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Abstract

Due to the ageing of the European building stock, the seismic vulnerability of existing reinforced concrete
(RC) buildings with non-structural masonry infills, is paired with an inadequate energy performance of these
structures. Textile reinforced mortars (TRM) combined with advanced thermal insulation materials have
been identified as solution to address both issues with a single intervention. While small and medium-scale
testing have demonstrated the potential of the above-mentioned solution, the need for full-scale testing on a
full building model has yet to be performed. In this paper, the numerical modelling preceding a pseudo-
dynamic testing campaign on a full-scale masonry-infilled RC building is presented. The prototype structure
was designed to replicate the behaviour of existing seismically deficient pre-1980s buildings in Southern
Europe. The structure will be tested at the European Laboratory for Structural Assessment (ELSA) reaction
wall facility under a pseudo-dynamic load regime. The effect of a seismic and energy retrofit scheme using
TRM and thermal insulation is investigated numerically for what concerns the seismic performance herein,
by means of cyclic and dynamic analyses. It was demonstrated that TRM jacketing has high effectiveness in
increasing the in-plane capacity of the prototype structure, and was found to improve the dynamic behaviour
of the building, leading to reduced damage at higher earthquake intensities. Ultimately, this initial
assessment highlights the potential of the TRM retrofit, but the effect of combined seismic and energy
retrofitting will be explored further in the full-scale study experiment.
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1. Introduction

Empirical evidence of heavy damage observed in recent earthquakes has highlighted the vulnerability of
masonry-infilled reinforced concrete (RC) structures [e.g.: 1,2]. These vulnerable masonry infilled structures
however constitute one of the most typical building typologies constructed between the 1960s and 1990s in
Europe [3]. Many of these were built before the introduction of modern seismic codes, putting seismic
countries at risk of significant losses, both in human and economic terms. Moreover, this type of structure
generally presents a poor thermal performance, causing 40% of the total EU energy consumption from
residential use [4].

To address the need for fast and effective retrofit strategies targeting not only the seismic behaviour, but also
the energy performance for the existing European building stock, the topic of combined seismic and energy
retrofitting has gained traction in recent years [5-9]. Different materials or solutions have been proposed
including the use of exoskeleton [10,11] or double-skin solutions [12], but also the use of composite
materials such as textile reinforced mortars (TRM) may offer avenues for combined retrofitting [13].
Previous studies investigated the use of composite materials structural retrofitting of infilled frames to reduce
the risk of brittle collapse under seismic loading [14,15]. The use of TRM combined with advanced thermal
insulation materials or systems (see Fig. 1), was found particularly appropriate as a combined retrofit
solution [16]. The combined application was also shown to save costs in the retrofit application and its life-
cycle, hence leading to significant reductions in payback periods [7,17,18].
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Fig. 1. Combined seismic and energy retrofit of masonry infill walls with TRM and thermal insulation.

The effectiveness of TRM jacketing on increasing the in-plane strength of masonry-infills was demonstrated
experimentally on various RC frame tests. For instance, Koutas et al. [14] carried out tests on a 2/3-scaled,
three-storey RC frame, which led to enhanced deformation capacity and strength increase. Further tests on
full-face application found high strength increase and enhanced deformation capacities [19], particularly
when mechanical interlock between textile mesh and mortar was enhanced by means of braided textiles
[20,21]. However, the effectiveness of TRM jacketing in improving the in-plane seismic resistance of
masonry-infilled RC frames has not yet been verified experimentally on a full-scale building.

In this study, the effect of TRM jacketing is investigated for an experimental full-scale prototype building.
The building is to be tested pseudo-dynamically and numerical models for the prediction of the building
response are presented in this paper. A newly developed model for TRM-strengthened infills is implemented
and the effect of an increasing amount of TRM layers is first assessed by means of cyclic push-over analyses.
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The effect of dynamic loading is finally examined by means of incremental dynamic analyses, highlighting
the reduction in damage and hence losses at higher levels of earthquake intensity due to the retrofit.

2. Description of experimental prototype

The building of interest is an experimental structure representing a typical European pre-1980s masonry-
infilled RC building. The building will be tested pseudo-dynamically at the reaction wall facility of the
European Laboratory for Structural Assessment (ELSA) at the European Commission’s Joint Research
Centre (JRC) in Ispra. The structure, shown in Fig. 2, has four storeys with storey heights of 3m and two 4m-
wide bays in the direction of testing, simulating the weak direction of the building. Only a segment of a full
building is taken, with the external frames of structure in the perpendicular directions represented by the
prototype. The bays in the perpendicular direction are 6m wide. Note that the first two storeys will be
physically, while the upper two storeys are a numerical sub-structure during the pseudo-dynamic hybrid test
[22].
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Fig. 2. Dimensions of building prototype in direction of loading and reinforcement detailing. Note: the
modelled substructure is indicated in grey colour and dashed lines.

The steel reinforcement of the RC frame is over-designed in order to concentrate damage on the infills and
allow for re-testing of the frame after retrofitting. The cross-sectional dimensions and reinforcement
detailing for the main structural elements are detailed in Fig. 2. The dimensions of all columns is 250x350
mm and the beams are 500 mm deep, while the slab thickness is 150mm. The infill wall is made of
perforated clay bricks (60 x 140 x 300 mm). The double infill walls have a total thickness equal to 120 mm
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(2 x 60 mm). The opening percentage is 14.3% for the infills with windows and 18.6% for the infills with
door.

The material properties are summarised in Table 1. Next to the mean compressive concrete strength (f.,,) and
the main steel reinforcement yield strength (fy), the brick (f,) and mortar (f,) compressive stengths are given
and used to estiamte the infill wall strength (f, i) Using eqg. 3.1 of Eurocode 6 [23]. For the seismic retrofit
material, the TRM is assumed to consist of a textile of polymer coated E-glass fibers with a mesh size of 25
x 25 mm and a weight of 405 g/m? embedded in a strengthening mortar as described in [24]. The textile
elastic modulus and TRM elastic moduli in both directions of the textile are also given in Table 1.

Table 1. Material properties

fcm fy fm fb fm,inf Ef Etl Et2
[MPa] 35 520 125 11.0 3.57 73,000 520 750
3. Modelling

The rectangular reinforced concrete sections were modelled as inelastic fibre elements with plastic hinge
lengths of 16.7% of the element. The confined concrete model by Mander et al. [25] and the Menegotto-
Pinto model [26] were used for the concrete and steel reinforcement, respectively, while the masonry infills
were modelled as diagonal compressive struts with the cyclic behaviour of the material defined using the
nonlinear hysteresis rule proposed in [27]. To obtain the maximum sustained shear force, the maximum
compressive stress carried by an area of infill defined from the equivalent strut width, w, and the actual infill
thickness, t, is calculated. The strut properties were defined using the empirical equations by Mainstone [28].
To account for the openings, the strut width reduction factor developed by Asteris et al. [29] is considered.
The maximum compressive stress due to corner crushing in the infills is defined by the empirical equation of
Decanini et al. [30] based on the vertical infill compressive strength f i, the strut angle € and the relative
panel-to-frame stiffness 4, as given by Eq. (1):

112 frpins - Sin6 - cos 0

T K1- (A-H)™ 012 K2+ ()1-H)088 (1)

fmG

Where H is the storey height and K1 and K2 are empirical parameters defined based on the values of A [30].

For the TRM-retrofitted masonry-infilled frames, a recently refined macro-model is used to assess the
behaviour of the four-storey building with different amounts of retrofit. The model uses a simple strut-and-
tie approach developed by Koutas et al. [31] with the tie calibrated on a large database of experiments [32].
The tie is implemented as a simple truss element with elastic material properties up to a maximum tensile
force in the diagonal tie of the infill. The force developed in the tie depends on the relative orientation of the
tie angle 6, angle of the fibres, a, and the angles 6.,; of an assumed multilinear stepped-crack pattern, i.e. an
inclined crack (j=1) and a horizontal crack (j=2). The total force mobilised in the two axes i of the TRM
fibres is then transformed geometrically into the direction of the diagonal tie as in Eq. (2) from [31]:

2 2
A,
Fie = ) ) (etei" B dj [cotOr + (21 = 3) - cot ] sin @
3

i=1j=1

Where, A, is the area of TRM and E; the elastic modulus from TRM coupon tests, f;the angle of the fibres to
the level normal to the tie-axis, s; is the textile mesh spacing and d; the crack lengths, both projected to the
normal to the tie-axis. The effective strain developed in the textile at maximum load, &, is expressed in
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terms of the area ratio of TRM (p;in %) and the square root of textile elastic modulus (E; in MPa) using the
empirical Eq. (3) developed in [32]:

1.40 - p,

eff = JE (3)

Where p is the cross-sectional area of TRM (A, given in Eq. 4as a fraction of the infill wall surface,
determined from the height and length (h, " l):

_ Ag-cost 4
,Dt - hw i lW

The values of the modelling parameters for the strut and tie are shown in Table 2 and
Table 3, respectively. For the tie, the strengh is given for the application of 1, 2 and 3 layers of TRM. Note
that the maximum axial strain in the strut, em, is determined to be obtained at the inter-storey drift (ISD)
corresponding to damage state DS3, using the definition of damage states for infilled RC frames by Cardone
et al. [33] summarised in Table 4.

Table 2. Modelling parameters for the compressive strut.

Parameter Description Equation Value
Compressive strength of o £ 065, ¢ 025

oo the infill fring = 04 fo fm U231 5 57 \1py
Compressive strength of

fmo the strut Ea. (1) [30] 2.88 MPa
Axial strain at maximum }lli sinf - ISD(DS3)-H

_ w

. (masonry) Emn = i 0.36%
Ultimate axial strain _ 5.

&y (masonry) fu = Em 1.81%

W Strut width w=056(1-H)7%%5.d 1[28] 095m

0.38 m (window)

; ; _ _ 9,054 14
Wop Strut width (opening) Wop =W (1 — 2a,,°* + 2a,™) [34] 0.32 m (door)
Infill wall opening o = Aopening 14.3% (window)
Oy percentage Yo hy ol 18.6% (door)
Strut and ti | 1=
p rut and tie angle tan L, 3450
Table 3. Modelling parameters for the tensile tie.
o ) TRM layers
Parameter  Description Equation
1 layer 2 layers 3 layers
. _ Agcosf [32] 2.10% 3.15%
pi Arearatioof TRM Pt = 77 1.05%
Effective  diagonal e = 140p [32] 0.34% 0.50%
Eeif strain in TRM eff — JEs 0.17%
Frie Tie strength Eqg. (2) [31] 35.7 kN 142.6 kN  321.0 kN
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Table 4. Damage state definition [33]

Damage state Limit state I1SD (%)
DS1 - light Zero Loss (ZL) 0.08 %
DS2 - moderate Operational (OP) 0.2%
DS3 - extensive Damage Control (DC) 0.65 %
DS4 - partial Life Safety (LS) 1.0%
collapse

4. Results
4.1 Cyclic time-history analysis

As a first step, the four-storey structure is analysed under cyclic loading with a cyclic displacement protocol
consisting of five cycles increasing by 0.5% top-drift up to a top-drift of 2.5%. The displacement is applied
at each storey following a triangular displacement pattern. Next to the as-built control building, the use of
one, two and three TRM-retrofitting layers per side is investigated. The hysteresis curves for the control and
TRM-strengthened models are presented in Fig. 3. The hysteresis curve of the control specimen is indicated
on all curves for ease of comparison with the respective retrofit specimen. The peak base shear of 1204.9 kN
for the control specimen is reached at a top-drift of 0.87%.
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Fig. 3. Hysteresis curves from the cyclic analysis for the control and retrofitted buildings.
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As shown in Table 5, in the case of the three retrofitted buildings, an increase in base shear capacity from
19.5% for one layer of TRM up to 71.7% for the three layers can be obtained. The drift at which the peak
load is reached also increases significantly between the control specimen and the retrofitted specimens. With
top drifts at peak between 1.3% and 1.6% for one to three layers of TRM, respectively.

Table 5. Peak response parameters for the four specimens under cyclic loading

Specimen Peak Base Shear (kN)  Top drift at peak (%)
Control 1204.9 0.87 %
TRM -1 layer 1439.5 (+19.5%) 1.30 %
TRM - 2 layers 1750.3 (+45.3%) 1.50 %
TRM - 3 layers 2068.6 (+71.7%) 1.60 %

It is important to note that with the chosen strut-and-tie model, the secant stiffness of the retrofitted
specimens does not significantly change compared to the control specimen, as the effect of the retrofit on the
strut width is ignored. Similarly, post-peak softening increases significantly for the retrofitted specimens
after the peak force in the tensile tie is reached. In reality, due to improved confinement and connection of
the infill with the frame, softening is expected to be reduced and the initial stiffness would be larger, this is
however not captured by the model used. This aspect may be improved when considering an increase in
compressive strut width due to TRM jacketing [35,36]. Still, even when ignoring this effect, the residual
strength at 2.5% top-drift is enhanced for the retrofitted specimens compared to the as-built configuration.

4.2 Incremental Dynamic analysis

In order to assess the response of the building to dynamic loading, a series of fourteen earthquake records
(see Table 6) has been selected and their PGA was scaled from 0.05g up to 0.6g to perform an incremental
dynamic analysis [37].

Table 6. List of earthquake records used for the incremental dynamic analysis

Year Location Country PGA (g)
1940 Imperial Valley (El Centro) USA 0.32
1976  Friuli Italy 0.48
1976  Friuli (Tolmezzo) Italy 0.37
1979 Herceg-Novi Montenegro  0.22
1986 Kalamata Greece 0.29
1989 Loma Prieta USA 0.35
1990 Roma Italy 0.34
1994  Northridge USA 0.37
1995 Aegion Greece 0.52
1995 Kobe Japan 0.82
1999 Athens Greece 0.32
1999  Izmit (Sakarya) Turkey 0.63
2014 Kefalonia Greece 0.41
2015 Lefkada Greece 0.56
7
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As an assessment of damage, the peak inter-storey drift (ISD) is assessed at every level of PGA according to
the damage state definition in Table 4. In all models, maximum inter-storey drift values were found to occur
at the bottom storey of the four-storey structure. The peak ISD obtained in the incremental dynamic analysis
is plotted against the intensity measure (PGA) for the four specimens in Fig. 4. The mean response from the
fourteen seismic records is plotted in black. The four damage states are also indicated to highlight at which
earthquake intensity different limit states are reached. It can be observed that the vulnerability of the building
reduces with increased amount of retrofit layers. For the Zero Loss and Operational limit states, the
difference between the control specimen and the retrofitted specimens is minor, however for the higher limit
states the differences are more pronounced. As it can be seen, the average PGA required for reaching
extensive damage is 0.4g, while this is higher for all three retrofitted specimens. For the three layers of TRM,
DS3 is reached only at 0.46g on average. Similarly, the Life Safety limit state is reached first in the control
specimen at an average PGA of 0.44g, while it is increased to 0.58g for the three layer retrofit. It is
interesting to note, that while a large improvement between the single layer and double layer of TRM can be
seen, the improvement in behaviour between two layers and three layers of TRM seems less pronounced.
Moreover, at the larger levels of PGA, the reduction in ISD becomes increasingly pronounced for the
retrofitted structure.
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Fig. 4. Results of the incremental dynamic analysis for the control and retrofitted buildings.

The results of the IDA clearly highlight the reduced damage in the building at each level of earthquake
intensity. Clearly this is also associated with a reduction in economic losses and a reduced need for repair
after earthquake events. Combined with the increase in residual capacity determined in the cyclic analysis,
the improvement in building safety due to the TRM retrofit is hence established. Still, it is important to note
that due to modelling assumptions, the stiffness of the TRM retrofitted infilled frames is not adequately
represented and models including a modification for the compressive strut parameters are required to further
assess the effect of TRM retrofitting.
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5. Conclusions and future work

The potential of using TRM jacketing with thermal insulation as part of a combined seismic and energy
retrofitting scheme for existing RC buildings with masonry infills was investigated in this study. By means
of numerical modelling, a pseudo-static cyclic analysis and an incremental dynamic analysis using fourteen
earthquake records were carried out to assess the in-plane seismic behaviour of an experimental prototype
RC building. It was shown that the building’s base shear capacity can be significantly increased when one to
three layers of TRM are applied as retrofitting material. Moreover, the dynamic analysis has highlighted the
reduction in obtained inter-storey drifts for an increase in retrofit layers. This was associated to damage in
the buildings and it was shown that extensive damage and partial collapse of the building occur at larger
earthquake intensities for the retrofitted specimens compared to the as-built one. Future work will include the
pseudo-dynamic testing of the building in the ELSA reaction wall facility (see Fig. 5), which will allow to
further investigate the effect of TRM jacketing combined with advanced energy retrofitting materials, and
also validate the numerical models presented in this study.

Fig. 5. Prototype structure in European Laboratory for Structural Assessment (ELSA), Joint Research Centre
(JRC), European Commission.
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