order to provide a rotational degree of
freedom in the plane of the specimen, eliminating any parasitic bending moment.

The tensile strength was calculated as the ratio between the peak load Fmax and the
area of the cross-section of the fabric, which was obtained by multiplying the width of the
specimen by the equivalent thickness of the fabric itself. Test results are reported in Table 4
and if Figure 6.

Table 4. FRLM Composite test results.

Specimen Fmax (N) dmax σ (MPa) εmax

T-01.CA/PBO 835.83 2.89 918.49 0.012
T-02.CA/PBO 800.19 2.83 879.33 0.011
T-03.CA/PBO 826.02 2.85 907.71 0.010

Sustainability 2021, 13, x FOR PEER REVIEW 9 of 16 
 

 

Figure 5. Tensile test on the PBO–FRLM coupon: (a) detail of the testing machine; (b) test execution. 

The tensile strength was calculated as the ratio between the peak load Fmax and the 

area of the cross-section of the fabric, which was obtained by multiplying the width of the 

specimen by the equivalent thickness of the fabric itself. Test results are reported in Table 

4 and if Figure 6. 

 

Figure 6. Stress–strain diagram provided by the tensile tests of the FRLM composites. 

Table 4. FRLM Composite test results. 

Specimen Fmax (N) dmax σ (MPa) εmax 

T-01.CA/PBO 835.83 2.89 918.49 0.012 

T-02.CA/PBO 800.19 2.83 879.33 0.011 

T-03.CA/PBO 826.02 2.85 907.71 0.010 

Figure 6 shows the constitutive law of the FRLM composite, provided by the tensile 

test, according to which three main branches can be recognized. In the first branch the 

Figure 6. Stress–strain diagram provided by the tensile tests of the FRLM composites.

Figure 6 shows the constitutive law of the FRLM composite, provided by the tensile
test, according to which three main branches can be recognized. In the first branch the
specimen is not cracked and exhibits pseudo-linear elastic behavior; in the second ascending
branch the composite experiences widespread cracks and in the third one the matrix is
completely cracked and the fabric slides within it due to the loss of adhesion.

Table 4 shows that the tensile strength of FRCM was lower than that of the dry fabric.
In the authors’ opinion, this could be due to the presence and type of matrix and, above
all, to the gripping system used to link the specimen to the testing machine, as has been
reported in the literature [26]. This phenomenon is not new and it is much discussed in the
literature [27–31].

2.2.3. Mechanical Characterization of Columns

After the mechanical characterization of the constituent materials of both the masonry
columns and the FRLM composite, six masonry columns with a full-scale cross-section
were assembled as shown in Figure 7a. Each specimen is a square column built with
16 bricks, arranged in pairs in a staggered way in a sequence of eight rows and 10 mm
thick mortar joints. After 28 days of curing, according to the CNR-DT 215/2018 [23], the
corners of the three columns to be strengthened with FRLM composite were rounded in
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order to avoid localized stress concentrations at the edges and premature failure. Because
the higher the radius of curvature of the corners the higher the load-bearing capacity of
the column [32], and since the radius is recommended to be at least 20 mm in the above-
mentioned standard [23], in the specific case a radius of curvature of 30 mm was adopted
to round off the edges of the specimens (Figure 7b).
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Figure 7. (a) Masonry columns to be tested. (b) Corner rounding of 30 mm.

Then, column faces were cleaned and smoothed in order to eliminate surface defects
and wetted in order to prevent the specimens from absorbing the mortar mixing water
during the application of the composite material. Subsequently, a first layer of matrix
was applied on the four peripheral sides of the columns with a thickness of about 5 mm
(Figure 8a). Once the first layer was completed, the PBO mesh was quickly applied to
the matrix around the column with an overlapping length of the net equal to 300 mm, as
recommended in [23]. Finally, a second 5 mm thick layer of matrix was applied to cover
the textile (Figure 8b). In order to avoid a direct load on the composite wrap during the
test, a gap of 20 mm was considered between the top of the column and the beginning of
the wrap itself.
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Each column was placed under a 3000 kN universal press and subjected to a uni-
axial compression test. Tests were performed under displacement control with a rate of
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0.4 mm/min. Displacements were acquired through two displacement transducers placed
at the top of the specimens.

3. Results

The results of the uniaxial compression tests on the masonry columns, both unconfined
and confined with the FRLM composite, are summarized in Table 5, where the peak load
(Fmax), the ultimate compression stress (σ) and the ductility factor (µu), computed as
the ratio between the displacement corresponding to the ultimate load (conventionally
assumed to be 80% of the peak load) and the displacement measured at the end of the
elastic field [33], are reported.

Table 5. Results of uniaxial compression tests on the unstrengthened columns (NR-C1, NR-C2,
NR-C3) and on the strengthened ones (LR-C1, LR-C2, LR-C3).

ID Specimen
Fmax σC µu

(kN) (MPa)

NR-C1 556.35 8.90 1.02
NR-C2 529.65 8.47 1.14
NR-C3 512.04 8.19 1.15

Average 532.68 8.52 1.10

LR-C1 643.75 10.30 1.86
LR-C2 583.36 9.33 2.11
LR-C3 706.34 11.30 1.52

Average 594.43 10.31 1.83

The three unstrengthened columns, labelled NR-C1, NR-C2, NR-C3 in Table 5, showed
very similar behaviour during the tests and the same type of failure. The specimens
highlighted vertical cracks triggered in the upper or lower sides and then quickly expanded
up to the middle of the specimens (Figure 9). Load-displacement diagrams showed linear
elastic behaviour up to the peak load without a softening phase, while a brittle failure
occurred (Figure 10).
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Figure 10. Load-displacement diagram provided by the uniaxial compression tests of the unstrength-
ened masonry columns.

The masonry columns strengthened with the FRLM composite were tested according
to the same procedure that was followed for the unstrengthened ones. A first crack occurred
from the top towards the middle of the specimen, and, as the load increased, the surface
of the lime matrix highlighted many cracks due to the beginning of the sliding between
the fabric and the matrix. A first detachment occurred between the outermost layer of
the matrix and the fabric, then the sliding continued up to the complete detachment from
the masonry substrate due to the failure of the column inner core. At the end of the test,
the fabric remained mostly undamaged even if completely detached by the matrix layers
(Figure 11a) while the inner core of the specimen appeared largely damaged (Figure 11b).
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Figure 11. Reference failure mode of the strengthened specimens (LR-C1): (a) reinforcement and (b)
inner masonry condition.

Load-displacement diagrams were compared to the curve of the NR-C2 unstrength-
ened column, taken as a reference (Figure 12). The comparison highlights that the behaviour
of the unstengthened and the strengthened columns is rather similar in the ascending
branch, confirming that wrap scarcely collaborates in this phase, becoming effective only
after that the value of the maximum load of the unstrengthened column was reached.
A large “post-elastic” branch can be appreciated corresponding to the phase of sliding
between the fabric and the surrounding matrix. The FRLM wrap was demonstrated to
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be able to provide an increase in load-bearing capacity and ductility. As is well known,
columns typically show a brittle behaviour, and an increase of ductility is largely desired
in seismic areas.
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(continuous curves) and the reference NR-C2 unstrengthened specimen (dotted curve).

The results in Table 5 show the effectiveness of the FRLM composite both in terms of
strength and ductility increase, which were 21% and 66%, respectively, higher than those
detected on the unstrengthened columns.

Despite the use of the FRLM composite made of a completely natural lime mortar with
low mechanical properties, the experimental results highlighted that it can be successfully
used for interventions aimed at increasing the load-bearing capacity and ductility of axially
compressed members. Such a composite could be used particularly in the case of historical
masonry buildings thanks to the natural mortar used as a matrix and the fully compatibility
with the historical substrate.

4. Discussion

The effectiveness of the FRLM composite has been analytically assessed using the
predictive models described in Section 2. The values of mechanical properties obtained
by the tests have been inputted in the analytical formulas. Numerical results have been
compared to the experimental ones.

In particular, Equations (3)–(7) demonstrated that they are not able to correctly predict
the strength of the confined columns as this was determined in the laboratory tests. In
fact, the application of all formulas available in the literature leads to the neglect of any
contribution of the FRLM composite wrap in increasing the strength of the masonry
confined member. More precisely, all formulas provided a strength value of the confined
member basically coincident with that of the unconfined specimen, ranging from 8.52 to
8.55 MPa. The formula in the Italian guidelines CNR-DT 215/2018 [23] estimated only a
very minimal increase of strength (about 0.3%), so was not relevant if compared to the actual
21% experimentally obtained. Even if the predictive formulas available in the literature
are basically conservative, a similar underestimation leads to an erroneous evaluation
of ineffectiveness of such a composite in strengthening masonry columns. Considering
that in [34] it has been proved that the available predictive formulas, including the CNR
formula, are able to correctly estimate the load-bearing capacity increase of the wrapped
columns, the discrepancy between analytical and experimental results obtained in this



Sustainability 2021, 13, 13742 14 of 16

study can be ascribed to the very low mechanical properties of the natural mortar used
as the matrix of the FRLM composite with respect to the properties of the mortar used
to bond the masonry units of the column which directly influences the final value of the
effective confinement pressure (Equation (11)).

It is clear that a fully natural mortar matrix cannot have high mechanical properties,
but, as experimentally determined, it can still increase both the strength and ductility of
axially compressed members. In particular, the FRLM composite can be very useful—in
terms of mechanical and compatibility requirements—for strengthening masonry columns
of buildings belonging to historical heritage, and, for this reason, new experimental cam-
paigns are in progress at the Laboratory of the University of Florence in order to evaluate
the variation in the prediction capabilities of the existing formulas when the mortar grade
is opportunely varied.

5. Conclusions

In this paper the effectiveness of FRLM composites for confining masonry square
columns was experimentally assessed. Six columns with a full-scale cross-section were
built at the Laboratory of Materials and Structures of the University of Florence and tested
under axial compression. A natural and compatible lime-based mortar matrix was used
to assemble the composite. Despite the use of a natural matrix with very low mechanical
properties, strengthened columns highlighted an increase of strength and ductility of
21% and 66%, respectively. Predictive formulas from the literature and from the Italian
guidelines CNR-DT 215/2018 did not perfectly fit the experimental outcomes and did not
confirm the strength increase of the confined columns as experimentally obtained.

Considering this, although wider experimental campaigns are needed for more general
considerations, it can be concluded that:

• FRLM composites made of a natural matrix with low mechanical properties can be
effective for increasing the strength and the ductility of masonry columns—this second
aspect is crucial in the case of historical buildings located in seismic areas;

• As a consequence of the previous point, an FRLM composite was shown to be a good
strengthening solution in the case of interventions on columns of historical buildings
where compatibility between new and original materials is a specific requirement;

• The equations currently present in the literature were demonstrated to be able to fit
the experimental outcomes of many researcher’s investigations, where mortar used to
form the composite had good mechanical properties, largely higher than those of the
mortar joints of the column;

• As a result of the present investigation, the same equations present in the literature
were not able to correctly predict the effectiveness of the used composite in increas-
ing the strength of the confined columns; this result, probably, depends on the low
mechanical properties of mortar which directly influence the formula with respect to
confinement pressure;

• A further effort should be made by researchers to take into account the contribution
of the composite wrap in terms of ductility increase on confined members, this being
a crucial factor in seismic areas.
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