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ABSTRACT

Fibre Reinforced Polymer (FRP) and Textile Reinforced Mortar (TRM) have been studied, compared and applied to
strengthen brick masonry walls. The comparison of their performance against second order bending effects is addressed
in this paper for the first time. Experimental and analytical data from previous researches and new analytical data for
TRM cases are summarised, ordered and systematically compared to analyse the structural response of strengthened brick
masonry walls. The results show a similar performance for both systems in terms of load bearing capacity and in-plane
response. However, TRM strengthened cases showed greater lateral deformation than FRP ones.
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RESUMEN

Materiales tipo Fibre Reinforced Polymer (FRP) y Textile Reinforced Mortar (TRM) han sido estudiados, comparados y
aplicados para reforzar muros de fabrica de ladrillo. La comparaciéon de su comportamiento frente a efectos de flexion
de segundo orden se abordada en este articulo por primera vez. Datos experimentales y analiticos de investigaciones
previas y nuevos datos analiticos para los casos de TRM son resumidos, ordenados y sistematicamente comparados
para analizar la respuesta estructural de los muros de fabrica de ladrillo reforzados. Los resultados muestran un com-
portamiento similar de los dos sistemas respecto su capacidad de carga y su respuesta en el plano. Los casos reforzados
con TRM mostraron desplazamientos laterales superiores a los reforzados con FRP.
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1. INTRODUCTION

Load bearing brick masonry walls are a common structural
element among in service buildings worldwide. Although
concrete and steel construction have replaced the masonry
technology nowadays, there is still a large number of build-
ings which are supported by unreinforced masonry walls.
Usually, these are old buildings which are expected to require
upgrading interventions to extend their life-cycle, to adapt
their performance to new structural codes or to change their
use. Thus, strengthening techniques are necessary. This need
is plenty justified from an environmental and economic point
of view, even more if considering the weight that these struc-
tural elements have in the current cities. To provide a general
vision of this significance, notice that 75 % of the buildings of
the European city of Barcelona are supported by load-bearing
masonry walls (1).

Among the different strengthening technologies, the ones
which use composite materials are becoming more popular.
These, see Garmendia et al. (2), Garcia (3) and Bernat-Maso6
(4), are aimed to increase the tensile performance of the ma-
sonry by bonding a high strength composite to the original
structure. The Fibre Reinforced Polymer (FRP) and the Tex-
tile Reinforced Mortar (TRM) are the most visible examples
of these technologies. FRP is a composite material made of
high strength fibres (carbon, glass, aramid, etc.) embedded
into an organic matrix (usually an epoxy resin), whereas
TRM is a composite material consisting of high performance
fibres presented as a grid and embedded into a cementitious
matrix (usually a mortar).

Concerning the application of FRP or TRM on masonry struc-
tures, the studies are almost limited to shear and bending
configurations. The work by Papanicolaou et al. (5) about the
effectiveness of TRM at strengthening masonry walls in front
of seismic actions has to be highlighted. In addition, Augenti
et al. (6) analysed the influence of TRM on the in-plane shear
response and Petersen (7) studied the performance of FRP at
strengthening unreinforced masonry panels against in-plane
shear. Regarding the works about the bending configuration,
the research by Hamed and Rabinovitch (8) focused on the
lateral out-of-plane strength of FRP strengthened masonry
walls has to be highlighted together with the study of the
TRM effectiveness to strengthen masonry walls against out-
of-plane cyclic loads presented by Harajli et al. (9).

However, the load bearing masonry walls are mainly sub-
jected to vertical compressive forces. In addition, these forces
transmitted by roofs or floors are not always centred into
the thickness of the wall, which might contribute, together
with the slenderness, to develop second order bending effects
reaching a bending/buckling mixed failure for unreinforced
brick masonry load bearing walls. Thus, strengthening these
structures against second order effects is essential.

Focusing on the calculation methodologies used to predict
the ultimate load bearing capacity of FRP or TRM strength-
ened masonry walls, it has been noticed that there are ana-
Iytical tools described in the literature which might provide
a starting point for future developments. Among them, the
work by Caggiano et al. (10) is significant for the analyti-
cal methodology presented to calculate the response of FRP
laminates bonded on brittle substrates. Finally, the work by
Martinez et al. (11) has to be highlighted because it focuses

on the calculation of FRP strengthened masonry against
bending efforts.

Different comparisons between FRP and TRM might be
found in a literature review. Most of them are referred to
concrete structures, like the work by Triantafillou and Pa-
panicolaou (12) who compared these two systems in regard
with the organic/inorganic nature of the matrix. In addition,
Kurtz and Balaguru (13) compared the flexural response of
reinforced concrete (RC) beams strengthened with laminates
using organic and inorganic matrixes. Similarly, Toutanji and
Deng (14) applied fibre grids embedded into organic and in-
organic matrixes to strengthen RC beams subjected to flex-
ural loads. Less researches have been performed to compare
the application of FRP or TRM on masonry. Among these, the
researches carried out by Papanicolaou et al. (15) and Papan-
icolaou et al. (16) have to be highlighted because of the com-
prehensive information provided and for standing up for the
fact that TRM is more suitable for masonry structures than
FRP due to physical compatibility reasons. In addition, the
effectiveness of FRP and TRM are compared when applied to
strengthen masonry walls against in-plane and lateral loads
in these works.

Taking all this bibliographic information into account it
is necessary to carry out a comparison study between the
performance of FRP and TRM at strengthening load bear-
ing masonry walls against the second order bending effects
developed under eccentric compressive loads. Hence, the
research presented herein is aimed to cover this particular
knowledge gap, providing information to correctly choose
the most suitable strengthening system depending on the
specific expectations of an intervention. The particular ob-
jectives are: a) performing a qualitative comparison of the
performance of TRM and FRP at preventing the mixed
bending/buckling failure, paying special attention on the
experimentally determined out-of-plane and in-plane de-
formations; and b) adjusting an analytical method to calcu-
late TRM strengthened walls and apply it to FRP cases too
with the aim of carrying out a quantitative comparison to
determine the capacity of the proposed methodology to pre-
dict the load-bearing capacity of walls subjected to eccentric
compressive loads.

To achieve this main goal, an experimental campaign, includ-
ing 26 full scale walls, has been carried out and it has been
completed with an analytical analysis of the structural prob-
lem taking into account both FRP and TRM strengthening
possibilities and comparing their performance with a com-
prehensive range of evidences.

Finally, it has to be remarked that the proposed analytical
method is applied on TRM strengthened masonry walls for
the first time.

2. EXPERIMENTAL CAMPAIGN

Load bearing tests on twenty-six full scale walls were carried
out in two different phases. The first one comprised eleven
walls: two control walls and nine walls strengthened with
different TRM systems. The second phase comprised fifteen
walls strengthened with FRP. The details of these experi-
mental campaigns might be found in Bernat et al. (17) for the
TRM strengthened ones and in Bernat-Maso et al. (18) for the
cases strengthened with FRP. Nevertheless, the key features
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of these experimental tasks are briefly presented in this sec-
tion to provide the information required to understand the
comparison between FRP and TRM strengthening systems.
In particular, the study is focused on the application of these
strengthening products with the aim of limiting the influence
of the second order bending effects.

2.1. Materials and Specimens

Although all masonry walls were built with the same mate-
rials, a standard brick-layering mortar M7.5 and solid fired
clay bricks, the experimental characterisation of the masonry
showed that the walls of the two phases had different com-
pressive strengths (f,): 10.8 MPa for the walls of the first
phase — control and TRM strengthened — and 18.1 MPa for
the FRP strengthened ones. However, the flexural strength
of the masonry (f) and its density (p) were experimentally
determined and resulted similar for the specimens of both
phases and their average values, 0.36 MPa and 1,732 kg/m3
respectively, were considered. The Young’s modulus (E, ) of
the masonry was experimentally obtained for the cases of the

first phase (control and TRM) and deduced from the com-
pressive strength for the walls of the second phase as pre-
sented and justified in Bernat-Maso et al. (18).

The real dimensions of each wall are summarised in Table 1.
The first two columns of this table describe the case typology
and the name of the walls. The next three columns show the
width (b), thickness (t) and effective height (Hef) of each wall.
The effective height was measured between the rotation’s
centres of the two hinges placed to set the pinned-pinned con-
figuration as described later on in section 2.2. The last three
columns summarise the mortar type, the number and typol-
ogy of fibre grids embedded into the TRM and the thickness
of the TRM (t,,,,) for the TRM strengthened walls. Finally,
for the FRP strengthened cases, the three last columns show
the number of carbon fibre laminates that were installed in
horizontal, vertical and inclined direction.

Three different strengthening mortars (a lime based mortar,
a Portland based mortar and a pozzolanic mortar) and two fi-
bre grids (a glass fibre grid and a carbon fibre grid) were used

Table 1. Geometry and strengthening system of the tested cases.

Case Name b (mm) t (mm) Hef (m) e (mm)
il W#13 900 134 1.660 31.8
W#15 895 134 1.845 29.0
Mortar Fibre grid t ey, € (mm)
W#21 865 132 1.832 30.3 Portland-based 1 glass fibre 13.0
W#22 872 132 1.827 33.2 Portland-based 1 glass fibre 8.0
W#23 868 132 1.822 33.9 Lime-based 1 glass fibre 9.5
W#24 867 132 1.840 25.4 Lime-based 1 glass fibre 9.0
TRM W#25 868 132 1.828 32.7 Lime-based 2 glass fibre 7.5
W#26 869 132 1.823 29.7 Portland-based 2 glass fibre 8.0
W#27 873 132 1.822 30.4 Pozzolana-based 1 carbon fibre 8.0
W#28 871 132 1.828 23.7 Pozzolana-based 1 carbon fibre 9.0
W#29 868 132 1.827 31.4 Pozzolana-based 1 carbon fibre 11.0
Hor. Lam. Vert. Lam. Inc. Lam.
2VOH_ 1 837 127 1.798 20.5 [} 2 o
2VOH_ 2 840 126 1.815 31.9 0 2 o
2VOH_3 838 126 1.798 29.8 0 2 o
3VOoH_1 829 126 1.811 29.7 0 3 0
3VoH_2 833 126 1.814 31.2 o 3 (o}
3VOoH_3 837 126 1.824 29.4 0o 3 (o}
2V2H_1 843 126 1.788 29.4 2 2 (o}
FRP 2V2H_2 835 124 1.792 32.7 2 2 0o
2V2H_3 827 125 1.797 30.1 2 2 o
3V5H_1 833 124 1.777 28.7 5 3 0o
3V5H_2 830 125 1.784 27.2 5 3 (o}
3V5H_3 831 125 1.761 27.6 5 3 o
3I31_1 826 124 1.830 26.8 o o 6(61°/119°)
3I3I_2 831 125 1.831 28.8 0 0 6 (61°/119°)
3I31_3 827 124 1.812 27.4 [} [} 6(61°/119°)
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to produce the TRM strengthening systems used in this ex-
perimental campaign. The flexural and compressive strength
of the mortar were experimentally obtained (see Bernat-
Mas6 (19)) whereas the properties of the fibre grids were pro-
vided by the manufacturer. The main mechanical properties
of the mortars and fibre grids are summarised in Table 2 and
Table 3, respectively. The flexural (f, ) and compressive (f, )
strength of the mortars are presented in Table 2. The ultimate
elongation of the fibre (efb’e), the tensile strength of the TRM

it

(T™") and the spacing of the fibre grid are shown in Table 3

ult

for the two fibre grid types.

Carbon FRP laminates of 80 mm width and 1.2 mm thick
were used to strengthen the corresponding walls. These lami-
nates were bonded to the surface of the walls with an epoxy
resin adhesive after preparing the surface of the masonry by
impregnating it with a primer. The mechanical properties of
the applied carbon FRP are: a tensile strength, f, .., of 3,100
MPa, a bonding strength, f, ..., of 5.40 MPa, a shear strength,
J.rrp» 0f 1.67 MPa, a density, of 160.0 kg/m3 and a Young’s

modulus, E__, of 170 GPa.

FRP?

p FRP?

Five different patterns of carbon FRP strengthening were
tested: two vertical laminates (2VoH), three vertical lami-
nates (3VoH), two vertical and two horizontal laminates
(2V2H), three vertical and five horizontal laminates (3V5H)
and six inclined laminates crossing ones over other in two di-
rections (31I31). Three walls with each strengthening pattern
of FRP were tested (see Table 1).

2.2, Testing set up and sensors

All walls were tested in a pinned-pinned configuration in or-
der to set clear boundary conditions. Thus, two hinges were
placed, one at each ending of the wall (at the bottom and at
the top), to allow the free rotation around axes which were
parallel to the wall’s surface. The vertical distance between
these rotation lines is defined as the effective height, H,, of
the walls.

Table 2. Properties of the mortars used in the research.
Coefficient of variation in brackets.

Flexural Compressive
Mortar strength, strength,
... (MPa) J... (MPa)
Brick layering mortar 1.3 (0.89) 3.7 (0.63)
Portland-based mortar 8.1(0.18) 42.2 (0.27)
Lime-based mortar 6.6 (0.03) 14.5 (0.08)
Pozzolana-based mortar 9.4 (0.10) 34.5 (0.08)

Table 3. Properties of the fibre grids used in the studied TRM
solutions. Manufacturer provided values.

. Ultimate Tensile strength .
Fl:’;(‘le elongation of the of the TRM dim(i:stzons
5 fibre (%) (/") | (kN/m) (T™)
Glass 3 45 25 x 25 mm
Carbon 2.1 160 10 x 10 mm

The descending displacement of the top of the wall (v) and
the lateral displacement at mid height (h) were measured
along the test with potentiometric and laser sensors respec-
tively for all tested walls. In addition, the strain at mid height
in vertical direction was measured for all strengthened walls
except W#25, W#26, W#28 and W#29 with one or more
strain gages according with the specifications presented in
{FormattingCitation}(17) and (18). In the cases with more
than one measure, the average value is used and presented
herein as the comparison result. However, it has to be no-
ticed that the measurements of the strain gages of the FRP
strengthened walls of the series 3V5H and 3131 were not di-
rectly taken at mid-height because laminates crossed ones
over others at this level. Instead of this, for the 3V5H cases
the measure took place 12.2 cm over the mid height of the
wall. For the 3131 cases, the measurement was made 18 cm
over the mid height and oriented along an inclined direc-
tion (following the direction of the laminate), so the verti-
cal components of these measurements are used for com-
parison. The particularities arisen from their position and
orientation should be taken into account in the discussion
section. All strain measurements on FRP laminates were
taken at laminates in direct contact with masonry along all
their length, so other laminates could cross over them but
not under them.

The loading process was force controlled up to the failure of
the wall. A high speed video camera was used to record the
failure mode and the cracking opening for all cases.

2.3. Results

Three failure modes, which were experimentally observed
in the 26 full scale tests on the described walls, are pre-
sented in Figure 1. The first failure mode (Figure 1a) cor-
responds to the development of a hinge at mid height due
to the tensile failure of the masonry associated to second
order bending effects. Similarly, the second failure mode
(Figure 1b) is associated with the tensile failure of both
masonry and TRM strengthening. This was observed only
for walls W#21 and W#23. Finally, the most common fail-
ure mode among the tested strengthened walls was the
compressive/shear failure of the masonry near the ends of
the wall. Figure 1c and Figure 1d show this failure pattern
for a TRM strengthened wall and a FRP strengthened wall
respectively.

Regarding the quantitative results, the maximum applied
load for each tested case (F rff ) is normalised over the
maximum load (P ) that the corresponding section could
had bear under a uniform compressive stress distribution
(P, = f,,-b-1). This approach allows the comparison of the
experimentally obtained load bearing capacity from walls
built with masonries characterised by different compressive
strengths. In order to obtain other dimensionless variables,
the lateral deflection (h) and the vertical descending displa-
cement (v) are divided by the thickness of the wall (t) and
the effective height of the wall (H Ef), respectively. The nume-
rical results of these dimensionless variables at the state of
the maximum load are summarised in Table 4 and plotted
in Figure 2 and Figure 3.

In Figure 2, the dimensionless variable representing the
vertical descending displacement of the walls is plotted ver-
sus the dimensionless variable of the applied load for the
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(@) (b)

(@

Figure 1. (a) Failure mode of the unreinforced control walls; (b) of the TRM strengthened walls by TRM tensile failure; (c)
of the TRM strengthened walls by masonry compressive/shear failure and (d) failure mode of the FRP strengthened walls by
compressive/shear failure of the masonry.

Table 4. Experimental results of the tested walls.

Case Name o (%) | h,J (%) vnmx/Hef (1073)
W#13 6.5 9.4 2.2
Control
W#15 18.4 10.1 3.2
W#21 23.4 14.9 4.3
W#22 25.6 15.2 3.6
W#23 21.1 15.6 4.2
W#24 22.3 18.4 4.5
TRM W#25 32.3 18.1 4.0
W#26 30.4 14.5 4.6
W#27 26.9 19.7 5.7
W#28 24.4 10.1 3.7
W#29 25.7 10.5 4.2
2VOH_1 27.3 8.6 5.7
2VOH_2 28.6 9.6 3.7
2VOH_3 28.9 8.5 4.8
3VOH_1 31.5 11.8 4.9
3VOH_2 31.5 12.8 5.1
3VOH_3 39.2 9.3 1.2
2V2H_1 31.3 12.9 5.5
FRP 2V2H_2 31.9 11.6 5.0
2V2H_3 33.1 9.8 5.6
3V5H_1 20.1 7.7 4.3
3V5H_2 27.9 6.9 4.4
3V5H_3 24.1 9.1 4.4
31311 34.5 10.4 44
3I31_2 24.0 5.5 5.1
31313 30.7 9.8 4.9

control unreinforced walls (URMW), the TRM strengthened
walls (TRMW) and the FRP strengthened walls (FRPW).
Similarly, the dimensionless lateral displacement is plotted
in Figure 3.

Finally, the dimensionless force versus the strain measure-
ments at mid height (considering the limitations explained
in section 2.2) is shown in Figure 4. Two differentiated data
groups might be observed in this graph. The curves describ-
ing the response of the TRM strengthened walls (circles)
might be distinguish from those describing the FRP strength-
ened cases (triangles).

Vertical descending displacement

40 A
35 g F e RRR kb
° ~ A‘
30 g " S S G R LR LR EE
oA .
25 g8 ® A 7 S
9 :A'
S S —————
0 n
4D o
10

0 e

0 1 2 3 4 5 6 7 8
v/H,, (-102)
Figure 2. Dimensionless force versus dimensionless vertical
displacement of the top of the control walls (URMW), TRM
strengthened ones (TRMW) and FRP strengthened walls (FRPW).
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Lateral deflection
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Figure 3. Dimensionless force versus dimensionless lateral
displacement at mid height of the control walls (URMW), TRM
strengthened ones (TRMW) and FRP strengthened walls (FRPW).

(%)

» FRPW
° TRMW
o4¥+————7——+r 77
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[ (um/m)

Figure 4. Dimensionless force versus strain at mid height.

3. ANALYTICAL METHODOLOGY

In this paper, the methodology to calculate TRM strength-
ened walls is presented for the first time. For unreinforced
cases, the analytical approach and the corresponding results
are fully described in Bernat-Maso et al. (4). The application
of this methodology to FRP strengthened walls is presented
in Bernat-Maso et al. (18). In the next subsections a brief
summary of this procedure and the corresponding results are
presented to provide comparison data.

On the whole, the considered analytical approach consists
on calculating the deflection of the walls considering the sec-
ond order effects due to the eccentricity of a predefined load
and the particular axial rigidity properties of the considered
strengthening system (material and installation pattern).
This deflection is added to the initial eccentricity to obtain
an increased eccentricity at mid height which is associated
with a certain combination of axial force and bending mo-
ment. Then, this combination of internal efforts is compared
with a failure criteria expressed in the same terms (axial force
and bending moment) to check if the imposed compressive

force is below or over the failure criteria. The failure criteria
also depended on the particular strength properties of every
considered strengthening. Repeating this calculation for in-
creasing values of the compressive force the intersection be-
tween the response curve and the failure criteria curve might
be obtained and the corresponding load is set to be the load
bearing capacity of the studied wall.

3.1. Methodology

The analytical methodology used for calculating the load
bearing capacity of unreinforced and strengthened brick
masonry walls consists on: a) calculating the response of the
wall for a fixed compressive load and taking into account the
second order deflection; b) calculating the failure criteria of
the section of the wall (compressive crushing of the masonry
or tensile failure of the masonry/strengthening system for
unreinforced and TRM cases and compressive crushing of
the masonry or debonding of the strengthening in the case
of the FRP strengthened walls); thus, different failure modes
are considered depending on the strengthening material; c)
comparing the response of the wall with the failure criteria
for different predefined loads to obtain the force which sat-
isfies both definitions (being a possible response of the wall
and being a limit failure state), i.e. the load bearing capacity.

Thus, the calculation is based on assuming a failure mode
for the structure (depending on the strengthening system)
and seeking for the load which meets this failure criteria and
satisfies the equilibrium and deformation equations simulta-
neously. The general required hypothesis are a linear strain
distribution and a rectangular stress diagram for the com-
pressed masonry. In addition, for the strengthened cases, it
is assumed that the masonry does not bear any tensile stress,
that the tensile stresses in the strengthening system might
be represented as a punctual load in the section equilibrium
and, in the case of the FRP, that the thickness of the adhesive
between the masonry and the laminate can be neglected.

The required variables for the calculation depend on the
study case. Thus, for the unreinforced walls the geometric
variables (effective height, H, width, b, thickness, t and ini-
tial eccentricity at mid height, e ), the compressive, f , and
tensile, f, strength of the masonry and the Young’s modulus
of the masonry, E, are necessary. All variables for the unre-
inforced walls were experimentally obtained. For the carbon
FRP strengthened walls, the same variables are necessary
except for the tensile strength of the masonry, which is re-
placed by the properties of the FRP strengthening system
provided by the manufacturer: ultimate strain of the FRP,
e = 0.029, the width, b_,, = 80 mm, and thickness,

t;if’:ulaz mm, of the FRP. In :gdition, the number of lami-
nates installed and the corresponding direction and the
Young’s modulus of the FRP (summarised in Table 3 and
Table 4) are necessary. Moreover, the ultimate strain of
the masonry in compression, €, a = 0-0035, is required
because the Young’s modulus of the masonry is calculated
from this last variable (see section 3.1.1 for an analogous
example of application on TRM cases). Finally, the proper-
ties of the TRM substitute the ones of the FRP for the walls
strengthened with the cementitious system. Thus, the flex-
ural strength of the strengthening mortar, f, (in Table 2),
the thickness of the TRM for each wall, . (in Table 1), the
ultimate elongation of the fibres embedded into the TRM,
€/ (in Table 3), and the theoretical tensile strength of the
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TRM, T, (in Table 3), are necessary. These two last vari-
ables for the TRM were provided by the manufacturer but the
others were experimentally obtained. Thus, different vari-
ables are necessary depending on the analysed strengthening
system, which allows taking into account the different tensile
response of the strengthening materials applied with specific
patterns.

3.1.1. Application on TRM strengthened walls

The newly proposed procedure to calculate TRM strength-
ened wall is presented below:

« The first step for applying this analytical approach on TRM
strengthened walls is calculating the parameters which
will be kept constant along all the calculation procedure:
the Young’s modulus of the TRM, E_,, as shown in Eq. [1],
ratio of the Young’s modulus of the TRM out of the initial
Young’s modulus of the masonry, n as shown in Eq. [2],
and the inertia modulus of the composed section, I Eq. [3].
The initial Young’s modulus of the masonry, E_ is calcu-
lated as defined in Eq. [4]. The position of the gravity centre
of the homogenised section, x, is calculated with Eq. [5].

TRM
E oy = ﬁ]l:+ [1]
81111 tTRM
E
=gt [2]

1 t ’ 1 t ’
I=—bt’+bt| x——| +—nbt}, +nbt, | L+t
12 [x 2] 12n mar T TRM[ 2 xj (3]

B =1 [4]

t t
P ntTRM[H TgMj

= t+nt,. [5]

« The second step is choosing a value for the compressive ec-
centric load, N. It is recommended to choose a low value
for the first calculation and increase it in the following it-
erations.

» The next step is calculating Eq. [6] the total eccentricity, e,
which is composed of the initial eccentricity of the load, e,
and the second order deflection of the wall at mid-height.

e=e¢ | ————— 6
A H, [N (6]
cos —_—
2 \E I
t—c
By=En— (7]

The Young’s modulus of the masonry used in Eq. [6] is up-
dated at each calculation iteration according with Eq. [7], ex-
cept for the first iteration for which it is assumed that . ¢ is the
position of the neutral axis defined in the next step.

« The fourth step of this procedure consist on choosing a
failure mode (masonry crushing or tensile failure of TRM)
and calculating the position of the neutral axis, ¢ by using
the force equilibrium equation in the section and the strain
compatibility equation.

« In the case of assuming the compressive failure of the mason-
ry, the corresponding equations are Eq. [8] and Eq. [9]. After
obtaining the value of ¢, it has to be checked that €, , < sgf”’.

If this requirement is not fulfilled, the TRM tensile failure has

to be assumed.

N=f bo8c-e, bt E._ . [8]
em U e
= i — [o]
t+ R _c
2

In the case of assuming the tensile failure of the TRM, the
corresponding equilibrium and compatibility equations are
Eq. [10] and Eq. [11]. After obtaining the value of ¢, it has to
be checked that e < & . If this requirement is not fulfilled,
the masonry crushing failure has to be assumed.

_ fibre
N = f bo.8c—e/ bt  E_ . [10]
fibre
e_m — eult
e 1 [11]
t+ R _c
2

 The next step is calculating Eq. [12] the bending moment,
M, associated with the position of the neutral axis calcu-
lated before, c. In the case of supposing the tensile failure of
the TRM, it is assumed that € = e in Eq. [12].

ult
t.
M= fmbo.8c(x - 0.40) +e . bt E [t + % - x] [12]

Finally, the eccentricity associated with the bending moment,

e, is calculated using Eq. [13].

=N [13]

and the total eccentricity due to second order bending effects,
e, is compared with the eccentricity associated with the bend-
ing moment, e,,. If these two eccentricities are equal, the value
of the force initially assumed, N, is the load-bearing capacity
of the studied wall. Otherwise, the value of N is changed and
the procedure is restarted from the step b) up to the conver-
gence between eand e,

4. RESULTS

The analytical results of the unreinforced control cases show
that their failure cause is reaching the tensile strength of the
masonry. In contrast, for all strengthened cases the analytical
approach points out that the collapse of the structure is asso-
ciated with the compressive failure of the masonry.

According with the quantitative results of the analytical ap-
proach (see Table 5) both strengthening systems were simi-
larly effective at preventing the bending/buckling failure
associated with the eccentric compressive loads. In com-
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Table 5. Results of the analytical approach. Load bearing
capacity and value of the relative error.

Wall | @& (%) | err. (%) ‘Wall @ (%) | err.(%)
W#13 4.7 —20.3 2VOoH_ 1 25.8 —11.3
W#15 5.1 -72.6 2VOH_ 2 25.6 -5.1
Average 4.9 —51.0 2VOoH_3 25.7 -4.5

3VOH_1 26.5 -1.1
3VOoH_2 26.4 -1.5

Wall | & (%) | err.(%) | 3VoH_3 26.3 -21.0
W#21 29.0 23.9 2V2H_1 25.9 —-2.9
W#22 26.8 4.7 2V2H_2 25.5 -6.1
W#23 26.1 23.7 2V2H_3 25.5 —-9.4
W#24 30.9 38.6 3V5H_1 26.3 -6.1
W#25 27.3 -15.5 3V5H_2 26.4 —11.1
W#26 20.1 -4.3 3V5H_3 26.7 29.8
W#27 30.6 13.8 3I31_1 26.5 -9.9
W#28 34.1 39.8 3131_2 26.5 29.4
W#29 30.1 17.1 3131_3 26.6 -1.8
Average 29.3 15.8 Average 26.1 —2.2

parison with the unreinforced walls the load bearing capacity
increase was around 6 times. The average relative error was
significantly higher for the TRM strengthened cases than for
the FRP strengthened ones.

The particular results of the analytical method applied on
TRM strengthened walls have to be highlighted because of
their novelty. This approach suggested that the proposed
analytical approach bring more accurate results for the cas-
es with two fibre grids embedded into the TRM layer (walls
W#25 and W#26 with an average error of —9.9 % in contrast
with the global error of the TRM cases of 15.8 %). In addition,
the relative error was far lower for the cases strengthened
with Portland-based mortar and the general trend was to
overestimate the load bearing capacity of the walls strength-
ened with one fibre layer when comparing with the experi-
mental results. The two cases strengthened with two fibre
layers were slightly overestimated by the proposed analytical
methodology. Finally, the average error of the proposed ana-
lytical methodology for the TRM strengthened cases was 15.8
%, overestimating the experimental response.

The relative error obtained for both TRM and FRP cases is
within the typical scattering range of the experimental results
on masonry structures.

5. DISCUSSION

The experimental and analytical data presented in the previ-
ous sections is compared and discussed to analyse the perfor-
mance of TRM and FRP at strengthening brick masonry walls
against second order bending effects caused by the eccentric
application of a compressive load.

Two types of analyse are carried out. First, a qualitative anal-
ysis between different strengthening systems, which takes
into account that different amount of strengthening fibres
and different strengthening patterns have been used. Thus,

the numerical results of different strengthening typologies
are not directly comparable. Secondly, a quantitative com-
parison between experimental and analytical results for every
tested wall are included.

The first evidence which has to be highlighted is that both
studied strengthening systems are extremely effective at en-
hancing the load bearing capacity of the masonry walls. This
evidence, which is common for the two studied approaches
(experimental and analytical), might be related with the
tensile strength provided by the TRM or FRP. Detailed data
about particular comparisons are analysed in the next sub-
sections.

5.1. Experimental evidences

Before analysing the experimental results it is important to
remind that the compressive strength of the masonry is dif-
ferent for the two phases of the experimental campaign. Be-
cause of this, the values of the ultimate load bearing capacity
have been normalised as presented in section 2.3 to allow the
comparison between them. However, the amount of fibres
installed for each strengthening option is not directly compa-
rable. Hence, the analysis presented herein is focused on the
general response of the walls and the failure pattern analysis.

Looking into the experimental results with detail it might be
observed that almost all strengthened walls showed the same
failure mode: masonry compressive/shear collapse near the
endings of the wall. Only for two of the TRM strengthened
structures (W#21 and W#23) the failure mode was similar
to that observed in the tests on unreinforced walls, i.e. the
mechanism formation. Hence, the failure pattern does not
seem to depend on the strengthening system whenever the
strengthening material is able to support the tensile efforts
without failing.

The two abovementioned exceptions (W#21 and W#23) may
be due to the in-situ production of the brick masonry and the
TRM system, which is associated with the scattering of the
mechanical properties of both materials. It is likely that walls
W#21 and W#23 had greater shear strength than the other
walls strengthened with one layer of TRM (W#22 and W#24).
It is also possible that the quality of the TRM strengthening of
these particular walls was poorer than for the comparable ones.
Nevertheless, it seems that applying one layer of glass fibre
TRM is the minimum required strengthening to change from
mechanism failure to masonry compressive/shear collapse
near the endings, for the considered walls and loading pattern.

In this way, it has to be noticed that the dimensionless load
bearing capacity of the strengthened walls is very similar for all
cases, not depending on the strengthening system. This experi-
mental evidence is related with the practical uniformity of the
failure mode which affects the masonry. Thus, the variations
which could arise from the differences between the strength-
ening systems are less significant when the critical point is the
compressive or shear strength of the masonry wall.

Comparing the structural behaviour of the walls strengthened
with the two different systems (FRP and TRM) it might be
observed that both technologies show a similar in-plane re-
sponse (see Figure 2), which is mostly influenced by the com-
pressive mechanical properties of the masonry. In contrast,
the lateral out-of-plane response, which mainly depends on
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the strengthening system, shows significant differences. In
Figure 3 it is observed that the walls strengthened with TRM
have a more flexible response, reaching larger lateral defor-
mations (around the double) than the walls strengthened
with FRP, which fail for similar lateral deformations than the
control walls. Thus, the FRP effectively restrains the lateral
movements of the structure but does not significantly increase
its load bearing capacity or changes the failure mode. This re-
sponse might be related with the greater stiffness of the FRP
strengthening system in comparison with the TRM option.

The results presented in Figure 4 indicate that the strains at
the mid height section, which are oriented in vertical direc-
tion, are larger on the surface of the TRM system than on the
surface of the FRP laminates. This fact is in agreement with
the results presented in Figure 3 because the TRM system
needs to develop larger strains to develop larger lateral de-
formations of the wall. Comparing the two groups of curves
(black triangles for the FRP and red circles for the TRM) it is
observed that the TRM strengthening system is clearly more
flexible than the FRP because larger strains are developed for
equivalent applied loads. Nevertheless, it has to be noticed
that the qualitative response of both strengthening systems is
approximately the same, describing a parabolic strain-force
response which is only linear for little loads (for the range of
@ <10 %).

5.2. Analytical evidences

The obtained analytical results pointed out that all strength-
ened walls failed for the same cause with independence on
the applied strengthening system. Thus, the application of a
material which increases the tensile strength of the original
structure (TRM or FRP) is useful to avoid the mechanism
formation collapse mode, which is so common for the unre-
inforced cases. In fact, the proposed analytical methodology
also predicted the mechanism formation failure for the con-
trol walls.

Regarding the analytically calculated load bearing capacity
for the strengthened walls, it has to be highlighted that the
resistance of the walls was approximately the same indepen-
dently from the applied strengthening system or the used
strengthening configuration. This evidence indicates that
the material which controls the failure mode in these walls
is always the masonry. Hence, if the tensile resistance of the
strengthening system is assured, the masonry becomes the
component which should be studied in detail for walls sub-
jected to eccentric compressive loads. This statement is in
agreement with the experimental evidences.

In addition, it has to be remarked that the results of the pro-
posed analytical approach for the FRP strengthened walls
are really accurate. This is deduced from the littler average
relative error showed for the FRP strengthened calculations
in comparison with the experimental results (Table 5). This
accuracy might be related with the controlled production of
the carbon FRP laminates, which increases the representa-
tiveness of the provided properties.

Finally, and because it is the first time this analytical method-
ology is applied on TRM strengthened walls, it is significant
to point out that this calculation tool is more accurate for the
cases with more fibres embedded into TRM (comparing W#21
and W#22 with W#26, and W#23 and W#24 with W#25) or

those which used a mortar with higher tensile strength (com-
paring W#21,W#22 and W#26 with W#23-25). This evidence
might be justified by the fact that in these particular cases the
force developed by the TRM system was greater and was more
localised, so the assumption of having a punctual load in com-
parison with the stress distribution on the masonry section is
more representative of the real situation.

6. CONCLUSIONS

Experimental and analytical comparisons of the performance
of TRM and FRP strengthening systems at enhancing the
load bearing capacity of brick masonry walls subjected to
eccentric compressive loads have been carried out. The first
conclusion, which arises from this research, is that both sys-
tems are effective at preventing the mixed bending/buckling
failure due to the mechanism formation, which is typical of
the unreinforced brick masonry walls subjected to this load-
ing configuration.

The comparison between the walls strengthened with FRP
and TRM against mixed bending/buckling phenomena is
presented herein for the first time. As a general trend, the
specific strengthening systems, which had different axial ri-
gidity for every strengthening case, suppressed the strength-
ening system-dependent type of failure. Hence, the failure
was controlled by the masonry compressive/shear properties
most of the analysed walls.

The comparison allows concluding that TRM and FRP
strengthened walls reached similar load bearing capacity
when the observed failure mode was mostly controlled by the
masonry properties. In this line, as long as the in-plane com-
pressive response also depends on the masonry properties,
it is analogous for the TRM and FRP strengthened cases. In
contrast, the lateral bending response of the walls depended
on the applied strengthening system. Thus, the walls which
used carbon FRP showed a stiffer response than the ones
strengthened with TRM, which presented greater lateral
deformations. However, it has to be reminded that the ap-
plied strengthening schemes are not compared in terms of
equivalent axial rigidity so qualitative comparisons are only
possible.

In this line, it has to be remarked that all used calculation
approaches (experimental and analytical) indicated that the
strengthened walls would fail with the same collapse mode
independently from the applied strengthening system.

Finally, it can be concluded that both strengthening systems
are suitable for strengthening the studied structures under
the loading situations defined. Thus, other parameters like
the compatibility with the masonry, the simplicity of the ap-
plication procedure, the thermal stability or the toxicity of the
used products might help to choose between using TRM or
FRP.
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