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Abstract. We report on experimental and numerical investigations of textile reinforced mortar (TRM)
strengthening systems, an innovative solution for reinforcing historical masonry structures. The
experimental campaign presented in this paper is original and concerns two commercial TRM
applications to single-leaf clay masonry panels. The proposed FE modelling is based on a multiscale
approach with the possibility of simulating bed joints sliding and TRM-reinforcement debonding.
This last phenomenon is frequently reported in the experimental literature and it has been observed
also in our experimental tests. The numerical model is applied to study the behaviour of TRM
reinforced masonry panels under diagonal compression tests.

Introduction

Conventional seismic retrofitting techniques for historical masonry structures are usually
based on steel reinforced concrete jacketing. New developments of materials, methods and techniques
for structural strengthening have promoted the use of composite materials in the form of fibre
reinforced polymer (FRP) materials, and, more recently, of textile reinforced mortar (TRM). TRMs,
also known as fibre reinforced cementitious matrix (FRCM) [1], are innovative composites
constituted of high-strength fibres (basalt, glass, steel) in the form of grids embedded into inorganic
matrices, such as natural mortars or cements. Over the last decade, many experimental studies have
been carried out to investigate the effectiveness of TRM composites in different load configurations,
see for example [2-10]. Different design approaches are currently available for quantifying the
strength of masonry walls externally reinforced by composite materials [2, 8, 11]. Finite element
modelling of TRM strengthened masonry, although a complex task, is a useful approach for
understanding the role of material parameters on the behaviour of strengthened structures. In the
literature, a limited number of numerical models has been proposed to investigate the structural
behaviour of TRM strengthened masonry [5, 11-16]. In these numerical models, perfect contact is
assumed between the masonry substrate and the external reinforcement. Moreover, masonry is treated
as a continuum equivalent material. In the present paper, a different multiscale strategy for the failure
analysis of TRM-reinforced masonry is proposed, based on the introduction of cohesive laws between
mortar joints and masonry bricks and between reinforcing composite layers and masonry panel,
employing suitable cohesive interface elements. The reinforcement layers are modelled as composite
laminates with equivalent material properties and discretized using two-dimensional shell elements.
The result is an original numerical model, implemented in Abaqus and successfully applied to
simulate the behaviour of masonry panels reinforced with commercial TRM systems and subjected
to diagonal compression tests.



Experimental Campaign

The experimental tests concerned 7 single-leaf masonry panels of global dimensions 1030 x
1000 x 120 mm?, built with clay bricks (CB) of average dimensions 250 x 120 x 55 mm? arranged in
a 14-rows layout. Bed and head joints of thickness 17 mm and 10 mm respectively were realized with
a low quality lime-based mortar (LM), composed by sand (75%), lime (21%) and cement (4%).
Specimens were built and cured outdoor and were strengthened after their curing period. The
experimental campaign was entirely developed at LiFE S.r.l. Two commercial strengthening
solutions were applied with double-sided configuration to 6 of the 7 masonry panels. The first
commercial TRM system, herein after denoted GTRM, exploits preformed grids (GG) and anchors
(GA) of GFRP (Glass Fiber Reinforced Polymer) embedded in natural hydraulic lime mortar matrix
(GM) and was applied to 3 specimens. The second TRM system, denoted BTRM, exploits stainless
steel and basalt fibre grids (BG) and helical stainless steel anchors (BA) embedded in natural lime
mortar matrix added with mineral binder (BM) and was applied to 3 specimens The reinforcements
geometry, materials quality and application methods were set according to manufacturer instructions
(Table 1). Finally, a single masonry panel left unstrengthened (URM) was tested as control specimen.

Table 1. Specimens’ strengthening configurations

Specimen Specimen

D y Matrix Grid Anchors
URM 1 --- --- ---
Hydraulic lime mortar ~ Preformed GFRP grid Coupled L-shaped
. . . preformed GFRP
sprayed in a single of mean thickness .
GTRM 1-3 . . anchors of section
layer of thickness 3 mm and spacing 2
. b ] 70 mm~ and length
30 mm per side 33 x 33 mm~ per side
100 mm each
Mineral binder-added Balanced basalt- Helical stainless
lime mortar sprayed in  stainless steel AISI 304 steel AISI 316
BTRM 1-3 two layers of total grid of mean thickness anchors of section
thickness 10 mm per 0,064 mm and spacing 14,5 mm? and length
side 8 x 8 mm? per side 200 mm

Experimental tests for the mechanical characterization of materials were carried out after a
curing period of 28 days. Although many innovative testing methods have been proposed in the
literature [17, 18] for masonry components, the standard approach was selected in this work.
Compression tests were performed on clay brick cubes for deriving the average cubic compressive
strength, f¢, according to UNI EN 772-1 standard [19]. Three-point bending tests were carried out on
prisms of joint’s mortar and matrices of the applied strengthening systems in order to derive the
average flexural strength, f;, according to UNI EN 1015-11 standard [20]. Finally, a uniaxial
compression test was performed on a single small size wall specimen to estimate the elastic modulus,
E, and Poisson coefficient, v, of bricks and bed-joints mortar, according to EN 1052-1 standard [21].
The main results are summarized in Table 2 in terms of mean values and coefficient of variation
(CoV). The main mechanical properties of strengthening grids and anchors as provided by the
manufacturer are reported in Table 3. In order to qualify the shear strength, fv,, of the mortar-brick
interfaces, some triplets were realized and tested, according to UNI EN 1052-3 standard [22]. The
main results are summarized in Table 4 in terms of mean values and coefficient of variation (CoV).

Table 2. Experimental mechanical properties of materials
Material type Specimen# fi[MPa] CoV [%] f.[MPa] CoV[%] E[MPa] v

CB 20 --- --- 19,37 12 20.176  0.23
LM 18-36 0,84 25 4,64 15 2.499 -
GM 3-6 1,14 10 4,58 5 - —
BM 3-6 2,05 17 8,16 3 - —



Table 3. Grids and anchors geometrical and mechanical properties declared by the manufacturer
Material ID Tensile Strength [MPa] Elastic Modulus [GPa] Ultimate Strain [%]

GG > 350 >27 > 1,5
BG > 1.700 > 70 > 1,9
GA > 440 > 26 > 1,7
BA > 700 (¢ = 0,2%) > 150 > 3,0

Table 4. Bond strength of mortar-brick and matrix-brick interfaces

Interface type Specimen# fio [MPa] CoV [%]

LM-CB 8 0,29 23
GM-CB 3 0,36 36
BM-CB 3 0,37 68

The system BM-CB in Table 4 presents a high value of CoV. A similar values dispersion has
been reported in [23]. Nevertheless, all the three triplet types exhibited the same failure mode, i.e. a
debonding at the interface between brick and mortar. Experimental in-plane diagonal compression
tests were carried out on URM, GTRM and BTRM, according to ASTM E 519 standard [24]. The
diagonal compression load was applied to the upper and lower corners of the specimen by using two
steel shoes, connected to the masonry panels with a thin layer of shrinkage free mortar to avoid local
brittle failures at the interface. The upper steel shoe was connected to a servo hydraulic jack operated
by an electrical pump to apply the diagonal compression load. The specimens were tested under
displacement control with 0.08 mm/s rate. Four linear variable displacement transducers (LVDT)
were installed along the two diagonals of both sides of the specimens to monitor the in-plane
deformations along principal directions over a gauge length of 500 mm. The behaviour of specimens
under in-plane diagonal compression was analysed in terms of load-strain relationship and failure
mode. A vertical peak load of 70 kN with vertical deformation of 167 um/m was reached by URM.
Average vertical peak loads of 149 kN and 170 kN were reached by GTRM and BTRM, respectively.
The obtained results highlight a meaningful load carrying capacity increase of both GTRM (about 2
times) and BTRM (about 2 times and a half) when compared to URM. Regarding deformation
capacity, a meaningful increase can be noticed for GTRM (+80%) but information are lacking for
BTRM. The URM specimen exhibited a brittle behaviour under testing. The failure mode was due to
abrupt bond sliding at the upper 5%-row joint, immediately after the peak force (Fig. 1a). BTRM
specimens exhibited diagonal failure modes due to traction in horizontal direction (Fig. 1b); failure
cracks involved both the bricks and reinforcement matrix, proving a very good efficacy of the
strengthening system. Finally, GTRM specimens exhibited debonding of the reinforcement matrix
from the wall surface and consequent bond sliding of wall bed-joints immediately after the peak force
(Fig. 1c), although initial diagonal crack patterns developed during the tests (Fig. 1d). Even if the
loading capacity increase of both the strengthening configurations is appreciable, the failure mode
exhibited by BTRM is more efficient since it allows exploiting the overall structural capacity of the
original walls.

-

Fig. 1. Typical failure mode of URM (a), BTRM (b), GTRM (c) and GTRM debonding detail (d)



Numerical Model

The proposed FE model was implemented in Abaqus through a simplified micro-model
approach [25, 26]. For the sake of brevity, only URM and GTRM numerical models and results are
presented herein.

Continuum three-dimensional elements (C3D8) model the masonry wall units, assuming a
homogenous, isotropic and infinitely elastic material with brick’s elastic properties (Table 2). The
GTRM reinforcing layer is modelled as a composite laminate with equivalent elastic stiffness. It is
discretized through two-dimensional shell elements (S4), located on 7p plan and with normal rn
(Fig. 2a). The stacking, shown in Fig. 2a, is assumed according to Table 1. Laminate materials are
supposed homogenous and infinitely elastic.

(2) (b)
t (tsrte) A Damage
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Fig. 2. (a) TRM laminate and Wall-TRM interface, (b) interface joint traction-separation response

The matrix GM is isotropic. The grid/matrix ply (GG+GM, Fig. 2a) is modelled as an
orthotropic material with two equivalent principal directions, parallel to grid fibres directions.
Treating the ply GG+GM as a bidirectional symmetric composite laminate [0°, 90°, 90°, 0°], its
homogenized material properties in the plan »p are obtained through rule of mixtures and composite
laminate theory [27].

Table 5 reports GTRM laminate properties of each ply, where V; indicates the fibre volume
ratio. Out of rp plan, the elastic properties are supposed as the same as GM.

Table 5. GTRM laminate properties

Ply Ve p [kg/m3]  E,, [MPa] Vip Grp[MPa]
GM 0 1400 2500 0.15 1087
GG+GM 0.38 1862 8464 0.12 2072

Unit-Unit and wall-TRM interface joints (Fig. 2a) consist of 1 mm thick three-dimensional
cohesive elements (COH3DS), in which all damage is supposed to concentrate. The constitutive
model of these cohesive elements is based on a traction-separation (t-8) behaviour, where t is the
traction vector and & the relative displacement vector. Such interface behaviour is characterized by
an initial linear elastic response and a subsequent damage softening [25, 26], as shown in Fig. 2b, in
which the subscripts s, t indicate in-plane components and n the out-of-plane component. Superscripts
¢, 0, indicate damage initiation and f indicates failure. This cohesive model allows to represent two
failure modes of the interface joints: tensile cracking and shear sliding. Assuming an uncoupled
isotropic t-8 behaviour with isotropic response, stiffness components (K,,, Kss, Kit) can be
calculated as function of mortar elastic constants and mortar thickness h, [28]. Table 6 reports the
stiffness components of the different joints. For bed and head joints hy, is the joint real thickness, and
for the wall-TRM interface h,,, is assumed equal to cohesive element thickness (1 mm).



Table 6. Reduced elastic and shear stiffnesses of interface joints

Joint Mortar hy, [mm] Ky [N/mm3] Kss (Kie) [N/mm3]
Bed joint, bare wall LM 17 149 61
Head joint, bare LM 10 264 108
wall
Wall-TRM GM 1 2640 1087

The post-peak phase describes damage propagation in the cohesive joints. Damage initiates
when one of the three traction components, t,, tg and t;, locally reaches its critical value, t§, t$, tf
respectively (MAXS criterion, Abaqus, [29]). Critical shear stresses (t$ and tf) generally depend on
normal stress t, according to Mohr-Coulomb failure. The dependency of t§ and tf on t, was
implemented in a user subroutine USDFLD. In the post-peak phase, the stiffness degrades due to
damage propagation. The scalar damage variable D increases from 0 (damage initiation) to 1 (joint
completely damaged) during damage softening (Fig. 2b). D depends on the effective separation 8¢,
as reported in [26, 29, 30]. In the current study, a simple linear softening of the effective
separation O.¢ Was assumed as damage response, since the attention is focused on the elastic response
before damage initiation.

Finally, one-dimensional elements simulate anchors which are used in the analysed
reinforcement techniques. Three different models for anchors simulation were studied: truss (T3D2)
without interaction with bare wall, free-beam (B31) without interaction with bare wall, and
constrained-beam (B31) with displacement compatibility between anchor and masonry wall nodes.
In all cases, anchors share a node with the reinforcement layer in the plan rp (Fig. 2a), and their
material is assumed isotropic, homogenous and infinitely elastic.

Discussion

Fig. 3a shows the realized numerical model, characterized by symmetry conditions with
respect to the plan YZ. FE simulations were conducted in dynamic regime (implicit integration
scheme) to better handle the non-linear constitutive response of the cohesive elements (Fig. 2a,
Fig. 3a), which constitute the interface joints. Moreover, upper boundary vertical displacements
(Fig. 3a) were imposed in quasi-static conditions in order to reproduce experimental tests, performed
with a low load application rate (0.08 mm/s). Mesh sensitivity analysis suggested a mesh average size
of 30 mm. Fig. 3a shows anchors locations (round ticks), according to manufacturer specifications,
and measurement nodes between which numerical vertical strains were estimated (squared ticks).
Their positions were chosen to compare numerical vertical strains with experimental ones. Fig. 3b
reports the macroscopic force-displacement response. GTRM axial stiffness is generally higher than
URM stiffness. The proposed numerical micro-modelling of brick units-mortar and TRM-wall
interfaces allows to simulate the experimental crack pattern: bed joint sliding occurs in the
displacement range [240+280 um] for both URM and GTRM while TRM debonding and ultimate
failure take place in the range [580+714 um] for GTRM. A comparison between numerical and
average experimental load and deformation peak values is reported in Table 7. Numerical previsions
slightly overestimate average experimental peak loads with an error less than 10%, but a lower
accuracy is noticed for average experimental peak deformations.
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Fig. 3. Numerical model lay-out (a) and numerical load vs displacement curves of GTRM and URM

Table 7. Numerical and experimental values comparison

SpeCimen Ppk,num [kN] Ppk,exp,av [kN] APp [%] Spk,num [Hm/m] € pk,exp,av [um/m] AS pk [%]

URM 78 70 +10% 139 166 -16%
GTRM 161 149 +7% 545 299 +82%

Finally, these simulations highlighted that the presence of the anchors does not affect the
macroscopic force-displacement response for the three studied anchors’ models (truss, free-beam and
constrained-beam).

Summary

In this work, the behaviour of masonry panels strengthened with TRM technique is studied
with both experimental and numerical investigations. The performed experimental campaign shows
the great potential of this strengthening technique for structural rehabilitation of historical masonry
buildings located in earthquake-prone areas. The proposed FE simulations, based on a multiscale
approach, show a good prevision capacity of experimental results on URM and GTRM masonry in
terms of stiffness, peak load and experimental crack pattern (bed joint sliding and TRM debonding).
Therefore, it can be used to explore optimal design options in the future. FE model and numerical
results for BTRM will be discussed in future works.
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