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Abstract: Taking into consideration the seismic vulnerability of older buildings and the increasing
need for reducing their carbon footprint and energy consumption, the application of an innovative
system is investigated; the system is based on the use of textile reinforced mortars (TRM) and
thermal insulation as a means of combined seismic and energy retrofitting of existing masonry
walls. Medium scale tests were carried out on masonry walls subjected to out-of-plane cyclic
loading. The following parameters were investigated experimentally: one-sided versus two-sided
insulation and/or TRM jacketing, placement of the TRM outside the insulation or in a sandwich
form (over and under the insulation), as well as the displacement amplitude of the loading cycles.
A simple analytical method is developed and is found in good agreement with test results.
Additionally, numerical modeling is carried out and is also found in good agreement with test
results. From the results obtained in this study the authors believe that TRM jacketing may be
combined effectively with thermal insulation, increasing the overall strength and energy efficiency
of the masonry panels in buildings.
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1. Introduction

Masonry walls are prone to failure during high or moderate intensity earthquakes, hence they
represent a significant hazard to life safety. Yet, structural decay due to ageing or cumulative seismic-
induced damage poses a direct threat to the preservation and safeguarding of masonry structures
that comprise an important part of many countries’ cultural heritage. Hence, there is an urgent need
for upgrading existing masonry structures, both in seismic areas, where structures designed
according to old seismic codes have to meet upgraded performance levels demanded by current
seismic design standards, and in non-seismic areas, e.g. due to change of usage and/or the
introduction of more stringent design requirements. Moreover, it has to be considered that any
retrofitting is sometimes demanded by codes to be reversible.

Numerous techniques have been developed aiming at increasing the strength and/or
deformation capacity of masonry walls. The relatively new class of composite materials, named
Textile reinforced mortar (TRM), are becoming increasingly promising, as they combine the favorable
properties offered by fiber reinforced polymer (FRP) composites (e.g. high strength and stiffness to
weight ratio, high deformation capacity, corrosion resistance, ease and speed of application and
minimal change in the geometry) while addressing most of the problems associated with the use of
organic resins [e.g. 1-3].

In addition to seismic retrofitting, given the high energy consumption associated to old
buildings and their significant environmental impact, there is a strong need for effective solutions for
the building envelope energy retrofitting. TRM jacketing has minimal, if any, thermal insulation
capacity, while external or internal insulation has no load bearing capacity. In this study we propose
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the integration of the two systems into a single unit, which provides both seismic and energy
retrofitting. In this system, illustrated in Figure 1Figure 2, the TRM is combined with the insulating
material as a single unit, which may be either in the form of a prefabricated board or constructed in
situ. Depending on the aesthetics and the constructability requirements, the system may be placed
either on both sides of existing masonry walls or on one side [4]. The TRM may be placed outside the
insulating material, or inside, that is between the insulation and the masonry wall. All the above is
investigated experimentally, analytically and numerically in the present study, for the case of
masonry walls subjected to out-of-plane cyclic loading. More details on the experimental part for the
case of out-of-plane, and also related to in-plane loading are given in [5,6]. The experimental results
are found in good agreement with analytical modeling as well as finite element modeling; both
modeling approaches may be used in future studies to perform detailed parametric analyses. Further
studies on the proposed technique are reported in [7,8].

Masonry wall

TRM or
adhesive
mortar

TRM or
render

Figure 1. Schematic view of combined structural and energy retrofitting system on one side of the
masonry wall.

2. Experimental Work

2.1. Out-of-Plane Loading

A total number of 12 wall specimens with a length of 1500 mm, a width of 400 mm, and a
thickness of 85 mm, were constructed using ridge-faced, 6-hole, horizontally perforated clay bricks
and a general-purpose masonry cement mortar. One specimen was used as control (M), without TRM
or insulation (Figure 2a). The TRM was made of a balanced textile with polymer-coated glass fiber
rovings in two orthogonal directions, and a cementitious mortar. The insulation material was made
of EPS plates at a thickness of 20 mm. All details about material properties and method of application
are given in [5].

Six different designs were made: (i) specimens 2M2 and 2M2s retrofitted on both sides with
TRM containing two layers of textile and no insulation (Figure 2b); (ii) specimens 2iMi2 and 2iMi2s
retrofitted on both sides with TRM containing two layers of textile and one layer of insulating
material on both sides, between the TRM and the masonry (Figure 2c); (iii) specimens 1i1M1il and
1i1M1ils retrofitted on both sides with TRM containing one layer of textile, one layer of insulating
material and a second TRM jacket with one layer of textile, such that the TRM forms the faces of a
sandwich system with the insulation as the core material (Figure 2d); (iv) specimens 2ii2M and 2ii2Ms
retrofitted on one side with a sandwich system comprising TRM faces with two layers of textile and
a core with two layers of insulation material (Figure 2e); (v) specimens 2iiM2 and 2iiM2s with two
layers of insulation material on one side and TRM jackets with two layers of textile on the outside
(Figure 2f); and (vi) specimen 2iMi2_na as in (ii) above (Figure 2c), but with retrofitting materials
“non-anchored” (hence the letters “na” at the end of the specimens’ notation), i.e. not extending all
the way to the end of the walls, so that they were not clamped between the end supports and the
masonry. All specimens, except the ones in design (vi), that is the one with “non-anchored”
retrofitting, were tested in pairs, corresponding to two different displacement amplitudes (1 mm and
2 mm) of the loading cycles.
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The notation of specimens comprises a series of numbers and letters. The numbers (1 or 2)
indicate the number of layers in the textile, “i" stands for insulation and “M” stands for masonry.
Moreover, the sequence of numbers and letters represents the sequence of the different materials in
each specimen. The symbol “s” at the end of the specimens’ notation denotes “small” displacement
amplitude (1 mm). The control specimen is denoted as M (masonry only).

M 2M2 2iMi2 lilM1i1 2ii2M 2iiM2
2M2s  2iMi2s lilmM1i1 2ii2Ms 2iiM2s
2iMi2s_na

Figure 2. Specimens for out-of-plane loading.

2.1.1. Test Set-up, Instrumentation and Procedure for Out-of-plane Loading

All strengthened specimens were subjected to cyclic out-of-plane loading using a stiff steel
frame. The walls were laid horizontal (with the bonded surfaces facing upwards and downwards)
and were loaded in three-point bending (Figure 3) at a span of 1.30 m. Two pairs of steel hinges were
placed at each support (along the specimens” width, at top and bottom) and a third one was placed
at mid-span (that is along the load application line).

Figure 3. Experimental setup for out-of-plane testing.

All strengthened specimens were tested by applying the load in a quasi-static cyclic pattern of
controlled displacements at a rate of 0.1 mm/sec. The loading sequence consisted of cycles at a series
of progressively increasing displacement amplitudes in both directions (push and pull). The
displacement amplitude increment was either 2 mm or 1 mm, as described above, and a single
loading cycle was applied for each amplitude level.
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2.1.2 Experimental Results for Out of-Plane Loading

The load versus displacement hysteresis loops for specimens are given in Figure 4. Typical
photographs of failure mechanisms are given in Figure 5. Peak load values in the push and pull
directions, mid-span displacements at failure, defined as the point of the load versus mid-span
displacement envelope curve where either sudden load reduction was detected or a 20% reduction
in load was noted in specimens with gradual post-peak load reduction, cumulative energy
dissipation capacity and observed failure modes are given in Table 1, for all specimens.
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Figure 4. Envelope curves for out-of-plane loading: (a) 2 mm displacement increment; (b) 1 mm
displacement increment.

Figure 5. (a) Fiber rupture at mid-span; (b) debonding at the interface between the masonry and the
insulation; (c) flexural cracking through the insulating material; (d) debonding, as a result of
unfavorable anchorage conditions; and (e) debonding at the insulation-masonry interface propagates
through the two insulation layers.
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From the test results it is concluded that the proposed retrofitting system is highly effective. In
terms of strength and deformation capacity, the combined use of TRM with insulation material is
better than the use of TRM alone. TRM jacketing without insulation (specimen 2M2) increased the
strength by approximately 170%, whereas this increase varied from 200% to 340% when the (double
sided) textile reinforcement was combined with insulation layers, due to the increased lever arm of
the tension reinforcement. The respective numbers for specimens type “s” (small displacement
amplitude increment) are 135%, 190% and 285%. As expected, jackets with unfavorable bond
conditions (specimen 2iMi2_na) were less effective; they increased the strength by at least 200%,

whereas the strength increase in specimen 2iMi2, with favorable bond conditions, was at least 235%.

Table 1. Summary of three point bending tests.

. Mid-span Cumulative .
Specimen . L. Failure mode?
. Peak load (kN) displacement at dissipated energy . L.
notation ) (failure direction)
failure (mm) (kNmm) at cycle
Push Pull Push Pull 4 (82 7 (149)
M 3.42 -- 0.72 -- -- -- Flexural crack
2M2 9.28 9.28 13.78 15.69 154.29  421.19 FR (both)

2iMi2 11.47 12.45 33.68 22.44 95.77 283.47 D (push), FR (pull)
2iMi2_na 10.50 10.25 >28.23 27.48 80.23 221.12 D (pull)
1i1M1i1 12.70 12.21 19.66 20.17 104.80 326.91 FR (both)

2ii2M 20.26 3.66 25.97 24.20 75.06 250.09 FR (push), MC (pull)
2iiM2 13.92 15.14 17.14 24.70 146.71  470.77 FR (push), D (pull)
2M2s 8.06 9.28 12.31 14.15 208.39  626.35 FR (both)

2iMi2s 12.97 12.17 23.49 23.49 144.79  461.72 FR (both)

1i1M1ils 10.01 10.01 16.30 15.12 114.48 419.46 FR (both)
2ii2Ms 20.26 3.66 29.64 1.00 121.86  402.59 FR (push)
2iiM2s 11.96 13.18 17.26 18.91 19451 657.37 FR (push), D (pull)

2 For specimens tested at small displacement amplitude (1 mm)

b FR = fiber rupture, D = debonding, MC = masonry crushing.

In terms of deformation capacity, as expressed by the mid-span displacement at failure, TRM
jacketing combined with thermal insulation was always much more effective than the TRM system
alone, by up to approximately 140-145%.

2.2. Bond Tests

For the investigation of bond-related failure modes, bond-slip tests were carried out, according
to the setup described in [9]. Masonry specimens were constructed using the same (as described
above) 6-hole, horizontally perforated clay bricks and a general-purpose masonry cement mortar
covered with EPS insulation and TRM reinforcement on the outer surface ( Figure 6a). A total of 8
different bond lengths of the reinforcement-insulation were tested (  Figure 6b). The specimens
had lengths 150 mm, 190 mm, 255 mm, 300 mm, 355 mm, 410 mm, 520 mm, and 640 mm, with
common width for all specimens equal to 85 mm. The thickness of masonry, insulation material, and
TRM was equal to 85 mm, 20 mm and 10 mm, respectively.

A total of 24 tests were performed in an attempt to identify the failure modes, estimate the
effective bond length of the retrofitting system, and calculate the mean bond strength. The TRM was
intentionally over-designed with 3 layers of glass textile, so as to avoid fiber rupture and result in
debonding failure. The glass fiber textile had a density of 435 g/m? and nominal thickness (i.e. based
on smeared distribution of fibers) equal to 0.18 mm; these values were calculated from the total

do0i:10.20944/preprints202011.0606.v1


https://doi.org/10.20944/preprints202011.0606.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2020 d0i:10.20944/preprints202011.0606.v1

volume of fibers in the loading direction. The same mortar used to impregnate the textile was also
used to bond the insulation on masonry. The EPS insulation used had o10% =200 kPa compressive
strength at 10% strain and the TRM tension strength was frrve= 550 MPa.

The bond tests was performed with the load and displacement measured using a load cell and
digital image correlation (DIC); an extra LVDT was added at the tip of the TRM ( Figure 6a).
The average shear stress was calculated by taking into account the full contact area between the
insulation and masonry.

(@) (b)
Figure 6. Shear testing: (a) bond-slip testing of the retrofiting system (b) specimen geometry.
The failure modes recorded during testing (Error! Reference source not found.) were as follows:

(a) cohesive failure of the insulation; (b) debonding at the TRM-insulation interface; (c) debonding at
mortar adhesive (placed on masonry)-insulation interface.

Figure 7. Bond test specimens after testing.

Cohesive failure of the insulation was the most common failure mode. Notably, this mechanism
is the most desirable too, since all others are associated with inadequate or unsuitable bonding
material for the insulation foam. The experimental results, summarized in Table 2 and Figure , show
that the bond strength is more or less independent of the bond length, even if this length reaches
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relative high values. This is particularly so for bond lengths higher than approximately 250 mm. The
explanation for this lies in the fact that the modulus elasticity of EPS foam (Eers = 2-20 MPa) is much
lower compared to the moduli of TRM (Eim = 2000-3000 MPa) and masonry walls (Ew = 2000-3000
MPa), hence shear stress in the EPS may be taken as are nearly constant.

Table 2. Average shear strength of bond specimens.

Specimen length  Specimen width  Failure load Average shear strength

[mm)] [mm)] [kN] [MPa]
150 85 1.68 0.131
150 85 1.58 0.123
150 85 1.61 0.126
190 85 2.31 0.143
255 85 3.28 0.151
255 85 3.48 0.160
255 85 3.43 0.158
300 85 4.21 0.165
300 85 3.74 0.146
300 85 4.21 0.165
350 85 4.80 0.161
350 85 4.80 0.161
350 85 3.98 0.133
355 85 4.71 0.156
410 85 6.44 0.184
410 85 6.20 0.177
410 85 5.63 0.161
410 85 5.91 0.169
520 85 6.98 0.157
520 85 7.05 0.159
520 85 7.37 0.166
640 85 9.45 0.173
640 85 8.10 0.148
640 85 7.87 0.144

Mean Value 0.154
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Figure 8. Average shear strength for different bonded lengths of the retrofitting system.

3. Simplified Failure Analysis for Specimens subject to Out-of-plane Bending

The retrofitted wall is considered a sandwich panel that is analyzed based on Euler-Bernoulli
beam theory with full shear connection [10]. For failure analysis the section is considered cracked and
the tensile strength of masonry is neglected. The analysis accounts for three failure mechanisms: (a)
tension failure of TRM in the tension zone; (b) compression failure of masonry in the compression
zone, before or after the TRM fails in compression; and (c) debonding. The dominant failure mode is
the one that corresponds to the lowest load. Other failure mechanisms, such as transverse shear or
local buckling, were not considered, since they were not recorded in the experimental campaign.

3.1. Tension Failure of TRM or Compression Failure of Masonry

This type of failure occurs when the compression strength of the brick or TRM layer is reached
or when the tension strength of the TRM is reached. The moment of resistance of the mid-span section
of each specimen is calculated using classical bending theory considering linear strain distribution
and force equilibrium. This theory assumes plane section and neglects shear deformations. An
example of cross-section strain and stress profiles analysis is given in Figure .

— TRM 7

Masonry

(a) (b) (©

Figure 9. (a) Cross section, (b) strain profile, (c) stress profile.

Masonry is assumed linear elastic in compression up to a failure strain ew.u. The contribution of
mortar to the tensile capacity of TRM is neglected, hence TRM is modeled as linear elastic in tension
up to a failure strain ew, controlled by the capacity of the fibers. The contribution of fibers in TRM
subject to compression is neglected, hence TRM in compression is modeled as plain mortar, which
behaves as a linear elastic material up to a failure strain eému. The cross-section analysis was run in this
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study by considering the following experimentally obtained values for ultimate strains (average
values from at least six specimens for each case): ewu =0.043, ew = 0.015, emu = 0.05.

3.2. Debonding

Bond mechanisms allow transferring forces from masonry to foam insulation and to TRM, hence
bond failure modes have to be taken into account. In the case of TRM being applied on insulation
foam panels that are pasted on masonry, bond failure mostly but not exclusively occurs at the foam-
masonry interface and implies the complete loss of bond between the two materials. Commonly the
mortar used for the reinforcement of the textile is the same one used also for the bonding of the foam
insulation panel-boards on the masonry and one could expect that both these surfaces are prone to
debonding. In practice, because of the way the retrofitting is applied, the masonry-insulation
interface can be weaker compared to TRM-insulation interface because of technical obstacles and
manual labour imperfections that result in air pockets, material discontinuities, unequal mortar
spreading and leveling or mortar water loss due to masonry absorption. On the other hand, the TRM
layer is troweled evenly on the insulation boards and a full-blown cover is easier achieved which
results in a much better and effective bonding.

Usually, debonding initiates in a limited area of the strengthened element and then propagates
until the composite action is lost over a major part of the length of the TRM reinforcement. Localised
debonding means a reduction of the bond performance between masonry and TRM or insulating
material limited to a small area, e.g. a loss in bond length a few millimetres next to a flexural or shear
crack. Therefore, localised debonding is not, in itself, a failure mode that causes a significant loss of
the load carrying capacity. However, when localised debonding propagates and the composite action
is lost in such a way that the TRM reinforcement is not able to carry loads anymore, bond failure is
obtained. In general terms, this is also referred to as peeling-off. This interfacial debonding can initiate
ether from the end of the reinforcement or by an intermediate flexural or flexural-shear crack.
Debonding in practice is rarely a problem, because the TRM layer in a retrofitted building is
continuous all over the building covering large areas and lengths with bents around corners or doors
and window openings creating a kind of anchorage that prevents slippage or making this failure
mode subsidiary. If needed, debonding may also be prevented by using mechanical anchors.

At beam level, bond failure may occur at different TRM-insulation-masonry interfaces. Two
debonding mechanisms were observed in the experimental study (Figure 10): (a) end debonding and
(b) intermediate crack debonding.

(a) (b)

Figure 10. Debonding mechanisms: (a) end debonding, (b) intermediate crack debonding.

In a simplified approach, end debonding may be associated to the shear strength of the weakest
material, namely the thermal insulation, and the failure load may be estimated by equating the shear
stress to the bond strength obtained from bond tests (0.154 MPa in this study, see Table 2).

In another simplified approach, failure due to intermediate crack debonding may be assumed
when the tensile force in the TRM at a cracked section produces a uniform distribution of shear
stresses in the insulation layer along the length from the cracked section to the end support, equal to
the shear strength (0.154 MPa in this study). Using this approach, cross section analysis for a given
tensile force in the TRM can yield the acting moment, hence the external load at member failure.

3.3. Comparison of Analytical and Experimental Results
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In order to calculate the theoretical load capacity of the wallettes described in the experimental
part, a specialized algorithm in “MATLAB-MathWorks” was developed that run all the failure modes
described above. The results are summarized in Table 3. In this table the experimental maximum load
for each specimen is calculated for the weaker bending direction, except for the two asymmetric
specimens 2ii2M and 2ii2Ms, where results are those for the strong bending direction.

Table 3. Summary of experimental failure loads and analytical predictions.

Specimen Experimental failure load and Theoretical
failure mode failure load and failure mode
Pmaxexp [KN] failure Pmax,th [KN] failure mode
mode?
M 340 Flexural 1.60 Flexural crack
crack
2M2 9.28 FR (both)>
1 FR
2M2s 8.06 FR (both) 8.15
2iMi2 11.47 D (push)®
2iMi2s 12.17 FR (both) 9.60 R
2iMi2_na 10.25 D (pull)® 9.60 FR
1i1M1i1 12.21 FR (both)
1i1M1ils 10.01 FR (both) 10.25 R
2ii2M 20.26 FR (push) 16.43 FR
2ii2Ms 20.26 FR (push)
2iiM?2 13.92 FR (push)
2iiM2s 11.96 FR (push) 12.22 R

2FR = fiber rupture, D = debonding.

®“both”, “pull” and “push” refer to the direction of applied force with push meaning downwards.

The comparison between experimental results and analytical predictions indicates an overall
good agreement. A weakness of the simplified approach is failure to capture the mechanism of
debonding in two cases (specimens 2iMi2 and 2iMi2_na).

4. Numerical Simulation

Numerical simulations for the walls tested experimentally were carried out using the Finite
Element Code ANSYS release 14.5. The analysis was monotonic, hence the numerically obtained
load-displacement results will be compared to envelope curves obtained in experimental testing.

Standard SOLID185 brick elements of the ANSYS element library were used to simulate the
masonry walls and the insulation panels, while SHELL181 shell elements were used for the TRM
matrix. The elements arrangement and the geometry of the models for each case are presented in
Figure 11 and Figure 12.

SOLID18s —— i SOLID185—— .~
(MASONRY) ] (MASONRY) .

B SOLID185 ——._
= (EPS)

SHELL181 -

(TRM)

e

SHELL181—
(TRM)

Figure 11. Schematic of the reinforced specimen arrangement using ANSYS SOLID185 and SHELL181
elements.
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(b)

Figure 12. (a) Schematic arrangement and geometry of control specimen and (b) model for specimen
2iMi2.

For simplicity, both the masonry wall and the insulation panels were modeled assuming
isotropic homogeneous behavior (macro model approach), while for the TRM an orthotropic (in
tension only) membrane behavior was assumed. Fully bonded interfaces were assumed between the
elements. Finally, steel plate brick elements (SOLID185) with reduced integration were introduced to
simulate the lateral boundary conditions, in order to avoid stress concentrations.

For analysis time efficiency and computational effort, a quarter of the whole specimen was
constructed using the proper DOF constraints for symmetric conditions. A monotonic increasing
vertical displacement was applied at the middle nodes in all specimens. The models that were
analyzed are summarized at Table 4.

Table 4. Out-of-Plane loaded specimens and Finite Element models.

M

lilM1i1 I

2M2
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2iMi2

2ii2M

4.1 Mechanical Parameters

To implement the asymmetric behavior in tension and compression of brick wall the Cast-Iron
(TB, CAST) material model expanded for brittle materials was used in ANSYS, thus different tension
and compression curves were constructed (Figure 13a). For the insulation material the same approach
was followed, treating the insulation as a cellular material with the yield point in compression
followed by a long plateau with almost stable stress until very large strains leading to the
densification area, as illustrated in Figure 13b.

The critical behavior parameters for the masonry wall were extracted from experimental tests
on masonry prisms loaded compression, while in tension a fraction of 10% of the compression
strength was assumed. Due to the adjective limitations to simulate brittle materials, such as masonry,
in tension, a calibration model for the unreinforced specimen (M) was initially developed to fit to the
experimental data the initial stiffness of unreinforced masonry. Material parameters for the insulation
panels were obtained by the materials supplier.

For the TRM matrix a multi-linear kinematic hardening (TB, MKIN) material model was adopted
to capture the nonlinear behavior (Figure 13c), based on mean values from tests on TRM coupons in
tension, tested for different number of layers and thickness according to each experimental group
case. The critical parameters for the constitutive law of TRM were: the initial Young Modulus (Ew),
the “yielding” (cracking) stress (o), the “yielding” (cracking) strain (e:), and the strain (e:2) where
sliding of the yarns occurs until the failure of the coupon (e, f).

ry s U
Fs
ft T f 4 ff .
fe fof < Edens Elle, G
3 1 IE t i } I |
; 3 o =~ const. fplateau Et
| !
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Figure 13. Material models for (a) masonry, (b) insulation panels, (c) TRM.

The mechanical properties introduced in ANSYS for each material are listed in Table 5 to Table
7. No damage criteria were introduced and all simulations were stopped after reaching the pre-
defined displacement levels.
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Table 5. Mechanical properties of masonry wall.

Specimen Compressive strength Strain at failure
fe Ee
(MPa) (%)
All specimens 11.58 0.434

Table 6. Mechanical properties of EPS.

Type Density Normal stress at ~ Ultimate tension Ultimate shear
e=10% strength strength
d 10 ot Ty
(kg/m?3) (MPa) (MPa) (MPa)
EPS 200 29 0.2 0.3 0.125

Table 7. Mechanical properties of TRM coupons.

TRM Thickness Initial Cracking Stressat Cracking Intermediate  Strain
stiffness stress! failure! strain strain at

t Evw ot fr &t £ failure
(mm) (MPa) (MPa) (MPa) (%) (%) Etu
(%)
1 layer 5 7897 3.38 9.02 0.0428 0.75 3.0
2 layers 8 6353 3.85 9.02 0.0606 1.18 3.0

! Calculated from the nominal thickness of the full TRM section 2Fiber rapture

4.2 Numerical Results and Discussion

Plots of the numerical and experimental force-displacement envelope curves for the out-of-plane
loaded masonry walls are presented in Figurel4.
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Figurel4. Force-displacement envelope curves for the experimental vs. numerical results

Overall, the numerical results showed reasonably good agreement with the experimental data,
indicating that the numerical analysis is capable to reproduce the observed behavior with the
exception of the post-peak reduction of strength, due to constraints of the numerical approach to
simulate stress-strain curves with negative slopes. It was confirmed that all retrofitted specimens
exhibited an increase of their strength and deformation capacity compared to the control. It was also
confirmed that the positioning of the TRM outside the insulation panel, instead of directly on the
wall, increases the lever arm of the tension reinforcement; thus the insulated specimens showed
relatively greater increase of their strength and deformation capacity.

Figure 15 to Figure 17 illustrate the strain map of the brick wall, the TRM and the insulation
panels at various displacement steps of the loading history for some of the specimens. It can be seen
that the presence of TRM affects the stress distribution along the specimens, by absorbing significant
amount of stress, thus leading to the increase of the overall strength and deformation capacity. Thus,
the final response is more ductile compared to the brittle behavior of unretrofitted walls. The
insulation panels develop significant deformations without contributing to the overall strength; their
contribution is indirect, as they separate the TRM from the wall.

Figure 15. Principal strain map for specimen M.

(b)

Figure 16. Principal strain map for specimen 2M2: (a) masonry, (b) TRM.
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Figure 17. Principal strain map for specimen 2iMi2: (a) masonry, (b) TRM, (c) insulation in early
loading stage, (d) insulation in the end of loading.

5. Conclusions

The present study presents an innovative system for both seismic and energy retrofitting of
masonry walls, involving the combination of textile reinforced mortar (TRM) composites and thermal
insulating materials. The system was tested on brick masonry wallettes subjected to out-of-plane
cyclic loading and the results were verified based on a simple analytical method as well as
numerically by finite element analysis.

Overall, it is concluded that the new retrofitting system not only improves the thermal
performance of masonry walls but also is highly effective as a means of seismic retrofitting for out-
of-plane loading, as long as proper bonding between the different layers is achieved. According to
the experimental results, positioning the reinforcement outside the thermal insulation improves
substantially the strength and deformation capacity when compared to TRM jacketing alone.
Analytical and experimental results confirm that the prevailing failure mode is TRM tensile failure
with fiber rupture. Another possibility is debonding, which could be avoided in practice through the
provision of mechanical anchorage.

Simple analytical modeling based on cross section analysis and easy to implement finite element
simulations are both capable to capture basic response characteristics. These methods could be used
in future studies to optimize the proposed system and to carry out parametric studies.
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