Taylor & Francis
Taylor & Francis Group
Inicrmaikmal fsumal of

Arrtarcerural Hemmags

International Journal of Architectural Heritage
& ¥ Conservation, Analysis, and Restoration

el ISSN: 1558-3058 (Print) 1558-3066 (Online) Journal homepage: https://www.tandfonline.com/loi/uarc20

In Plane Behaviour of Masonry Walls Reinforced
with Mortar Coatings and Fibre Meshes

Andrea Benedetti

To cite this article: Andrea Benedetti (2019): In Plane Behaviour of Masonry Walls Reinforced
with Mortar Coatings and Fibre Meshes, International Journal of Architectural Heritage, DOI:
10.1080/15583058.2019.1618972

To link to this article: https://doi.org/10.1080/15583058.2019.1618972

© 2019 The Author(s). Published with
license by Taylor & Francis Group, LLC.

% Published online: 09 Jul 2019.

N
C/J Submit your article to this journal &

||I| Article views: 104

P

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uarc20


https://www.tandfonline.com/action/journalInformation?journalCode=uarc20
https://www.tandfonline.com/loi/uarc20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15583058.2019.1618972
https://doi.org/10.1080/15583058.2019.1618972
https://www.tandfonline.com/action/authorSubmission?journalCode=uarc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uarc20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/15583058.2019.1618972&domain=pdf&date_stamp=2019-07-09
http://crossmark.crossref.org/dialog/?doi=10.1080/15583058.2019.1618972&domain=pdf&date_stamp=2019-07-09

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE Taylor & Francis
Taylor &Francis Group

https://doi.org/10.1080/15583058.2019.1618972
8 OPEN ACCESS | ™ Gheck for updates

In Plane Behaviour of Masonry Walls Reinforced with Mortar Coatings and Fibre
Meshes

Andrea Benedetti

Department of Civil, Chemical, Environmental and Materials Engineering, University of Bologna, Bologna, Italy

ABSTRACT ARTICLE HISTORY
Concerning strengthening techniques for existing masonry walls, the trend is toward the use of Received 26 November 2018
Fibre Reinforced Mortar (FRM) with both a significant increase of the mortar strength, and a Accepted 10 May 2019
drastic thickness reduction of the added external layers. In the present analysis, the focus is posed KEYWORDS

on some new lime mortar types which possess a very high st‘rength in tension, glthough the Diagonal testing; FEM
elastic modulus remains in a normal range, leading so to a considerable toughness increase. The analysis; FRM material;
G-FRM system is composed with a glass fibre mesh which must possess a tensile resistance larger masonry wall; Mohr
than the one of the mortar area including it, and this allows introducing some ductility in the Coulomb plasticity; shear
composite. A total of 14 diagonal compression tests of masonry walls reinforced with G-FRM have resistance

been completed at LISG (Structural Engineering and Geotechnics Laboratory, University of

Bologna), encompassing different FRM combinations. More precisely, the walls were reinforced

with three different lime mortar compounds with layer thicknesses of 12, 15 and 30 mm, and

reinforced with two different glass fibre meshes and two different arrangements of steel micro-

wire strips. The performed tests showed that the interpretation of the observed behaviour needs a

sound theoretical basis of the experimental setup, avoiding the simple analysis reported in

standards and codes. A finite element model of the experimental setup was prepared, able to

identify the features of the observed behaviour. Following this suggestion, a new theoretical

model based on Mohr-Coulomb plasticity was defined and applied to the interpretation of a large

database of experimental tests with a very good agreement.

1. Description of the work structural coating for masonry walls, with thickness in
the range 10-30 mm on each face, and in general
contains meshes or unidirectional strips of non-corrod-
ible compatible fibre such as basalt, glass, or stainless
steel. The two layers of FRM reinforcing the faces of a
wall are in general fastened through the wall thickness
by means of connectors produced with glass fibre ropes
or bundles of steel micro-wires.

In the present investigation carried out at the LISG
Laboratory in the University of Bologna, three types of
mortars were tested, with three different reinforcement
solutions. In detail, the mortars included the reference
mortar used in composing the walls (REF), two high
strength mortars (BTF, BTG) and one high adhesion
mortar (BTC). All the mortars were provided by Weber
Company, are a premixed product complying with
REACH rules and contain mainly NHL 5.0 lime, poz-
zolanic cement, sand, additives.

The studied reinforcements were two different glass
fibre meshes (GA and GB), and a steel unidirectional
micro-wire strip (SS). The mortar compressive strength

The earthquake mitigation in central Italy requires the
exploitation of techniques able to increase the shear
strength of weak masonry walls, while maintaining the
architectural features and the ecologic nature of the
historic brick and stone constructions. Furthermore,
advances in conservation philosophy deny any drastic
change of behaviour of existing monuments, so that
very high strength materials and very stiff additions
are considered unsuitable.

Among the many remaining possibilities, the use of
thin structural coatings or plasters, made with high
strength lime mortars obtained from natural binders
cement free, and reinforced with meshes composed
with non-corrodible materials, is steadily increasing its
market share and importance.

This combination, indicated with the acronym FRM
(fibre-reinforced mortar), actually has evolved in a
practically cement free material and has a very high
compatibility with ancient masonry. It is used as a
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was in the range 10-15 MPa, while the used reinforce-
ment materials were chosen in order to satisfy a
strength hierarchy criterion with stable behaviour
after mortar cracking.

In the paper, the experiments are discussed in detail
in order to set out a rational procedure for the inter-
pretation of the tests. Since the proposed procedure
does not contain any experimentally derived or inter-
polated factor, it is then tested against two wide experi-
mental investigations discussed in the literature.

The very good prediction capability of the presented
formulas points out the significance of the procedure as
a basis for a reinforcement rational design.

2. Short historic notes of the use of FRCM and
FRM composites

The idea of a thin cement layer containing a reinforcing
mesh is dating back to the birth of reinforced concrete,
as it was patented by Joseph Monier in 1867 (Adams
and Matthews 1911). This idea, which is at the basis of
FRM and FRCM coatings too, was later expanded and
advanced by Pier Luigi Nervi with his famous “ferroce-
ment” (Nervi, 1965).

One of the first proposals of mesh-reinforced coat-
ings as viable seismic mitigation systems was presented
by Jabarov, Kozharinov, and Lunyov (1980). Diagonal
compression tests of masonry panels with ferrocement
reinforcing layers were presented by Prawel, Reinhorn,
and Qazi (1988).

At the beginning of the twenty-first century, a rapid
change of technology introduced the new high per-
forming fibre materials such as carbon and glass-rein-
forced polymers (FRP, see for instance CNR DT 200/
2004, 2004). In the case of masonry walls however,
thermo-hygrometric reasons promoted the use of inor-
ganic binders in place of organic resins, with techniques
more conforming to the Venice Charter of 1964
(ICOMOS 1965).

Many research groups developed extensive investiga-
tions both experimental and theoretical on shear resis-
tance of masonry panels reinforced with externally
bonded thin layers of fibre mesh-reinforced mortars;
among the most recent contributions Babaeidarabad,
De Caso, and Nanni (2014) and Gattesco and Boem
(2015) presented formulas for the design of FRM rein-
forced masonry panels based on a combination rule of
the masonry and reinforcement shear capacities.
Garofano, Ceroni, and Pecce (2016) presented finite
element models for the analysis of the strengthened
panels. Kouris and Triantafillou (2019) developed for-
mulas for the in-plane and out-of-plane design.

The failure modes of masonry panels strengthened
with FRM coatings are mainly of two types: the mortar
undergoes cracking and then the fibres connecting the
crack faces fail in tension, or the coatings detach from
the masonry in a way similar to composite debonding.
The second failure mode is brittle and must be avoided,
and therefore normally the coatings are connected
through the wall by means of fasteners.

Thus, a very important complementary research line
is considering the characterization procedures for the
tensile capacity of the fibre-reinforced material. The
main problem is the set-up of the tensile test allowing
for the better definition of the reference values to be
used in the design. This topic has been discussed in
depth by Arboleda et al. (2015), Donnini and
Corinaldesi (2017), and Gattesco and Boem (2017).

In what follows the data presented by Gattesco and
Boem (2015)and Gattesco, Boem and Dudine (2015)
will be used as an independent check of the proposed
interpretation of the FRM reinforced masonry panels
under diagonal loading. The comparison shows clearly
the high predictive capability of the proposed theory.

3. Material characterization and specimen
preparation

3.1. Characterization of the materials

The experimental evaluation of the material mechanical
properties was performed in agreement with the EN
1015-11:2007 (2007) and EN 1015-12:2002 (2002) pro-
cedures by casting mortar prisms of 40 - 40 - 160 mm’
and mortar reinforced plates of thickness less than 10
mm and size 100 - 500 mm?. In addition, direct tensile
tests of the fibre glass wires were executed in order to
examine the nominal properties indicated by the produ-
cer. Some non-standard material tests were also carried
out by using non-destructive test methods as proposed
in Marastoni et al. (2016), with a very good agreement
with the standardized procedures. In Tables 1 and 2 the
nominal and experimental results of the tests carried out
on the materials are reported. In what follows the sym-
bols f, E, N, € will denote strength, elastic modulus, axial
force and strain. The subscripts m and f will refer to
mortar and fibres. The subscripts ¢, ¢, f, k, u, ex will stand
respectively for compressive, tensile, flexural, character-
istic, ultimate, experimental values. The characteristic
values for mortar and fibres f,x fuo Eme Ep are
extracted from the product data sheets.

As is evident from Table 1, the ratio of tensile to
flexural strength is approximately 0.8, while the ratio of
tensile to compressive strength is very near to 0.25. The
experimental properties are very similar to the nominal



Table 1. Mechanical properties of the investigated mortars.

Property Unit REF BTF BTG BTC
ok [MPa] 7.5 15.0 10.0 10.0
Emk [MPa] 4000 9000 12000 8000
fncex [MPa] 7.43 15.58 13.50 10.70
mf.ex [MPa] 2.49 4.39 4.14 3.94
mt,ex [MPa] 224 3.75 3.11 2.86
7 [-] 0.30 0.28 0.31 0.37
Em,ex [MPa] 2520 10571 11792 7717
Density tkg/m’] 1842 1771 1811 1491

Table 2. Mechanical properties of the used reinforcement.

Property Unit GA GB SS
Warp [n°/m] 40 23 235
Area [mm?] 1.25 261 0.35
Weft [n°/m] 40 23 -

Area [mm?] 1.25 2.13 -

Trek [MPa] 1000 1233 2399
Eg [GPa] 70 70 200
Nwarp,ex [kN/m] 36.1 58.0 199.2
Nueftex [kN/m] 36.1 35.8 -

Efu,ex [%] 1.94 2.31 1.22
frex [MPa] 742 871 2401
Efex [GPa] 383 36.1 200

ones, and particularly the tensile strength is large in
comparison to ordinary lime mortars due to additives.

For what concerns the reinforcement fibres, an evi-
dent overvaluation of the nominal properties emerged
from the investigation. This is due to the inclusion in
the nominal reinforcement area of the resin containing
the fibres. However, the strength of the resin is very low
in comparison to the fibres and then the real properties
are considerably lower than the nominal ones.

The test of the combination of each mortar type (BTF,
BTG and BTC) with the fibre mesh selected for its
reinforcement (GA, GB, GA or SS) was carried out in
two different setups (Figures 1 and 2). First of all direct
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tensile tests of reinforced layers of 100 mm width and
thickness corresponding to the defined combination (15,
30 and 12 mm) were performed on six specimens of each
type. Then, four-point flexural tests of masonry stacks
reinforced with mortar layers were completed. The stack
section was 120 x 120 mm? (half bricks), its length was
approximately 400 mm and the shear arm was 150 mm.
The reinforced mortar had a section of 100 x 8 mm”.
The flexural test was used in substitution of the direct
shear test in order to determine the bonding capacity of
the FRM to the bricks. In none of the experiments the
mortar detached from the masonry prism, although no
fastener was applied to the FRM layer. The failure
occurred in any case by tensile failure of the fibre mesh.

4. Execution of the diagonal compression tests

A total of 14 diagonal compression tests were carried
out according to the ASTM E 519-15 standard on
square walls of side L = 1160 mm and thickness t =
118 mm, with different combinations of mortars and
reinforcement meshes. In particular, following the
combinations of mortar and reinforcement selected by
the producer after the tensile testing of the FRM plates,
the tests concerned:

e Three reference panels without strengthening
coatings, 118 mm thickness, running bond
texture,

e Three panels as the reference but with BTF coat-
ings of 15 mm thickness and GA reinforcement,

e Three panels as the reference but with BTC coat-
ings of 12 mm thickness and GA reinforcement,

Figure 1. View of the testing set-up for the reinforced mortar plates.
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Figure 2. View of the loading set-up for the flexural test of the reinforced masonry stacks.

e Three panels as the reference but with BTG coat-
ings of 30 mm thickness and GB reinforcement,

e Two panels as the reference but with BTC coatings
of 13 mm thickness and SS strip arrangements
along sides or diagonals.

The diagonal compression tests were carried out
according to the scheme of Figure 3. Each panel
encompasses 18 rows of bricks and 17 mortar courses.
During the tests, the vertical displacement and the
strain on the two major diagonals were recorded. The
toe depth b on the loaded corners is approximately 100
mm wide.

The FRM reinforced panels are simply obtained by
executing two reinforced mortar layers on the faces of
each wall. The two coatings are connected through the
masonry thickness by four fibre stringers. The speci-
mens have been set up by standard workers.

The results of the diagonal tests are reported in
Table 3. Fy;, is the maximum experimental jack force,

Figure 3. View of the diagonal test set-up.

&, and ¢, are the strains recorded by the strain gauges at
the peak load, t,, y and G are respectively average
shear stress, distortion and modulus computed accord-
ing to the RILEM recommendations (1991).

In Figure 4 two characteristic failure patterns are
shown. As is evident in the photos, the panels failed
with the progressive formation of several tensile vertical
micro-cracks in the central zone, ending with a skew-
symmetric failure mechanism separating the panel in
two parts, from one side of the upper loading plate, to
the other side of lower loading plate.

In Figure 5 are presented the diagrams of the vertical
load F — vertical shortening & curves of the various
groups. In order to obtain the relevant values of the
load-displacement paths, the experimental curves were
analysed. In particular, the derivative of the path was
extracted and the fit with a piecewise linear representa-
tion was obtained. By this way, the peak load, the elastic
stiffness, the peak shortening and the post peak soft-
ening were evaluated.




Table 3. Results of the diagonal tests of the 14 experimental walls.
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Panel Lay t Fiim & & Ty G
[mm] [mm] [kN] [mm/m] [mm/m] [MPa] [MPa]
REF 1 1155 118 734 -0.483 0.135 0.59 961
REF 2 1151 118 112.5 -0.558 0.104 0.91 1381
REF 3 1150 118 92.3 -0.540 0.078 0.75 1220
BTF-GA 1 1165 148 214.5 -0.633 0.126 137 1804
BTF-GA 2 1160 148 202.2 -0.500 0.102 1.30 2151
BTF-GA 3 1173 148 186.2 -0.482 0.050 1.18 2220
BTC-GA 1 1164 142 202.9 -0.689 0.151 135 1609
BTC-GA 2 1165 142 199.0 -0.730 0.160 132 1489
BTC-GA 3 1175 142 1825 -0.740 0.152 1.20 1349
BTG-GB 1 1155 178 346.7 -0.483 0.102 1.86 3171
BTG-GB 2 1170 178 3435 -0.624 0.119 1.81 2444
BTG-GB 3 1160 178 313.5 -0.567 0.146 1.67 2342
BTC-SS x 1155 146 183.3 -0.779 0.105 1.20 1363
BTC-SS # 1155 146 205.2 -0.835 0.151 135 1367

5. Interpretation of the observed behaviour

There are many guidelines and studies dealing with the
mechanics of the diagonal tests. Among the others, the
Documents ASTM E 519 (2015) and the RILEM TC 76
(1991) are two documents that present a complete
treatment of the diagonal test results. It is however to
point out that masonry is in itself a composite material,
and therefore the use of Finite Element Models (FEM),
can help in understanding the real strain and stress
distributions, as presented in Brignola et al. (2009).

Although RILEM and ASTM formulas look very
similar, it is to cite that they give very different values
and in some cases they do not agree with the results of
FEM analyses. The most diverging quantity is the shear
stress value, which in turn leads to a somewhat differ-
ent shear modulus.

F
— G= Ty (1)

F
01 =0,52— 7, = 1,1
! Lt L-t & — &

F

Tyy
2
ol (2)

o1 = 0,707

F
Txy = 0, 707EG =

& — &

Figure 4. View of the BTC-A and BTG-B panels after the tests.

5.1. Interpretation of the diagonal test

The mechanics of a square plate compressed along a
diagonal has always attracted attention. Considering
the elastic stress distribution of a homogeneous
panel, simply by observing a photo-elastic model
(Figure 6, Broniewska and Mitra 1953), the more
stressed section is easily detected.

The FEM analysis of the diagonal test can help in
interpreting the stress distribution inside the panel. It
is however to consider that the masonry is not a
homogenous solid, and therefore the deviation of a
homogenized material from a masonry bi-material
solid is to be assessed.

In the following Figures 7 and 8 two elastic mod-
els are presented. They discretize the tested unrein-
forced panels as a homogeneous macro-model and a
micro-model with a real texture and perfect adhe-
sion between mortar and bricks. The comparison
shows that the stress patterns are quite similar and
allow considering the masonry as a homogeneous
equivalent material in the elastic range. In the pre-
pared models, the moduli of brick, mortar and
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Figure 8. Shear stress distribution under a 100 kN loading of the homogeneous and composite panels.

masonry have been set to 6,000 MPa, 2,500 MPa
and 4,000 MPa, respectively, according to the series
composition formula (Marastoni et al. 2016). The
thicknesses of brick and mortar courses were set to
50 and 10 mm in agreement with the experimental
geometry. In Table 4 the relevant quantities are
compared for a reference load of 100 kN and linear
elastic response. In particular the peak and average
values of the principal tensile stress o; and tangen-
tial stress T, are listed, as well as the computed
shear modulus.

The difference between the two hypotheses is
more easily detected by watching at the stress dia-
grams along the vertical diagonal as in Figures 9 and

Table 4. Comparison of the results on the centre of FEM
models with guidelines (F = 100 kN).

Evaluation ] Ty 0 Ty G
max min mean mean mean
[kPa] [kPa] [kPa] [kPa] [MPa]
FEM (1) 408.0 728.0 2247 804.6 1800
FEM (2) 333.0 743.0 165.7 866.0 1800
FEM (mean) 370.5 735.5 195.2 835.3 1800
RILEM 3736 790.2 3736 790.2 2301
Error RILEM 0.8% 7.4% 91.4% -5.4% -12.9%
ASTM 507.9 507.9 507.9 507.9 1306
Error ASTM 37.1% -30.9% 160.2% -39.2% 27.5%

10. It is evident that the mortar courses do intro-
duce only sharp but small local deviations from the
distributions of stresses present in the equivalent
homogeneous macro-model. Therefore, the use of
an average stress value (as in the standards) is
allowed.

The failure of the panel is in any case occurring by
breaking of the symmetry, as in Figures 4 and 1I.
Therefore, it is possible to simplify the yield line of
Figure 6 obtaining so the Mohr-Coulomb limit equi-
librium model of the cracked panel as in Figure 11.

In a compressed section of a material with com-
pressive strength f. and tensile strength f; the max-
imum shear stress at failure holds:

re((7) () o

where f,o is the shear strength with null compres-
sion stress, defined with the formula:

Je fi
Je+fi

In (4) c is the cohesion and ¢ is the friction angle of
the Coulomb material considered.

4)

foko = C-cosp =
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Figure 10. Distribution of the shear stresses in the vertical diagonal of the wall at 100 kN loading.

Figure 11. Limit equilibrium of the internal stresses on the yield line.



Since both ¢ and 7 are expressed as a function of the
load resultant F, the material plastic limit equation (3)
allows calculating the limit force F,;.

By setting 7 and o as a function of force F, angle «
and length Z of the section, the following equation is
obtained:

<;7cosoc>2 _ (Fsinoc) C 1>
kotwZ twZ t e
N (Fsin (x>2 1 )
twZ ) fife
Since a is lower than 10°, the second term holds 1.0
with a second-order approximation. Therefore, the
limit force resisted by the panel is easily computed as

a function of f 4 and the crack geometry. This formula
looks very similar to the RILEM one.

_ kaO twZ
coSs &

F (6)

5.2. Effect of the FRM coating

FRM layers are materials that link two components in
order to balance the behaviour in compression and in
tension. The response enhancement is possible only if
the tensile capacity of the fibre mesh is overpassing the
tensile strength of the mortar:

Nf :fftuAf metktmsfv (7)

where fg, is the tensile strength of the mesh wire,
Sk 1s the characteristic tensile strength of the mortar,
t,, is the thickness of each reinforced layer, and sy is the
grid spacing of the mesh.

If warp and weft possess different capacities, a com-
bination formula must be used in defining the strength
at a given inclination over the grid. By considering an
orthotropic material several relationships are possible
(Liu 2001). In the case of failure near to the diagonal of
the panel and assuming the simpler Hankinson

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE @ 9

formula, the average tensile capacity Ny of the fibre
mesh is:

= Nthty

N =
S~ N cos (6)" + Ny sin (6)" ®

where Ny, and Ny, are the mesh tensile strengths in x
and y directions, 6 can be set to 77/4 and n is between 2
and 2.5.

If the tensile strength of the reinforcement fulfils the
inequality (7), it can be considered as a sort of “equiva-
lent tensile capacity” f,,,r of the mortar containing it.
Thus, the Mohr-Coulomb parameters can be modified
according to this equivalent strength, and the new shear
strength fxor of the reinforced mortar is easily com-
puted from Eq. 4, simply by properly substituting the
tensile strength:

1 tm - S -1
Sfokor = </—+N—ff) 9)

The model for the equivalent strength calculation is
presented in Figure 12.

5.3. Calculation of strength and modulus of FRM
reinforced panels

As presented in Table 4, the ASTM values are in con-
sistent error with the FEM calculation. The RILEM
values instead give results in excess of the numerical
ones but with a better agreement. By assuming a suffi-
cient ductility of the masonry coated with FRM, the
interpretation of the observed panel behaviour is pos-
sible with reference to a very simple scheme; in parti-
cular, the stiffness of a panel with base L and height H
can be determined by summing up the stiffness of the
composing layers, by using the formula:
G-Lt

L

Mortar compressive —————
Mortar tensile

Mortar shear —_——

Fiber tensile
FRM shear

Figure 12. Mohr-Coulomb representation of the FRM constitutive relationship.
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Table 5. Comparison of the experimental and theoretical average wall moduli.

FRCM Kox Gt Error Evaiith E(K.y) Error E(t/y) Error
[kN/mm] [kN/mm] [%] [MPa] [MPa] [%] [MPa] [%]
REF 171.62 169.7 -1.1 4000 3500 -12.5 2856 -28.6
BTF-GA 327.53 289.3 -11.7 5332 5172 -3.0 4810 -9.8
BTC-GA 249.23 266.3 6.9 4628 4262 -7.9 3599 -22.2
BTG-GB 521.44 423.7 -18.8 6627 7144 7.8 6468 -24
BTC-SS 255.42 234.0 -8.4 4671 4107 -12.1 3163 -32.2

The shear strength of the panel can be obtained in
turn by summing up the shear capacity of the bundled
layers:

Ve=2- Zi tifvko,i- (11)

The values obtained through the simple accumula-
tion of the layer’s properties as a parallel system, allow
computing the theoretical modulus, stiffness and
strength of the tested walls, starting from the mechan-
ical data of the masonry and the data of the FRM
coatings applied on it.

In the following Tables 5 and 6 the data of the
experiments are interpreted on the basis of the pro-
posed Equations (9), (10) and (11). The analysis of
the unreinforced panels is carried out by considering
the adhesion capacity of bricks and mortar. The
average elastic modulus of the masonry panels is
compared with the theoretical one E, ;s derived
from the material properties. The experimental aver-
age shear strength of the coated walls f, ., is com-
pared with the value obtained by the composition

formula (11) fucw = D, tifvko,it

6. Verification of the proposed FRM
constitutive relation

The proposed theory of FRM shear resistance based
on the modified Mohr-Coulomb limit curve is ver-
ified against a very large experimental set of data
presented by Gattesco, Boem, and Dudine (2015),
and Gattesco and Boem (2015). The experimental
campaign included brick, cobble stone and rubble
stone walls reinforced with different mesh types.
Thus, it gives a wide and strong test of the predictive
ability of the proposed theory. Tables 7 and 8 report
the experimental values and the predicted collapse
forces computed from the FRM equivalent shear
strength. The observed agreement is very good.

It is to mention that even Gattesco and Boem (2015)
presented theoretical evaluations that matched very
well with the observed behaviour. Their predictions
however do include an interpolated efficiency factor
extracted from the experimental tests themselves. The
present theory on the contrary is able to predict a wide

set of situations and results without any empirical
modification of the theoretical setup.

For what concerns the data of Table 8, the fibre
strength evaluated with Eq. 8 for the two fibre sizes S
and D are reported in Table 7. It is however to point
out that in Gattesco, Boem, and Dudine (2015),
similar wires at different spacing present non coher-
ent tensile strengths, probably due to a different
machining of the meshes. The data of Table 9 are
computed with properties for the S and D wires very
similar to the previous one.

In both Tables 8 and 9 the experimental peak force F,,
is compared with the theoretical one F,, obtained by
summing up the capacity of the masonry panel V,, with
the capacity of the FRM coatings V. The error is com-
puted as the difference divided by the experimental value.

As is evident from Figure 13 summarizing all the
computed results, the proposed theory is precise within
a bounded average absolute error of + 10%, and the
largest deviations are on the safe side of the experi-
ments. Moreover, the examined data base encompasses
a large range of capacities as well as materials and
thicknesses. Finally, the FRM materials are produced

Table 6. Comparison of the experimental and theoretical aver-
age shear strength.

Mortar REF BTF BTC BTG BTC
Value Reinf. - GA GA GB SS
fnc [MPa] 7.43 15.6 107 135 107
Ft [MPa] 0.74" 3.75 3.11 2.86 2.86
fotk [MPa] - 2.41 3.01 3.11 2.861%
fron [MPa] 0.67 2.09 235 2.53 2.26
tm [mm] 118 30 24 60 26
fotw [MPa] 0.673 0960  0.956 1.298 0.959
frex [MPa] 0.521 0.9 0.909 1.246 0.894
Error [%] 29.2 6.6 5.1 42 7.2

(1) The tensile strength refers to the adhesion strength of the brick-
mortar interface.
(2) The steel strips breadth is one half of the panel width.

Table 7. Tensile equivalent properties of the mesh according to Eq. 8.

Type Spacing Warp Weft N¢ fr
[mm] [kN] [kN] [kN] [MPa]
S 33 4.88 341 4.774 4.82
S 66 471 3.66 4.899 2.47
D 66 8.22 5.79 8.080 4.08
S 99 471 3.66 4.899 1.65
D 99 8.57 5.29 7.780 2.62
#5 150 9.82 9.82 11.673 259
#6 200 15.55 15.55 18.490 3.08
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Table 8. Predicted values of the Gattesco, Boem and Dudine (2015) experiments.

Wall Fex fem frr fuor tw tm N Nr Fn Err
[kN] [MPa] [MPa] [MPa] [m] [m] [kN] [kN] [kN] [%]
B2A-1 214.2 - - - 0.25 - 191.9 - - -
B2A-2 169.5 - - - 0.25 - 191.9 - - -
B2A-F33S5-1 3894 6.71 482 2.81 0.25 0.03 191.9 242.80 434.65 11.6
B2A-F33S-2 371.7 6.71 4.82 2.81 0.25 0.03 191.9 242.80 434.65 16.9
B2A-F66S-1 3725 6.71 247 1.81 0.25 0.03 191.9 156.41 348.26 -6.5
B2A-F66S-2 419.8 6.71 247 1.81 0.25 0.03 191.9 156.41 348.26 -17.0
B2A-F99S5-1 423 6.71 1.65 1.32 0.25 0.03 191.9 114.56 306.41 -27.6
B2A-F99S-2 400.3 6.71 1.65 1.32 0.25 0.03 191.9 114.56 306.41 -23.5
B2A-5150-1 3246 6.71 2.59 1.87 0.25 0.03 191.9 161.88 353.73 9.0
B2A-5150-2 3393 6.71 2.59 1.87 0.25 0.03 191.9 161.88 353.73 43
B2A-5200-1 406.8 6.71 3.08 2.1 0.25 0.03 191.9 182.74 374.59 -7.9
B2A-5200-2 398 6.71 3.08 2.1 0.25 0.03 191.9 182.74 374.59 -5.9
B2C-1 275.1 - - - 0.25 - 257.0 - - -
B2C-2 238.8 - - - 0.25 - 257.0 - - -
B2C-F335-1 420.8 6.71 4.82 2.81 0.25 0.03 257.0 242.80 499.75 18.8
B2C-F33S-2 4129 6.71 4.82 2.81 0.25 0.03 257.0 242.80 499.75 21.0
B2C-F665-1 474.6 6.71 247 1.81 0.25 0.03 257.0 156.41 413.36 -12.9
B2C-F66S-2 506 6.71 247 1.81 0.25 0.03 257.0 156.41 413.36 -18.3
B2C-F995-1 469.6 6.71 1.65 1.32 0.25 0.03 257.0 114.56 371.51 -20.9
B2C-F99S-2 539.7 6.71 1.65 1.32 0.25 0.03 257.0 114.56 371.51 -31.2
B3A-1 258.8 - - - 0.38 - 285.7 - - -
B3A-2 3125 - - - 0.38 - 285.7 - - -
B3A-F33S-1 478.8 6.71 4.82 2.81 0.38 0.03 285.7 242.80 528.45 10.4
B3A-F33S-2 481.9 6.71 4.82 2.81 0.38 0.03 285.7 242.80 528.45 9.7
B3A-F665-1 530.3 6.71 247 1.81 0.38 0.03 285.7 156.41 442.06 -16.6
B3A-F66S-2 4345 6.71 247 1.81 0.38 0.03 285.7 156.41 442.06 1.7
B3A-F66D-1 548.2 6.71 4.08 2.54 0.38 0.03 285.7 219.58 505.23 -7.8
B3A-F66D-2 5753 6.71 4.08 2.54 0.38 0.03 285.7 219.58 505.23 -12.2
B3A-F99D-1 4573 6.71 2.62 1.88 0.38 0.03 285.7 163.03 448.68 -1.9
B3A-F99D-2 414.4 6.71 2.62 1.88 0.38 0.03 285.7 163.03 448.68 8.3
B3A-5150-1 498 6.71 2.59 1.87 0.38 0.03 285.7 161.88 447.53 -10.1
B3A-5150-2 404.1 6.71 2.59 1.87 0.38 0.03 285.7 161.88 447.53 10.7
B3B-1 242.6 - - - 0.38 - 264.3 - - -
B3B-2 285.9 - - - 0.38 - 264.3 - - -
B3B-F99D-1 4139 6.71 2.62 0.38 0.03 264.3 163.03 427.28 32
B3B-F99D-2 315.6 6.71 2.62 1.88 0.38 0.03 264.3 163.03 427.28 354
1A-1 2219 - - 0.38 - 212.3 - - -
1A-2 202.6 - - - 0.38 - 2123 - - -
IA-F665-1 354.6 6.71 247 1.81 0.38 0.03 2123 156.41 368.66 4.0
IA-F665-2 338.8 6.71 247 1.81 0.38 0.03 212.3 156.41 368.66 8.8
IA-F995-1 370.4 6.71 1.65 1.32 0.38 0.03 212.3 114.56 326.81 -11.8
IA-F99S-2 309.5 6.71 1.65 1.32 0.38 0.03 2123 114.56 326.81 5.6
IB-1 1774 - - - 0.38 - 173.9 - - -
IB-2 170.4 - - - 0.38 - 173.9 - - -
IB-F33S-1 292.3 6.71 4.82 2.81 0.38 0.03 109.8 242.80 352.63 20.6
IB-F33S-2 301 6.71 4.82 2.81 0.38 0.03 109.8 242.80 352.63 17.2
IB-F66S-1 249.9 6.71 247 1.81 0.38 0.03 109.8 156.41 266.24 6.5
IB-F665-2 252.8 6.71 247 1.81 0.38 0.03 109.8 156.41 266.24 53
RA-1 135.6 - - - 04 - 131.0 - - -
RA-2 126.3 - - - 0.4 - 131.0 - - -
RA-F33S-1 388 6.71 4.82 2.81 0.4 0.03 131.0 242.80 373.75 -3.7
RA-F33S-2 359.9 6.71 4.82 2.81 0.4 0.03 131.0 242.80 373.75 3.8
RA-F665-1 331.8 6.71 247 1.81 0.4 0.03 131.0 156.41 287.36 -134
RA-F66S-2 366.3 6.71 247 1.81 04 0.03 131.0 156.41 287.36 -21.5
RA-F66D-1 410.6 6.71 4.08 2.54 0.4 0.03 131.0 219.58 350.53 -14.6
RA-F66D-2 398.2 6.71 4.08 2.54 04 0.03 131.0 219.58 350.53 -12.0

by two independent companies with different composi-
tion and reinforcement.

7. Conclusions

The paper presents a wide investigation based on the
material characterization and diagonal compression
testing of masonry walls strengthened with structural
mortar coatings pertaining to the FRM technology. The
performed tests allowed for the evaluation of the capa-
city increase given by those very inexpensive and eco-

friendly systems. The shear strength of the masonry
walls rose up of more than 100% even with less than
15 mm of strengthening layers on the two wall faces.

The concept of the equivalent shear strength of a
mesh-reinforced material has been discussed at the
light of the Mohr-Coulomb plasticity criterion. The
condition that allows considering FRM plastic in ten-
sion has been exploited in terms of relative strength of
mortar and reinforcing mesh.

Simple homogenization schemes based on series
and parallel element combinations pointed out the
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Table 9. Predicted values of the Gattesco and Boem (2015) experiments.
Wall Fex fme Tt frn foko foko ty tm Fen(1) Err(1) Fin(2) Err(2)
[kN] [MPa] [MPa] [MPa] [MPa] [MPa] [m] [m] [kN] [%] [kN] [%]

B2A-1 214.2 2.93 0.37 - 0.31 - 0.24 - - - 216.5 1.1
B2A-2 169.5 2.93 0.29 - 0.25 - 0.24 - - - 1713 1.1
B2A-N-1 363.4 4,66 0.77 1.89 0.28 1.35 024 0.04 346.9 -45 349.1 3.9
B2A-N-2 355.2 4.66 0.77 1.89 0.28 1.35 0.24 0.04 346.9 -23 349.1 -1.7
B2A-C-1 315.9 7.35 1.05 1.89 0.28 1.50 0.24 0.04 344.8 9.1 367.4 16.3
B2A-C-2 3324 7.35 1.05 1.89 0.28 1.50 0.24 0.04 344.8 3.7 367.4 10.5
B2A-Z-1 3453 11.66 1.44 1.89 0.28 1.63 0.24 0.04 325.6 5.7 381.6 10.5
CA-1 1104 293 0.12 - 0.10 - 0.4 - - - 116.4 54
CA-2 126 2.93 0.14 - 0.12 - 0.4 - - - 133.0 55
CA-C-1 379.5 7.35 1.05 1.89 0.11 1.50 0.4 0.04 375.5 1.1 298.2 214
CA-C-2 3715 7.35 1.05 1.89 0.11 1.50 0.4 0.04 375.5 1.1 298.2 -19.7
CF-1 46.7 1.30 0.05 - 0.04 - 0.4 0.04 - - 489 47
CF-2 49.8 1.30 0.05 - 0.05 - 04 0.04 - - 52.8 6.0
CF-L-1 209.2 3.64 0.55 1.89 0.04 1.24 0.4 0.04 218.5 45 194.4 7.1
CF-L-2 227.4 3.64 0.55 1.89 0.04 1.24 04 0.04 218.5 -3.9 194.4 -14.5
R4D-1 238.6 4.09 0.26 - 0.22 - 04 - - 251.3 53
R4D-N-1 427.7 4,66 0.77 1.89 0.22 1.35 0.4 0.04 446.1 43 406.5 5.0
R4D-N-2 449.6 4.66 0.77 1.89 0.22 1.35 0.4 0.04 446.1 0.8 406.5 9.6
R4D-C-1 464.6 7.35 1.05 1.89 0.22 1.50 0.4 0.04 450.2 3.1 4248 8.6
R4D-C-2 457.6 7.35 1.05 1.89 0.22 1.50 04 0.04 450.2 -1.6 4248 -7.2
R4D-Z-1 4734 11.66 1.44 1.89 0.22 1.63 0.4 0.04 4435 6.3 439.0 73
R4D-Z-2 402.8 11.66 1.44 1.89 0.22 1.63 0.4 0.04 4435 10.1 439.0 9.0
R7D-1 439.5 4.09 0.27 - 0.23 - 0.7 - - - 463.7 55
R7D-2 376 409 0.23 - 0.20 - 0.7 - - - 397.0 56
R7E-C-1 702.1 7.35 1.05 1.89 0.21 1.50 0.7 0.04 725.7 3.4 603.9 -14.0
R7E-C-2 749.5 7.35 1.05 4.89 0.21 2.94 0.7 0.04 725.7 3.2 769.2 26
R7E-Z-1 617.4 11.66 144 1.89 0.21 1.63 0.7 0.04 669.1 8.4 618.1 0.1
R7E-Z-2 717.2 11.66 1.44 4.89 0.21 3.45 0.7 0.04 669.1 6.7 827.9 15.4
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Figure 13. Graphical representation of the theoretical versus experimental results of Tables 8 and 9.

effectiveness of the concept based on the fictitious
tensile resistance of the reinforced mortar, in pre-
dicting the shear behaviour of FRM coatings.

A wide comparison with experimental results dis-
cussed in the literature allowed checking the high
precision of the proposed evaluation method. The
presented experiments encompassed several differ-
ent combinations of mortars and units, including
rubble and cobble stone walls. The presented theory,
however, did perform with almost the same preci-
sion on all the different experimental setups.
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