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Textile Reinforced Mortars (TRMs) have found extensive attention for externally bonded reinforcement of
masonry and historical structures. However, only few information is available regarding their mechanical
properties and effectiveness in improving the seismic performance of strengthened structures. This paper
presents an extensive numerical investigation on the effect of TRM composites on the nonlinear response

and failure modes of masonry walls. The effect of boundary conditions and the TRM type on the perfor-
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mance of strengthened walls are critically discussed and presented. It is shown that the performance and
failure mode of the walls can significantly change after strengthening, an important issue that should be
considered at the design stage. Finally, the effect of TRM application on the nonlinear response of a large
historical masonry facade in Macau is investigated and presented.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Several strengthening techniques have been used and proposed
for improving the seismic resistance of masonry structure [1].
Among them, Externally Bonded Reinforcement (EBR) with innova-
tive composite materials has received extensive attention in the
last years and has been the subject of several studies. Fibre Rein-
forced Polymers (FRPs) have been extensively used for this
strengthening technique due to their high mechanical strength,
low weight and ease of application. These composites, however,
show a poor performance in high temperature conditions, are
mechanically and thermally incompatible with poor masonry sub-
strates and can affect the hygrothermal performance of the build-
ing due to their (relative) impermeability to moisture transfer. The
use of new composite materials based on fabrics (or grids) embed-
ded in inorganic matrices has thus recently received attention as a
sustainable and a more compatible solution for application to
masonry and historical structures [2-6].

These composites are referred with several terms in the litera-
ture such as Textile Reinforced Concrete (TRC), Textile Reinforced
Mortar (TRM) or Fabric Reinforced Cementitious Matrix (FRCM).
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Two key components of TRMs are the matrix and the reinforcing
mesh. The most common matrices used for strengthening applica-
tions are lime-based or cement-based. The lime-based mortars are
proposed for application to masonry and historical buildings due to
sustainability and compatibility issues [6]. As for the reinforce-
ment, steel, glass, PBO (polyparaphenylene benzobisoxazole),
basalt and natural fibres are among the most common materials
employed [6,7]. The variety of available fibres and mortar types
lead to a wide range of mechanical properties for TRMs which
makes them suitable for fit for purpose design.

The mechanical behaviour of TRMs and their effectiveness in
strengthening applications are highly dependent on the mechani-
cal properties of the fibres and the mortar, as well as the bond
behaviour at the fibre-to-mortar and mortar-to-substrate inter-
faces [6,8-10]. Mortars are usually brittle with a relatively low ten-
sile strength (in the order of masonry tensile strength). Fibres have
also a linear elastic behaviour until tensile rupture, but with a
much larger deformation capacity (generally the tensile rupture
strain of the fibres is much larger than mortar cracking strain).
Once the mortar is cracked, fibres bridging mechanism (which is
dependent on the fibre-to-mortar bond behaviour) becomes acti-
vated leading to crack propagation and a pseudo-ductile response
of TRM composites [11].

Despite the recent attention on the use of TRMs for strengthen-
ing of masonry, the available information regarding the mechanical
performance and effectiveness for improving the performance of
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masonry structures are still few. Although several recent studies
have been devoted to mechanical characterization of TRM compos-
ites, fundamental mechanisms that govern the nonlinear response
at different levels are still not well studied [12]. At the micro-level,
the fibre-to-mortar bond behaviour in different strengthening sys-
tems has received few attention, see e.g. [12]. At the component
level, mechanical characterization of TRMs has been mostly
focused on tensile response, see e.g. [7,12-14], and the available
information on flexural and shear response are very limited, see
e.g. [15,16]. The bond of TRM-to-masonry has also received exten-
sive attention, see e.g. [6,9,10,12,17-19]. The information regard-
ing the effectiveness of TRMs in improving the seismic
performance of masonry structural elements is still very limited,
but the number of studies devoted to this subject have been con-
sistently growing during the last years. Investigations at the struc-
tural level are mostly focused on the static monotonic (and very
few on static cyclic) nonlinear response of strengthened walls
under in-plane, see e.g. [2,5,20-27], and out-of-plane actions, see
e.g. [26,28,29], as well as nonlinear response of arches, see e.g.
[16,30,31].

Application of numerical modelling tools has also been limited
and mostly focused on simulation of tensile response, e.g. [32,33],
and bond behaviour, e.g. [18,9]. Only few studies can be found in
the literature on numerical modelling of TRM-strengthened
masonry at the structural level, see e.g. [34-36]. Numerical mod-
elling of TRM-strengthened masonry, although a complex task, is
an interesting approach for understanding the influencing param-
eters on the performance of strengthened structures and the
changes of failure modes after strengthening.

Numerical simulations, depending on the desired level of accu-
racy and on the model size, can be performed following the micro-
modelling (usually used for simulating small components) or the
macro-modelling approaches (usually used for simulating struc-
tural performance) [37,38].

Micro-modelling, in which all the components and the interac-
tion between them are simulated separately, is useful for a detailed
analysis and understanding of all possible mechanisms and failure
modes. In this technique, all individual components of masonry
(unit, mortar and unit-to-mortar interface) and TRM layer (fibre
mesh, mortar, fibre-to-mortar interface) are modelled separately.
Several material parameters and suitable bond-slip laws for the
interfaces are therefore necessary for a reliable simulation. This
approach is time consuming (even for small scale models) and
requires a fine FE mesh size to resolve the mesh dependency of
the interface elements, and the analysis is computationally
demanding and expensive.

On the other hand, in macro-modelling masonry and TRM are
simulated as continuum elements with the nonlinearities homog-
enized over the elements. The average response of masonry and
TRM are therefore considered in the phenomenological constitu-
tive laws. This technique, which requires knowledge on the macro
properties of each composite, is usually used for structural level
investigations. The use of macro-models for structural level simu-
lations is still at early stage for TRM-strengthened masonry, aver-
age constitutive models are not available, and the
appropriateness of the existing damage/crack models is not clear
yet. These two later issues require further comprehensive experi-
mental tests on the nonlinear shear and flexural response of TRMs.

This paper presents a numerical investigation on the in-plane
behaviour of TRM-strengthened masonry panels following the
macro-modelling approach. The main objective is to investigate
the effectiveness of different, commercially available, TRM com-
posites on the nonlinear behaviour and failure mode of masonry
walls. The nonlinear behaviour of masonry and TRM are repre-
sented by a macroscopic smeared crack approach with the
assumption of perfect bond between masonry and TRM layers.

Although the inclusion of interface elements between TRM and
masonry is an easy task and can be considered in the same frame-
work, the assumption of perfect bond is reasonable (and has also
been made by other authors) as (i) experimental results have
shown this failure is unlikely to occur, see e.g. [34] and (ii) occur-
rence of such a failure should be avoided at the design stage by
selecting a suitable mortar type (through bond tests) to ensure
the effectiveness of this strengthening system. The masonry is
modelled assuming a softening anisotropic elasto-plastic contin-
uum model [39] following the rotating smeared crack approach.
The TRM layer is modelled by assuming an isotropic behaviour
for the mortar (with a parabolic behaviour in compression and a
tension softening law) with embedded reinforcements perfectly
bonded to the mortar. This latter assumption is also reasonable
as (i) the experimental results have shown that slippage of the
fibres from the mortar can be avoided if the bond length is suffi-
ciently long and (ii) even if slippage occurs, its effects can be con-
sidered in the model by modification of the mortar tension
softening law and fibres’ stiffness.

The accuracy of the modelling strategy is initially validated at
the component level by comparing the numerical results with
some experimental data taken from the literature. The model is
then used for simulating the nonlinear response of TRM-
strengthened masonry panels by performing static nonlinear
(pushover) analysis. Finally, the effect of TRM application (consid-
ering different TRM types and strengthening schemes) on the non-
linear response of real a historical masonry facade in Macau is
investigated and presented.

2. Modelling of TRM composites

This section discusses the adopted numerical modelling tech-
nique and its validation for simulating the nonlinear behaviour of
TRM composites. Validation is performed by comparison of numer-
ical results with experimental tests taken from literature. Due to
the lack of available experimental data on the shear response of
TRM panels, tensile tests performed by Carozzi and Poggi [14]
are selected as reference. The main focus is on validation of the
modelling strategy and constitutive models with particular atten-
tion to the FE mesh size and mortar tension softening law.

The total strain rotating crack model is adopted for modelling
the nonlinear response of the mortar. Rotating smeared crack mod-
els seem suitable for simulating the nonlinear response of TRMs
and have been used elsewhere, see e.g. [34,36]. Further compre-
hensive experimental tests on the TRMs behaviour under in-
plane shear and out-of-plane loading conditions are however nec-
essary for an in-depth understanding of suitable modelling
approaches and development of better constitutive and damage
models for these materials.

2.1. Reference experimental results

The tensile tests performed by Carozzi and Poggi [14] on TRM
composites made of cementitious mortar and PBO (polypara-
phenylene benzobisoxazole) fibre grids are selected as reference.
The PBO fibres were organized in an unbalanced net made of
10 mm and 20 mm spaced rovings in longitudinal and transverse
directions, respectively (Fig. 1a). The grid had an equivalent thick-
ness of 0.046 mm and 0.011 mm in longitudinal and transverse
directions, respectively. The materials mechanical properties, pre-
sented in Table 1, were obtained by performing tensile tests on sin-
gle dry rovings and fibre grid strips (made of four rovings), and
compressive and indirect tensile tests on mortar specimens
(Table 1). Further details about the test methods and procedures
can be found in [14].
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Fig. 1. Reference experimental tests: (a) PBO grid; (b) tensile test set-up (dimensions in mm); (c) experimental load-displacement curves, taken from [14].

Table 1
Mechanical properties of PBO fibres and cementitious mortar in the tests [14] and in the FE model.
Material Test specimen # test Failure stress (MPa) C.o.V (%) E (GPa) C.o.V (%)
PBO Single roving 6 3905 3.2 216 20.8
Fibre grid® 4 3397 7.2 - -
FE model adopted - 3400 - 188 -
Mortar Tensile test (Brazilian) 7 4,75 4.05 >6 (data sheet) -
Compressive test - 15 (data sheet) - -
FE model adopted - 3.56 (tensile) - 4.2 -

15 (compressive)

2 4 cm width with 4 rovings, roving in the warp direction.

The tensile tests were performed on TRM coupons with nominal
size of 400 x 40 x 10 mm® (Fig. 1b) by direct application of the
clamps on the mortar at both ends. High compressive stresses were
applied to the mortar by the clamping system to avoid slipping of
the fibres [14]. A significant variability in the transversal section of
the specimens (both width and thickness) was observed which led
to quite a wide experimental scatter in the load-displacement
curves (Fig. 1c). The typical tri-linear tensile behaviour associated
to TRM composites was observed in all the specimens: (I) the
un-cracked stage, in which the mortar matrix contributes to both
load bearing capacity and stiffness; (II) the crack development
stage, during which crack pattern develops progressively; (III)
cracked stage, in which the crack pattern has completely devel-
oped and the response is governed by the tensile behaviour of
fibres.

2.2. Finite element model

The modelling and analysis were performed using the commer-
cial FE package DIANA 10 [40]. A macro-modelling approach based
on smeared crack theory, with the assumption of having a homog-
enized layer of mortar with distributed reinforcements, is fol-
lowed. The adopted mesh included quadrilateral 8-noded curved
shell elements (denoted as CQ40S in DIANA) for the mortar matrix
and embedded reinforcements for the fibre grids, see Fig. 2. The
reinforcement grids are modelled as fully embedded in the mortar
matrix elements (using grid elements in DIANA FE package) and
therefore their displacements and strains are fully coupled with
the host elements (mortar in this case). The reinforcements there-
fore do not have degrees of freedom of their own and their strains

i
/node

8-noded shell element

grid reinforcement

Slexe

Fig. 2. Adopted FE mesh, boundary condition and loading scheme.

are computed from the displacement field of the mortar matrix
elements which implies perfect bond between the reinforcement
and the surrounding material. It should be noted that the DIANA
package allows to consider bond-slip laws for the embedded
reinforcements. However, such a modelling requires individually
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simulation of each fibre and therefore is not suitable for large
structural simulations.

The constraints and loading conditions were applied to the
model according to the experimental test setup and conditions.

2.3. Material properties, boundary condition and analysis procedure

The boundary conditions and loading scheme were set accord-
ing to the tests, see Fig. 2. The specimen’s self-weight was not
included in the model as it was insignificant when compared to
the applied load. The nodes at the bottom and top of the model
were fixed in the vertical and horizontal directions to simulate
the experimental conditions. A static nonlinear analysis was per-
formed by application of an incremental vertical displacement
(displacement control analysis) at the top nodes, see Fig. 2. The
modified Newton-Raphson iterative scheme together with the line
search method and an energy convergence criteria (with an accep-
tance tolerance of 0.0001) were used for solving the nonlinear
equations.

The total strain rotating crack model is adopted for modelling
the nonlinear response of the mortar. Two softening models,
including a typical exponential softening model (Fig. 3a) and the
JSCE [41] softening model (Fig. 3b), are used for cracked mortar
to investigate the effects on the nonlinear response. A parabolic
compression model is used (Fig. 3c) for simulating the mortar
behaviour under compressive stresses. The main mechanical prop-
erties were derived from the experimental results (Table 1). For the
tensile strength of mortar, ft, and elastic modulus E, a factor of 0.7
was applied to the results obtained from the Brazilian tests [42] to
convert these results to direct tensile properties. The ultimate ten-
sile strain, etu, was given 0.00224. According to the experimental
results, a linear elastic behaviour until failure with an elastic mod-
ulus, E, of 188 GPa and tensile strength, f;, of 3400 MPa was used
for the PBO-grid.

2.4. Results and discussion

2.4.1. Effect of FE mesh size

The dependency of the numerical results on the FE mesh size
was initially investigated and the results are presented in this sec-
tion. Different models with mesh element sizes of 2.5, 5, 10, and
20 mm were produced and analysed. The exponential tension soft-
ening model for mortar is used in this section. The numerical load-
displacement curves (applied load vs. displacement in vertical
direction at top of the specimen, see Fig. 2) are presented in
Fig. 4 in comparison with the envelope of the experimental results.
It can be observed that all mesh sizes exhibit a clear tri-linear
behaviour, as expected. The failure displacement and correspond-
ing maximum loads are similar in all the models, and only a slight
difference can be observed in the second phase (crack development

8 I
Experimental envelope 1
Element size=20mm |
e 4~ - Element size=10mm
----- Element size=5mm M
= Element size=2.5mm
{ﬁ‘ I I 1
S 4 : : !
s | | | |
= ' ' |
2 | f f 3
1A | | | |
9% S S e
0 1 2 3 4 5 6

Displacement /[mm]

Fig. 4. Influence of mesh size on the tensile response.

phase). The results converge in the specimens with FE mesh size of
I <5 mm (corresponding to 448 elements in the model) and there-
fore this size was selected for simulations in the next sections.

2.4.2. Effect of tension softening model

There is still a lack of information on suitable constitutive mod-
els for simulating the nonlinear response of TRM composites. The
large variety of mortars and fibres used in real applications have
made the characterization and constitutive modelling challenging.
The effect of tension softening law, as one of the main numerical
inputs in smeared crack modelling approaches, on the nonlinear
response of TRMs is investigated in this section. Two different con-
stitutive models are used (Fig. 3a and b): (1) exponential tension
softening and (2) JSCE [41] tension softening model. The exponen-
tial softening model is one of the most common constitutive laws
used for representing the softening behaviour of concrete and mor-
tar after cracking. On the other hand, it seems that a plateau after
cracking, and before the tension softening part, can appropriately
simulate the tensile response of TRMs in the crack development
and stabilization phase. JSCE model [41] consists of a plateau after
cracking, which is followed by tension softening according to the
following formula:

0 = fi(ew/e) (1)

where ¢ is the tensile stress, ¢ is the total tensile strain, f; is the ten-
sile strength, &, is the tensile strain corresponding to the end of pla-
teau and c is the power parameter usually taken as 0.4 for
unreinforced concrete and as 0.2 for reinforced concrete elements.

o EXPONE o JSCETS PARABO o
fe fe €
Ge 1
c 4 3
h
Gl/h fe
E —a E —
(a) (b) (c)

Fig. 3. Constitutive models used for mortar: (a) exponential tension softening model (b) JSCE tension softening model (c) parabolic compression model.
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The numerical load-displacement curves are presented in com-
parison with the envelope of the experimental results in Fig. 5. The
numerical results show a good agreement with experimental data
for both tension softening models, not only in terms of the peak
load and ultimate displacement but also the stiffness and post-
cracking behaviour. The numerical curves generally fall within
the experimental envelope and show the typical trilinear beha-
viour of TRMs under tensile loading.

Fig. 5b shows the existence of the plateau in the JSCE model
leads to a smoother transition zone in the numerical results. How-
ever, the resisting forces in the second and third stages are slightly
larger than in the exponential model (although still inside the
experimental envelope). This can be due to the existence of the
plateau or the value chosen for the parameter c, both directly
related to the tensile fracture energy. The latter is investigated in
Fig. 5c-d through a parameter study on the effect of ¢ value on
the tensile response of TRMs. The load-displacement curves, see
Fig. 5d, show that numerical results are closest to the average
experimental results when c=0.4-0.8. It should be noted that
¢=0.2, usually used for RC elements, does not lead to a suitable
tensile response due to the large residual tensile stresses and frac-
ture energy. The bond mechanism between the reinforcement and
mortar is different in TRMs than RC elements due to both mortar
and reinforcement properties and thus a different ¢ value should
be used in these elements. It should be noted that the observed
results are also affected by the mortar tensile strength which has
been assumed as 75% of the tensile strength obtained from the
Brazilian tests.

In conclusion, both tension softening models provide suffi-
ciently accurate numerical results in terms of global load-
displacement curves. It seems, however, that the JSCE model leads

—— JSCE model (c=0.4)
— — - Exponential model

Stress [MPa]
v

11 \
N 1
N |
SO
S~
0 t ===
0.00 0.01 0.02
Strain

(a)

—— JSCE model (c = 0.2)
31 - — = JSCE model (c = 0.4)
= — - JSCE model (c=0.8
3 N :
L 24 % b SO 3
g N TNel
= N ST~ -o
» - | - -
11 Seioon
0 .
0.00 0.01 0.02
Strain

to a clearer and more realistic transition zone in the second stage
and has a better physical compatibility with the nonlinear phe-
nomenon, and it is thus used hereafter (with ¢ =0.4).

3. In-plane behaviour of strengthened masonry panels

The main objective of this section is to investigate the changes
in the nonlinear response and failure mode of brick masonry pan-
els after strengthening with different TRM composites, an impor-
tant issue that has not yet received attention in the literature.

A panel with dimensions of 1000 x 1000 x 100 mm?>
(height x width x thickness) is considered, see Fig. 6. The nonlin-
ear response of the panel, under vertical pre-compression and lat-
eral loads is initially investigated by performing static nonlinear
(pushover) analysis. The masonry panel is then strengthened, on
both faces, with different TRM composites (different reinforcement
materials, same mortar properties and TRM total thickness of
5 mm). The effect of strengthening on the nonlinear response and
failure mode of the panels is investigated and discussed next.
The TRM thickness has been chosen 5 mm as: (i) the overall thick-
ness of TRM systems is usually in the range of 5-10 mm (ii) several
experimental studies have shown that the effect of mortar thick-
ness is negligible in this range of variations and (iii) several exper-
imental results available in the literature have been followed
considering a 5 mm thickness [6,12].

The detailed list of selected panels and strengthening materials/
details is presented in Table 2. Three different pre-compression
levels of 0.00 MPa (REF1, no vertical stress), 0.85 MPa (REF2, mod-
erate vertical stress) and 2.55 MPa (REF3, high vertical stress), cor-
responding to 0%, 10% and 30% of the compressive strength, are
considered. One of the panels, REF4, is modelled without any

8 ; ; i : 7
Experimental envelope :
—— JSCE model (c=0.4) :
6+ [ — - Exponential model
5 | : | s
= | | | e
o i -
@ 4- ! 7 !
s By  _J<AR
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| P 7 ! | |
2 _ - ! !
0 1 1 i i g

Displacement [mm]

(b)

8 7
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——JSCE model (c = 0.2) ;
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= | A | i
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Fig. 5. Comparison of numerical and experimental results: (a) exponential and JSCE softening models; (b) load-displacement curves; (c) JSCE softening models with different

parameter c; (d) effect of JSCE’s parameter ¢ on the load-displacement curves.
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Fig. 6. Geometry and loading condition of the panel.

Table 2
Hypothetical panels considered for the analysis.

Analysis Boundary Pre-compression Reinforcement type
condition at top stress (MPa)

REF1 Free 0.00 No strengthening

REF2 Free 0.85 No strengthening

REF3 Free 2.55 No strengthening

REF4 Closed 0.00 No strengthening

REF2-1 Free 0.85 Steel

REF2-2 Free 0.85 PBO

REF2-3 Free 0.85 Basalt

REF2-4 Free 0.85 Glass

REF3-1 Free 2.55 Steel

REF3-2 Free 2.55 PBO

REF3-3 Free 2.55 Basalt

REF3-4 Free 2.55 Glass

REF4-1 Closed 0.00 Steel

REF4-2 Closed 0.00 PBO

REF4-3 Closed 0.00 Basalt

REF4-4 Closed 0.00 Glass

pre-compression level but constrained against vertical displace-
ments at top. This analysis is aimed at stimulating the pure shear
response of strengthened panels and therefore is useful for under-
standing the nonlinear shear response. Moreover, such boundary
conditions can occur in infill frames in which the panel can be sub-
jected to shear stresses without allowance of vertical deformation.
It should also be noted that although no direct pre-compression
load is applied to the panel, vertical load is automatically intro-
duced in the panels because the vertical displacements are
constrained.

Panels REF2, REF3 and REF4 are strengthened with four differ-
ent TRMs, as presented in Table 2, leading to a total of 16 panels.
The reinforcing materials consist of the most conventional types
used for strengthening projects and include PBO, steel, glass and
basalt fibres.

3.1. Finite element model

A two-dimensional nonlinear Finite Element (FE) model was
prepared in FE package DIANA 10 [40] for simulating the nonlinear
response of URM and strengthened panels. Both masonry and TRM
layers are modelled following a macro-modelling strategy. Each
are made of a single shell layer consisting of eight-node shell ele-

ments (denoted by CQ40S in DIANA) with an element mesh size
of 5 mm. The strengthened panels are made of two shell layers
(URM and TRM) perfectly bonded together. The assumption of per-
fect bond between masonry and TRM is reasonable and has already
been discussed in Section 1, see also [34,36].

The masonry is modelled assuming a softening anisotropic
elasto-plastic continuum model [39] following the rotating
smeared crack approach. The model consists of a Hill-type yield
criterion in compression and a Rankine-type yield criterion in ten-
sion. This material model is well known for simulating the nonlin-
ear response of masonry panels and has been widely used and
reported in the literature, see e.g. [43-45]. The mechanical param-
eters of the brick masonry, presented in Table 3, are selected based
on numerical data from Grande et al. [44] and modified according
to the experimental data from material characterization tests. The
material characterization tests were performed at University of
Macau on solid clay grey brick which is a key material in Chinese
traditional architecture [46].

The TRM layer is modelled assuming an isotropic continuum
model following the rotating smeared crack approach for the mor-
tar. A parabolic model in compression and the JSCE tension soften-
ing model in tension (with c = 0.4) are used. The mortar properties

Table 3
Mechanical parameters of masonry.

Masonry mechanical parameters

Young’s Modulus (MPa) (E) 8000
Poisson’s ratio (v) 0.15
Tensile strength along x-direction (MPa) (otx) 0.25
Tensile strength along y-direction (MPa) (aty) 0.35
Compressive strength along x-direction (MPa) (ocx) 7.80
Compressive strength along y-direction (MPa) (ocy) 8.50
Fracture energy in tension along x-direction (N mm/mm?) (Gg) 0.018
Fracture energy in tension along y-direction (Gy)  0.054
Fracture energy in compression along x-direction (Gi)  15.00
(N mm/mm?)
Fracture energy in compression along y-direction (Gy)  20.00
(N mm/mm?)
Factor that determines the shear stress contribution to the (x) 1.0
tensile failure
Factor which couples the normal compressive stress (B) -1.0
Factor which controls shear stress contribution to (v) 3.0

compressive failure
Factor that specifies the equivalent plastic strain
corresponding to the peak compressive stress

(kp)  0.0012

*Here X is the head joint direction and y is the bed joint direction.
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Table 4
Mechanical parameters of reinforcement materials considered for analysis.

Material E (GPa) ft (MPa) Spacing (mm) Cross section (mm?) Reinforcement ratio (mm?/m) Geometry Density (g/m?)
PBO 188 3400 10.00 0410 41.0 UBG, SM -

Steel 206 3200 6.37 0.538 84.5 BG, SM 670

Glass 72 1290 25.00 0.850 34.0 BG, SM 225

Basalt 89 1542 6.00 0.230 38.3 BG, SM 250

Where: UBG = unbalanced grid, BG = balanced grid, SM = squared mesh.

200 ‘ :
—---REF4| | !
- - -REF3| | !
— —REF2| | e
——REF | ! T it t
150 e |
e |
— bt 1
Z P | |
= K i i
o 100 oot s n-s s ars
2 PAPEE RS ‘
S o7 ! !
= i'l/ ! !
S ‘ \
o ! 1 |
50 9 o 1 1
1p—_-—=— - | ——— i —— |
. ‘ |
' I 1
0 i l
0 2 4 6

Displacement [mm]

Fig. 7. Numerical load-displacement curves of URM panels.
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are chosen the same as used in the last section. The reinforcements
are assumed embedded in the mortar with an elastic behaviour
until failure and perfect bond with the mortar. The mechanical
and geometrical properties of the reinforcing meshes are selected
based on the technical datasheets of available commercial prod-
ucts in the market and are presented in Table 4.

The panels are assumed fixed at the bottom and clamped at top
with a stiff steel beam with rotational constrains. The pre-
compression loading is initially applied, then an incremental hori-
zontal displacement is applied at top (in the middle height of the
steel plate) as shown in Fig. 6. The modified Newton-Raphson iter-
ative scheme together with the line search method is used for solv-
ing the nonlinear equations.

It should be noted that the numerical results are usually sub-
jected to errors associated with the assumptions and limitations
of the simulation technique and materials’ constitutive models.
TRMs present complex and in some cases unknown failure modes
that should be taken into account in the adopted modelling strat-
egy [37,47]. The most important failure modes are matrix-cracking,
debonding of the fibre from the matrix, tensile rupture of the fibres
[47], and splitting of the mortar. The matrix-cracking and tensile
rupture of the fibres are accounted in the simulation through the
adopted material models. The effect of fibres-to-mortar bond beha-
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Fig. 8. Equivalent plastic tensile strains at peak load in URM panels: (a) REF1; (b) REF2; (c) REF3; (d) REF4.
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Fig. 9. Numerical load-displacement curves of strengthened panels: (a) REF2; (b) REF3; (c) REF4.

viour at the structural level can be considered by assuming an
appropriate tension softening behaviour for the mortar. The expo-
nential tension softening model, presented and validated in the
last sections, is adopted in this study to account for this phe-
nomenon. The splitting of the mortar can be simulated through
specific damage models or by simply application of a reduction fac-
tor to the mortar tensile strength. This has not been considered
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here and should be further investigated in future studies. Fibres
slipping at the edges or at the connections with other elements,
if not avoided, should also be considered in the numerical simula-
tions. This failure can be indirectly considered by application of
reduction factors on the tensile strength and stiffness of the fibres
or by directly modelling the fibres slippage with the aim of inter-
face elements. Some FE packages, such as DIANA, offer the possibil-
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Fig. 10. Principal tensile strains at peak load in TRM-strengthened REF2 panels: (a) steel-based TRM; (b) PBO-based TRM; (c) basalt-based TRM; (d) glass-TRM strengthening.
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ity of assuming a bond-slip law for the embedded reinforcements.
In this case, however, the reinforcements should be modelled indi-
vidually making the modelling process extremely time consuming
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Fig. 11. Principal tensile strains at peak load in TRM-strengthened REF4 panels: (a) steel-based TRM; (b) PBO-based TRM; (c) basalt-based TRM; (d) glass-TRM strengthening.
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even for small models. Here it is assumed that the reinforcements
are applied with connectors or are wrapped to the walls and there-
fore no slippage occurs at the wall edges.
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Fig. 12. Principal plastic strains in REF2 strengthened panels.
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3.2. Results and discussion

3.2.1. URM panels

The numerical load-displacement curves of the URM panels are
shown in Fig. 7. It can be observed that the peak load increases sig-
nificantly with increment of the pre-compression level. While the
panel with no pre-compression, REF1, has a lateral load resistance
of 13 kN, panels with 0.85 and 2.55 MPa pre-compression levels
(REF2 and REF3) exhibit a lateral resistance of 42 kN and 95 kN,
respectively. As expected, panel REF4 shows the maximum load
resistance (160 kN) due to its specific boundary condition. The con-
tour of equivalent plastic strains at the peak load are presented in
Fig. 8. The formation of plastic strains and the deformation of the
panels REF1 and REF2 resembles a rocking failure mode. This fail-
ure mode was expected due to the low compressive stresses
applied to the panels in these cases. On the other hand, the plastic
strains have formed a diagonal strip in REF3 and REF4 panels due
to the high compressive stresses and boundary conditions in these
panels. This configuration shows that a diagonal tensile cracking
has occurred in these two panels.

3.2.2. Strengthened panels

The numerical load-displacement curves for TRM-strengthened
panels and the contour of principal tensile strains at the peak load
for each panel and strengthening material are shown in Figs. 9-11.
The results clearly show the effect of different TRM composites on
the nonlinear response and failure mode of the strengthened pan-
els. The last shown point in the numerical curves corresponds to
the tensile failure of the fibres, after which, the strengthening sys-
tem and consequently the masonry wall fail.

6 meters

3.6 meters

Fig. 13. Geometry, boundary condition and loading.
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It can be observed that, in all cases, the steel-based TRM
strengthened panels show the highest capacity and ductility, fol-
lowed by PBO-, basalt-, and glass-based strengthened systems. This
was expected as the reinforcement ratio and stiffness of the
strengthening systems used in this study follow the same trend,
see Table 4. No specific difference can be observed in the linear
elastic range response of the panels strengthened with different
TRM composites. This was expected as the behaviour in this range
is controlled by the elastic stiffness of the masonry panel and the
mortar layer. After cracking, however, the curves follow different
trends depending on the reinforcement ration and stiffness of the
reinforcement.

In TRM-strengthened REF2 panels, the failure mode of the pan-
els strengthened with steel, PBO and basalt fibres is distributed
diagonal tensile cracking, Fig. 10a-c. These panels therefore show
a change of failure mode after strengthening (rocking failure
occurred in URM REF2 panel, Fig. 8a). On the other hand, the failure
in the panel strengthened with glass-based TRM is rocking at the
base, Fig. 10d (similar to the URM panel). For a clearer presentation
of the evolution of different failure modes, the distribution of plas-
tic strains on the steel-based and glass-based strengthened panels
is presented at different stages of load-displacement curve Fig. 12.
The development of diagonal tensile cracks and rocking failure
mode in steel-based and glass-based strengthened systems,
respectively, can be observed. The difference in the failure modes
is also obvious in the force-displacement curves. It can be observed
that the glass-based strengthened panel shows a gradual decre-
ment of the load resistance after mortar cracking until reaching
the load-displacement curve of the URM panel. On the other hand,
the lateral resistance increases with lateral displacements in steel-
based TRM system until occurrence of the fibres’ tensile rupture.

TRM-strengthened REF3 panels show a similar failure mode as
TRM-strengthened REF2 panels and therefore the principal tensile
strains are not presented separately. In this case, however, the
strengthened panels with steel-, PBO-, and basalt-based TRM com-
posites show a similar failure mode as the URM REF3 panel, Fig. 8b.

The specific boundary conditions assumed for REF4 panels have
led to diagonal tension cracking failure mode even in all URM and
strengthened panels, Fig. 11. The increase in the load resistance of
this panel after strengthening is less than the other two panels
(REF2 and REF3). Here, it seems that the strengthened panels have
larger elastic stiffness in comparison to the URM panel.

4. The case study: Patio da Felicidade facade in Macau

Most of the existing historical structures in Macau are made of
stone or clay brick masonry. Some of these existing unreinforced
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Fig. 14. FE result of single URM fagade for overload analysis: (a) capacity curve; (b) principal tensile strain at maximum load factor.
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masonry structures need efficient retrofitting as they are suffering
deterioration or damage due to environmental conditions or
mechanical loads. This section is devoted to evaluation of the seis-
mic performance and strengthening of a masonry fagade in the his-
toric centre of Macau. The detailed discussion of the selected case
study together with the analysis details and results are given next.

4.1. Description of the case study

The “Historic Centre of Macau” is the oldest and the most com-
plete and consolidated array of European architectural legacy
standing intact on Chinese territory. This historic centre is located
on the west of Avenida Almeida Ribeiro, the most famous business
street in Macau. Rua da Felicidade, located in this centre, was
known as the red light district of Macau from 1920s to 1960 s.
Patio da Felicidade, located in the back line of Rua da Felicidade,
is built of clay brick with mortar joints in the late 19th century
and represents a typical Lingnan style of architecture for shop
houses in south China. A typical facade in the Patio da Felicidade
is selected here as the case study. The facade consists of nine shop
houses connected together along the street.

The analysis is performed at two stages. In the first stage, the
performance of a single two-story shop house (denoted as single
facade throughout the paper) is investigated. In the second stage,
the whole facade is simulated and investigated. The single facade
has 3.6 m length, 6 m height and 0.2 m thickness. The dead load
from the floors (roof and first floor) was applied on the fagade,
according to the real conditions, as a distributed load with 5 kN/
m (for the roof) and 2 kN/m (for the first floor), respectively.
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4.2. Behaviour of the single facade

The geometry, boundary condition and applied dead loads at
the roof levels are shown in Fig. 13. The facade is considered fixed
at the bottom. The masonry is modelled with the same material
properties as presented in Table 3 and following the same mod-
elling strategy as presented in Section 3 (8-node curved shell
CQ40S elements with a softening anisotropic elasto-plastic contin-
uum material model).

A nonlinear static analysis (pushover) is performed initially on
the structure under its self-weight to obtain its safety factor
against vertical loads. Then a lateral pushover analysis, in combina-
tion with the structure’s self-weight, is performed on the structure.
The lateral loads are applied based on the mass distribution along
the structure.

4.2.1. Nonlinear behaviour of URM facade

4.2.1.1. Self-weight analysis. The capacity curve of the structure
under self-weight pushover analysis and the principal tensile
strains at the maximum load factor are presented in Fig. 14. The
safety factor of the facade under its self-weight is estimated as
4.49 being a relatively high value. The principal tensile strains
show that the cracks mainly occur at the middle and corners of
the top spandrel due to the larger distributed dead loads at this
level in comparison to the first floor.

4.2.1.2. Pushover analysis. The pushover analysis is performed
based on application of incremental horizontal forces proportional
to the mass of the structure. The vertical loads from the roof weight
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Fig. 15. Pushover analysis results: (a) load-displacement curve of single URM fagade; (b) principal tensile strain contour at peak load.
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Fig. 16. Pushover analysis results: (a) load-displacement curve of single strengthened facade; (b) principal tensile strain contour for RM_steel at peak load.
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and the first floor slab were also taken into account to the seismic
mass of the structure. The capacity curve of the URM facade under
lateral loads is presented in Fig. 15a. The control node for the hor-
izontal displacement is chosen at the right top corner, as shown in
the figure. The nonlinear behaviour of the structure starts at a very
early stage (around 0.5 mm lateral displacement) and the load fac-
tor, o, reaches the maximum value of 0.26 at the last point. This
load factor is quite low, although it should be noted that in reality
the facade is connected with the surrounded buildings composing
a long facade.

Fig. 15b shows the principal tensile strains at the peak load
(o0=0.26 and displacement =3.31 mm) for the URM facgade. The
main cracks and failure points are marked with red circles in this
figure. The largest cracks are located at the corner of openings
and at the base of the facade, as expected. The failure mode of
the URM facade is separation of the spandrels from two piers
due to the weak tensile strength of masonry, followed by indepen-
dent rocking motion of the piers due to their relatively high height/
width ratio.

4.2.2. Nonlinear behaviour of TRM-strengthened facade
The effectiveness of different strengthening schemes and mate-
rials on improving the nonlinear performance of the facade is

(a)

numerically investigated in this section. The focus is on both the
effect of the strengthening material and the strengthening scheme.

42.2.1. Effect of strengthening material. The strengthening is
applied with 5 mm thickness on both sides of the facade. The
TRM layers are modelled using the same strategy as presented in
Section 3. The mortar mechanical properties are the same as pre-
sented in Table 1, and a perfect bond behaviour is assumed at
the reinforcement-to-mortar and mortar-to-masonry interfaces.
Three types of grids namely: PBO, glass and steel were considered
as the reinforcement material, see Table 4 for geometrical and
mechanical properties. The PBO and glass fibres are considered as
bidirectional and the steel fibres as unidirectional as is the case in
most available commercial products. The PBO and glass grids are
uniformly applied on the facade. The steel mesh is however applied
in horizontal direction in the spandrels and in vertical direction in
the piers. The overlapping parts of lintels and piers have thus two
orthogonal layers of steel mesh.

The numerical pushover curves for URM and strengthened
facade using different types of grids are presented in Fig. 16a. As
the results show, the steel-based TRM (presented as RM_steel)
has the highest impact on improving the performance of the facade
showing a maximum load factor of 0.63 (142% increasing from
URM). This is due to the fact that steel fibres have the largest ten-

(c)

Fig. 17. Strengthening schemes (yellow part means strengthened part, grey part means unstrengthen part): (a) full strengthening scheme; (b) partial strengthening scheme

“Steel-H"; (c) partial strengthen scheme “Steel-V".
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Fig. 19. Strengthening the whole facade with “Steel-H” scheme (yellow part is strengthened, grey part is URM).

sile strength and reinforcement ratio in comparison to other fibres
considered in this study. On the other hand, the results show the
PBO and glass- strengthened facade have a relatively similar non-
linear response with a maximum load factors of 0.45 and 0.40,
respectively. Again, it seems that the strengthening does not affect
the initial elastic stage of the pushover curves. The failure modes
were similar in all the strengthened facades and the results are
shown in Fig. 16b for only the RM_steel facade. Although the fail-
ure mode is similar to the URM facade, the strengthening has led to
lower strain concentrations at failure points and better distribution
of the stresses on the facade.

4.2.2.2. Effect of strengthening scheme. Three different strengthen-
ing schemes including a complete strengthening application and
two different partial strengthening schemes (denoted as “Steel-
H” and “Steel-V”) are considered in this section, see Fig. 17.

The pushover curves of the facade strengthened with different
schemes are shown in Fig. 18. It can be seen that all strengthening
schemes improve the nonlinear behaviour of the structure in terms
of capacity and ductility. “RM_Steel” and “Steel-H” strengthened
facades show higher resistance in comparison to “Steel-V”. This
can be due to the fact that strengthening of spandrels, not only lead
to improving their capacity, but also improves the connection
between the piers thus helping in structural integrity. Meanwhile,
“Steel-V” strengthening scheme leads to improvement of the piers
rocking strength but the spandrels fail due to early cracking, see
Fig. 18b. The difference between “RM_Steel” and “RM_steel-V”
capacity curves shows the importance of strengthening of horizon-
tal spandrels in performance improvement of the structure.

4.3. Behaviour of the whole facade

The whole facade of the Patio da Felicidade building including
nine repetitive parts, each one similar to facade No. 22, is simu-
lated and analysed in this section. The strengthening scheme
“Steel-H” is used for strengthening of the facade, see Fig. 19. This
partial strengthening saves a large amount of material (77% in this
case) when compared to application of strengthening to the whole
facade, but as observed in the last section it can significantly
improve the structure’s lateral performance.

The control point is chosen at the top corner of the facade in the
right side. The capacity curves for URM and strengthened facades
are presented in Fig. 20. The results show that the strengthened
facade has a maximum load factor of 1.1, showing 36% increase
from the URM facade (o =0.81). A significant difference can also
be observed in the ductility of the structures. The principal strains
at the peak load are also presented for URM (o = 0.81, displace-
ment=0.62mm) and strengthened (o=1.1, displace-
ment = 1.48 mm) facades in the figure. It can be seen that in the
URM fagade, the largest cracks are located at the upper corners
of top spandrels and at the base. This phenomenon shows the
spandrels are weak which leads to separation and independent
rocking failure of the piers at the base. As for the strengthened
facade, the piers are strongly connected by the strengthened span-

1.2 ‘ ‘ ‘
(RO 3 Strenthened facade
| —-—URM facade
0.8 7 i i |
- I I I
2 | ; ‘
= Strengthened fagade | 1
S _ : . !
= 06
Z
&
&
0.4
02
0.0 — 4
0 2 4 6 8

Displacement [mm]

Fig. 20. Pushover curve of URM and strengthened facade.

drels which has resulted in improved lateral performance of the
structure.

5. Conclusions and recommendations

An extensive numerical investigation was presented aiming at
investigation of the nonlinear performance of TRM-strengthened
masonry walls. The presented work involved: (1) application of a
rational FE macro-modelling approach for simulating the strength-
ened masonry walls and validation with experimental results; (2)
simulating the nonlinear static response (pushover analysis) of
TRM-strengthened masonry panels under in-plane loading condi-
tions (i.e. concurrent vertical and lateral loading) and discussion
on the effect of different TRM composites on the failure mode
and capacity of the panels; (3) investigating the seismic perfor-
mance of a historical masonry facade (as the case study) in its cur-
rent condition and after strengthening with TRM composites. In
summary, the following conclusions can be drawn:

- A macro-modelling strategy using shell elements with embed-
ded reinforcements was used for simulating the nonlinear
response of TRMs. A total strain rotating crack behaviour
(smeared crack approach) for the mortar and a linear elastic
behaviour until tensile rupture for the fibres was adopted. The
modelling strategy showed accurate predictions, in comparison
to experimental results, for the non-linear response of TRMs
under tensile loads. It was also observed that the JSCE tension
softening model is suitable for simulating the post peak
response of mortar in TRM composites. There is still a lack of
available experimental results on the nonlinear shear response
of TRM composites and validation of materials models (or
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development of new ones) for such loading conditions remain
open. The masonry was also modelled following a macro mod-
elling strategy. The macro modelling strategy was found to be
practical in large-scale simulations and to be able to consider
all failure mechanisms in these systems with a direct or an indi-
rect manner.

- The FE results showed that TRMs are effective in increasing the
in-plane load resistance and ductility of masonry panels. The
extent of this increment depends on the vertical load level,
boundary conditions and the TRM type used for strengthening.
It was also observed that the failure mode can change after
strengthening, an important issue that should be considered
at the design stage.

- Pushover analysis of the selected case study showed that
strengthening of the spandrels with TRM composites can lead
to significant improvement of the lateral resistance while sav-
ing a large amount of materials when compared to application
of TRMs to the whole facade surface. Effectiveness of such a
strengthening scheme to improve the out-of-plane performance
of masonry components should be investigated in future
studies.
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