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Abstract

The use of reinforced concrete (RC) in retrofittingerventions on existing unreinforced masonry
(URM) buildings has been spreading all over thelaveince the beginning of the twentieth century.
However, many of these mixed URM—-RC buildings hesxealed to be particularly vulnerable to
seismic action, and their inherent complex stratinehaviour is still understudied. In fact, the
interaction effects from coupling RC structural ,eénts to URM loadbearing walls is still a
contentious issue for most of the research communit

In this context, the present paper represents mpisigstone for the thorough understanding of the
influence of strengthening interventions with RCekisting URM buildings, namely, regarding the
addition of reinforcement layers on the horizowliaphragms, and the insertion of ring beams at the
roof level.

This article describes a finite element nonlingatis analysis of a representative URM-RC building,
before and after the introduction of the RC strbaging elements. The models used in these finite
element-based analyses have been automaticallyedré@m BIM models correspondent to two
full-scale prototype buildings (unstrengthened asttengthened configurations), analysed
experimentally in a shaking table test campaigriopered at the European Centre for Training and
Research in Earthquake Engineering (EUCENTRE).

The obtained results have been calibrated baseskparimental results and compared with other
numerical results obtained resorting to a macroetgrbased model, found in the literature. As
presented and discussed in this article, the refiimgte element models have provided a better
approximation of the experimental seismic behavaduhe building than the macroelement models.
Plus, the refined finite element models have albhwe assess the influence of each strengthening
element when applied separately.

Keywords: mixed URM-RC buildings; RC strengthening actiorsgismic retrofit; pushover
analysis; BIM



1. Introduction

The present article falls within the scope of reseavork on the evaluation and reduction of the
seismic vulnerability of existing unreinforced masp (URM) structures to which new reinforced
concrete (RC) structural elements have been added.

This mixed construction typology — designated a=iteed mixed URM—-RC buildings” [1] — arose at
the beginning of the twentieth century, driven hg tdevelopment and progressive use of RC. The
implementation of such practices, mainly in straeging/retrofitting interventions of existing URM
buildings, has been spread all over the world,iq@derly during past reconstruction processes that
took place after significant earthquakes, and du@&umerous recommendations given in certain
building codes. However, some of these derived thixRM—RC buildings revealed to be
particularly vulnerable to seismic loads, and anlyecent years researchers have started to tain th
attention to the seismic vulnerability of mixed URRIC structures, by studying and observing their
particular damage patterns, mechanisms, and iti@naeffects from coupling RC structural
elements to URM loadbearing walls. As summarisecbyreia Lopes et al. [1], among the reasons
of the eventual inadequacies associated with thesidered techniques are the connections’
effectiveness, the discrepancy between the stgfnesd weight of RC and masonry, any
unfavourable redistribution of stresses and/oretteentricity of the loads during seismic actions.
Moreover, the existing research involving the thyo simulation of shaking table tests on full-scale
derived URM-RC building typologies is still veryrited, particularly regarding the investigation of
the variation of the seismic response dependindiféerent strengthening interventions using RC.

In this topic, Tomazevi et al. [2] carried out a shaking table test camppaon four 1/5 scaled
threestorey models, with different internal structurevdl of the four models had an inner RC
column and two RC beams, while in the other two et®the internal column has been replaced by
two perpendicular masonry walls. Jurukovsky ef{3l.conducted shaking table tests on 1/3 scaled
four-storey models to investigate the seismic behawbar masonry structure with one RC frame at
the ground floor, and to examine the effect of stlengthening solutions — the addition of external
RC walls and the insertion of a central RC corerédiecently, Mazzon et al. [5] carried out shaking
table tests on two 2/3 scaled two-storey modeésfitet was tested in unreinforced conditions, hil
the second was strengthened using grout injectidmgzileou et al. [7] performed biaxial shaking
table tests on a 1/2 scaled two-storey model bedack after interventions, consisting in grouting
injections, addition of a second pavement on tophef existing timber diaphragm and improved
connections of the floors to the walls.

As pointed out by Senaldi et al. [8], “the lack @dmprehensive testing campaigns on full-scale
specimens is evident”. In this context, the moghificant and extensive testing campaign on full-
scale mixed URM-RC buildings has been performedhat European Centre for Training and
Research in Earthquake Engineering (EUCENTRE), Wwhias provided particularly relevant
experimental information applicable for validatimpdelling approaches for these type of structures
[8-12].

The EUCENTRE experimental campaign included prelary characterization of masonry wallettes
to obtain masonry properties, a set of in-plandicyests on large masonry piers and spandrels, and
shaking table testing on three full-scale buildinggh identical geometry and materials, desigred t
be representative of different strengthening irgations on the same building geometry.

The first prototype building tested (designated Baslding 1) was representative of existing
unstrengthened stone masonry structures with fiexitmber diaphragms, without any specific anti-
seismic design nor structural detailing, thus senas the reference unstrengthened configuration. |
the second and third buildings (designated as Bigl@ and Building 3), strengthening interventions
were simulated on structures theoretically idehtioahe first one, improving the wall-to-floor and
wall-to-roof connections and increasing diaphragiffiness. In Building 2, a steel ring beam at the
floor level and a reinforced masonry ring beam lad toof level were used to improve the
connections between diaphragms and walls [13]h& Building 3, an RC ring beam was used to



improve the diaphragm connection to the walls af level, and an RC collaborating slab and multi-
layer plywood panels were used to stiffen the flaod roof diaphragms, respectively [8].

In addition to the shaking table tests, nonlindatis (pushover) analyses and nonlinear dynamic
(time history) analyses of equivalent frame mod@&&M) with macroelements were performed
(using the Tremuri software) to simulate the setsrasponse of the strengthened prototypes [11,14].
In comparison with the original nestrengthened configuration, Building 3 was ablevithstand a
much stronger shaking action, exploiting thelane capacity of the walls. The addition of theyri
beam has also significantly improved the coupliffgat of masonry spandrels, enhancing the
in-plane shear capacity of the walls, and increasitegal strength and stiffness [8].

Given the relevance of the EUCENTRE campaign insttape of the present investigation — derived
mixed URM-RC buildings —, the same prototype buigi will serve as the basis for the case study
buildings analysed in the next sections. The foeilisbe placed on the comparison of the seismic
performance of the Building 1 (an “original” URM ikding) and Building 3 (a “derived” mixed
URM-RC building), both described in Section 2. Ten-consideration of Building 2 in the present
article is due to the fact that its strengthenimd) ribt involve RC elements, hence rendering out of
the scope of the present research goals. Sectmah Be devoted to the replication of the numerical
analysis performed using equivalent frame macroefgnmodels, this time using nonlinear finite
element models (FEM) in order to attain a bettggraximation of the seismic behaviour observed
during the experiment shaking table tests. For plapose, modal analyses and pushover analyses
will be performed using the DIANA software, and ibedated based on the experimental results.
Furthermore, once the numerical models of Buildibhgsd 3 are calibrated, four additional building
models will be considered in Section 4 to compaeeihfluence of each strengthening intervention
separately.

2. Case study buildings — real scale experimental tesst

The two URM prototypes share the same global geymetich corresponds to that of a single-
room two-storey building with a simply supportechiier floor and a pitched roof (see Fig. 1). The
direction of the shaking table motion is parallel the longitudinal walls (E and W facades),

coinciding with the Y-axis (orient@).

Bl 6 151 65 151 6. 8
- g | I oy B 3z § = = 1 - —

J

North (N) West (W) South (S) East (E)
Fig. 1. Elevation views of the walls of the Building 3 spren (dimensions in centimetres) [8]

The structural walls consisted of double-leaf storesonry, with a nominal thickness of 32 cm, in
which the two leaves of undressed stones were gilmglt close to each other and the remaining
irregular gaps between filled with small stones amattar. Through stones were present only at the
corner angles and in the vicinity of wall openirj@8]. Timber lintels with 32 cm wide and 12 cm
high were present on all openings.

The floor and roof structures were designed to d@asentative of real buildings with typical
construction details (see Fig. 2). The floor stmoetwas made of 12 cm x 16 cm high pinewood
joists placed every 50 cm with 3 cm thick planka@ly nailed to the joists. Additional masses were
laid on the floor after the building was fixed teettable in order to simulate a regularly distréalt
load equal to 31.38 kN (3.2 tons) [9].



The roof structure included one 20 cm x 32 cm ridgam and 8 cm x 12 cm rafters every 50 cm,
forming the two pitches with 3 cm thick planks. Bing 1 also had two-segmented 32 cm x 12 cm
spreader beams on the top of the longitudinal waltich has not been included in the Building 3).
The roof was then covered with clay tiles, eachholse nailed to the timber structure to prevent
possible fall-off during the tests, totalling a glet of 12.32 kN [9,13].
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Plan view with the orientation an€onstruction of the roof diaphragm [9Additional masses (clay tiles) nailed
dimensions of the timber beams to the roof [9]
and rafters [13]
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Fig. 2. Construction details of the first floor and roe¥éls of Building 1

Furthermore, the fundamental difference betweerbtlieing prototypes 1 and 3 lies in the inclusion
of strengthening elements in Building 3, see FigTBe original flexible floor structure has been
strengthened with a 7 cm thick RC collaboratind skhus creating a mixed RC—-timber structure
connected to the walls by external anchoring giketes and through bars anchored in the RC slab.
The roof pitches were stiffened by the applicatdr3 layers of spruce plywood panels, each 2.1 cm
thick, and by the insertion of a 32 cm x 20 cm R rbeam, cast at the top of the external
loadbearing walls (see reference [8] for furtheiads).
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Fig. 3. Scheme of the strengthening intervention appbeBuilding 3 (adapted from [8])
3. Finite element modelling approach

3.1. Modelling considerations

In the present work, a BIM environment has beenleyagl in order to streamline the modelling
process of the buildings, taking advantage of theroperability between the BIM modelling
software and the numerical analysis software.

The BIM architectural models of the prototype bunfgs were developed using the software Revit
[15] based on the 2D drawings from the previousieecNaturally, these models can store valuable
information about each modelled object (e.g., nma&r physical properties, dimensions,
nomenclature, etc.).

Then, the original architectural models were sifigdito allow the automatic generation of adequate
analytical models, minimizing the need of furtheamaal adjustments: (i) the central axes of the
floor joists and roof rafters were placed coplawéh the respective diaphragm; (ii) the walls were
vertically extended to intersect the roof pitch@s; the overhang portions of the roof were trimine
to the planes of the walls; (iv) the location oé tiing beam was slightly adjusted to coincide ® th
perimetral edges of the roof.

The Revit analytical models are composed of arayplanes and lines representing planar elements
(walls, diaphragms, etc.) and linear elements (lsearolumns, etc.), respectively. Finally, the
analytical models from Autodesk Revit have beenoebga to the structural analysis software
DIANA v10.3 [16] via the Revit-DIANA plugin v17.017]. The output of the Revit plugin is a
python file (script) that can be read by DIANA, shavoiding the need to recreate the structural
models manually. The floor and roof diaphragmswadl as the lintels embedded in the walls) in
Revit were converted into DIANA “Sheets”, and theam elements (RC ring beam and timber
beams/joists/rafters) were converted into DIANA fé4”, maintaining the original dimensions
(thicknesses and cross-sections). These modeibusteated in Fig. 4.

BIM from Revit FEM from DIANA

Original architectural Simplified physical Analytical model Imported analytice Finite Element Mode
model model model (FEM)
Fig. 4. Scheme of the models from BIM to FEM

Then, additional vertical loads were applied on thaphragms to match the ones from the
experimental tests. The boundary conditions, nantbly three translation and three rotation
components between the foundation and the soik defined as fixed.

In addition, in order to accurately replicate theompetry of the real prototype buildings, slight
adjustments have been introduced in the BIM araytnodels of Buildings 1 and 3, by selecting
the Edge Horizontal Alignment option in Revit toutd-Detect’ or to ‘Projection’, respectively (see
Fig. 5).

In the modelling of Building 1 (the reference uesgthened configuration), the floor and roof
diaphragms are disconnected from the four wallsfeord the two gable walls, respectively. That is,
the first-floor diaphragm is supported by the timjmésts (which are fixed to the walls at their ehd
and the roof diaphragm is supported by the rodersf ridge beam and longitudinal walls (see left



part of Fig. 5). Although the timber joists are albyisimply supported by the masonry walls, in the
adopted macro-modelling approach, aiming at eviasigadhe global behaviour of the structure, all the
connections between adjoining elements (timbetgbesters, roof/floor diaphragms and walls) were
considered perfect (the sliding at the connectisnsot considered). This assumption was adopted
for both buildings, since no relative displacemattshe connections nor local collapses, due to the
lack of connection between roof/floor and walls,rev@bserved in the shake tables tests (visual
inspection). Moreover, it should be noticed tha tlst setups do not include monitoring devices in
between the roof/floor and walls connections tineste the parameters involved in the behaviour of
this type of complex connections (for example, iba-linear stiffness in compression and tension,
and the parameters of a failure based on the arttr-®oulomb's friction law). Despite this aspect,
the flexibility of the timber floor, which also pfa an important role in the seismic behaviour of
existing masonry buildings, was considered.

In the modelling of Building 3 (the strengtheneadfiguration), a perfect connection between the RC
ring beam, floor/roof diaphragms, and masonry wals assumed in order to simulate the action of
the RC collaborating slab and the steel conneetbtise floor level, as well as the RC ring beam and
roof strengthening layer at the roof level (riglatrtpof Fig. 5). Accordingly, the steel connectofs o
Building 3 were not explicitly modelled since nopeximental data on the linear and non-linear
behaviour of the connections are available, forngda, to simulate the sliding at the threaded
bar/concrete interface. Moreover, Building 3 did reveal any signs of damage on the RC elements
during the experimental tests. Thus, to simulageRE elements (collaborating slab and ring beam),
in a simplified manner, it was only considered dastc linear behaviour and without the steel
reinforcement since no damage is expected in thleseents. According to the experimental results,
the damage has occurred only on the URM walls, @heit was opted to simulate the nonlinear
behaviour only on the masonry elements.

Original building with disconnected diaphragms Strengthened building with the diaphragms connectedo
(Building 1)

> &Auto—Deted > 3= }cprojection >

: C Floor/Slab Edge v ’gp: }cFloor/SIab Edge >

{ff Reset Manual Offsets /d Reset Manual Offsets
Edge Horizontal Alignment Edge Horizontal Alignment

Fig. 5. Analytical model adjustments considered in Resiitthe connections of the diaphragms to the walls

3.2. Finite dement models

As stated previously, the chosen structural amalgsiftware was the DIANA v10.3 [16]. The
software DIANA (Displacement method ANAlyser) is amtensive multi-purpose finite element
program with different possibilities for the comgtive models of masonry materials.

Once imported the analytical model from Revit, shreictural walls and diaphragms were discretised
using dominantly linear quadrilateral curved sleédiments, with edge sizes limited to 0.2 m.



Based on the adopted numerical modelling approaetio-modelling), curved shell elements have
been selected to simulate the masonry walls. Aihdhe walls are double-leaf stone masonry walls,
no disintegration of the masonry was observederstiake table tests.

Regarding the discretization of the element orther,default element order generated by the mesher
was set to “linear”. According to Lourenco & Pe&gjl 8], “linear elements are more constrained and
are less prone to spurious movements than quadilaticents, in the presence of very low stiffness
due to extensive inelastic behaviour”.

The basic variables in the nodes of the shell etésneorrespond to their five degrees of freedom:
three translationsuf, u,, u,) and two in-plane rotation degreep, (¢,). The derived variables are
the strains, the Cauchy stresses and the generatiaments and forces [19].

Different finite element classes have been usethiodifferent structural elements [19]:

e the masonry walls were modelled with four-node ai@eral isoparametric curved shell
elements (Q20SH) with a 2 x 2 integration schemer ¢ve element area and 5-points through
the thickness (useful for the nonlinear analysis);

» the original timber diaphragms and the timber Igteere also modelled with regular curved
shell elements (Q20SH) but with the default 3-poitgration through the thickness;

» the timber diaphragms with a composite arrangerftenber + RC or timber + plywood) were
modelled with eight-node quadrilateral isoparancetrirved layered shell elements (CQ40L)
with a 2 x 2 integration scheme over the surfack3points through the thickness. The number
of layers used was 2, one for each material, viitlown material properties and with separated
numerical integration;

» the timber beam elements (floor joists, roof raftend ridge beam) and the RC ring beam were
modelled with “Class-11l Beams 3D” (CLS3B3) curvetiiree-node, three-dimensional beam
elements (CL18B), which are numerically integratedr their cross-section and along their axis.

3.3. Characteristics of numerical models

The mechanical behaviour of the masonry — the ordterial considered with a nonlinear behaviour
— has been modelled using the Total Strain-basadkQiTSC) formulation, originally proposed by
Vecchio & Collins [20], which can describe both tkeasile and the compressive behaviour with one
stress-strain relationship. According to [18] th®CTI model is one of the most commonly used for
masonry-related simulations.

In order to use the TSC constitutive model in DIANAe user usually must supply the following
parameters: Young's modulugB){ Poisson’s ratioy); mass densityp(); tensile strengthf{); mode-I
tensile fracture energyf); compressive strengtlf.§; and compressive fracture enerdgiy J. The
fracture energy is divided by the crack bandwidlt). (Regarding the shear modulug)( it is
automatically calculated by the softwate£€ E/[2(1 + v)]).

Regarding the damage due to tensile cracking, gossible to opt for a fixed crack model or a
rotating crack model, whose main difference liethimm crack orientation during the inelastic process
Even though it is generally recommended to useldtier for URM structures [18], a fixed crack
orientation (with a shear retention factor equadtb) has been considered in this work. The reason
lies in the fact that the rotating crack model lemkto excessively soft post-peak behaviours during
the pushover analyses, diverging excessively fiugreikperimental results.

For the stiffness adaptation of the analysis moD&ANA allows the user to choose a predefined
softening function (inelastic constitutive laws}kvappropriate parameters [19]. In the present work
it has been chosen the parabolic and the expohduatiations, for the compression and tension
softening, respectively. This choice has been ssfokly used in many applications in complex
masonry structures [21,22]. In addition, the choif@ not considering the experimental
characterization of the masonry lies mostly onfdat that experimental test campaigns devoted to
the characterisation of masonry subjected to tansie rare. Since the tensile strength of masanry i
very low, such experimental tests are difficulpgrform.



The remaining materials (timber and RC) were medeltonsidering a linear elastic isotropic
behaviour.

Table 1 summarises the calibrated mechanical piiepenf the masonry walls and timber
diaphragms implemented in the Tremuri macroelemsrdel of Building 3 from Penna et al. [10].
In this table are also included the results from ¢bmplementary characterization tests on wallettes
performed during the experimental campaign at EUTER [23]. According to Penna et al. [10] the
noticeable difference between the experimentalthadalibrated value of the Young’'s modulus may
have been caused by the different boundary comditaf the piers during the tests (due to the
presence of the RC ring beam) and by the presdnitecngh stones at the lateral ends of the piers,
which may have caused the differences betweene¢hdexr and squat piers.

Table 1. Mechanical properties used in the Tremuri numérigadel of Building 3 from Penna et al. [10]

Experimental characterisation Building 3 [10] Units
tests of wall specimen§23]

Linear material properties:

- Young's modulusE 2550 (2273 — 2826) 1700 MPa
- Poisson’s ratioy Vhor=0.19,Viransy=0.15 0.2 -
- Mass densityp 2250 2250 kg/m3
Tensle behaviour (tensile curve: exponential)
Masonry walls _ rengile strengtly, 0.137 (0.112 — 0.161) 0.138 MPa
- Mode-I tensile fracture energy,, n. a. n. a.
Compressive behaviour (compression curve: parabolic)
- Compressive strengtfj, 3.28 (3.07 — 3.48) 4.5 MPa
- Compressive fracture energy, n. a. n. a.
Linear material properties:
Composite first - Young's modulusky, E,, 30 000, 30 000 MPa
floor diaphragm - Poisson’s ratioy 0.3 -
- Mass densityp n. a.

Linear material properties:

- Young's modulus (transversal, longitudinal, and
average)E,, Ey, Emean

- Poisson’s ratioy 0.3
- Mass densityp n. a.

Composite roof
diaphragm

21800, 11 800, 16 800 MPa

Notes:

- The numbers in brackets refer to the associatege of values obtained experimentally.

- The symbolsy,,. andv..,s, refer to the Poisson’s coefficients in the horizband in the transverse directions relativelthi plane of the wall
specimens, respectively.

- The symbold, andE,, refer to the Young’'s modulus associated to thestrarsal and longitudinal directions, respectivélye symbok,,,.., is the
mean value of the Young’'s modulus associated térémsversal and longitudinal directions.

3.4. Calibration based on modal analysis

The first step of the numerical analysis carrietlinuhe present paper concerns the attainmerhteof t
first numerical global modal shapes and correspanétiequencies through a numerical eigenvalue
analysis with the DIANA software, and their calittoa with the ones identified experimentally
through ambient vibration tests, table random wemtion tests and a dynamic test at increasing
nominal PGA levels (for further details, see [83)1

The calibration process was done by changing thgevaf the Young's modulus assigned to the
URM walls (which is the parameter with the highegluence on the dynamic behaviour), by trial-
and-error, until a acceptable agreement betweenfitee three natural frequencies measured
experimentally and the ones obtained numerically vegistered. The obtained frequencies, as well
as the relative differences between the experirhanthnumerical results, are summarised in Fig. 6.
Moreover, the following aspects should be notecrgigg the calibration of the numerical models
based on the global vibration modes:

(i) The calibration has been carried out based prignam the first global mode, which is
prevalently longitudinal (parallel to the seistmput applied experimentally);

(i) The lack of evidence of the second mode of vibratioring the random vibration tests of
Building 3 is due to the fact that the base moticas imposed to the structure only in one



direction (uniaxial shaking table) and this hasgigantly influenced the identification of the
modes of vibration [8];

(iif) Two different calibrated values for the masonry N@'s modulus have been considered in the
present study:

In the first model updating, a higher value hasnbesed € = 923 MPa) for the
calibration of the vibration modes, to capture dretthe higher initial elastic-linear
stiffness of the models (i.e., the slope of thehpuer curve immediately after the instant
when the pushover starts). Herein, the calibradiothe modes was based on the dynamic
properties estimated through dynamic identificatiests. These tests correspond to
forced vibration tests with very low amplitude, whidoes not cause damage nor non-
linear behaviour. As the experimental models priegskminor initial damage, some crack
opening (non-linear behaviour) can occur even fog tynamic identification tests,
causing a decrease in the calibrated Young's med@RB MPa), with respect to the
value obtained from the material characterizatiests 2550 MPa, see Table 1).
Although in the second validation of the numeriteddelling a lower value was adopted
(E = 500 MPa), this calibration was fundamental to validate th@de shapes;

In the second calibration (relevant for the neXisagtion), a lower value has been used
(E = 500 MPa) for the calibration of the global stiffness tqpuae the overall shape of
the experimental pushover curves up to the yieidtpblerein, the calibration was based
on the seismic tests, which involved the applicatod accelerograms with increasing
amplitude and with higher action than the usecheadynamic identification tests. Thus,
due to the existing initial damage, a higher cragening (non-linear behaviour) was
expected in the seismic tests, even for the fsistwith the lowest seismic amplitudes. In
this way, a lower Young’s modulus00 MPa) is considered plausible. This is consistent
with the recommendations from the Italian strudtwade (published in the NTC 2008
document and in the relevant guideline Circ. NTC[23)] which states that, in order to
consider the material in cracked conditions, a Ypsmodulus equal to half of the of the
real one (undamaged material) should be adoptethéoseismic assessment of masonry
buildings.
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Fig. 6. Mode shapes and frequencies of Building 1 anddihgl 3

Based on these results, it is possible to condhdeboth the modal shapes and frequencies of the
numerical models (considering’ = 923 MPa ) match satisfactorily with those obtained
experimentally. Similarly to the experimental ohsgions from [13], the first mode of vibration of
Building 3 was dominated by the in-plane first madsponse of the longitudinal walls and by the
torsion of the floor and roof diaphragms, henceidem a more “global”’ type of response of the
structure. In contrast, Building 1 revealed a higtemdency of the longitudinal walls to respond
independently from each other, given the lack efnetion between the walls and diaphragms.

The obtained first mode shapes will serve as tisesiar the definition of the horizontal acceleoati
distribution patterns in the further coming pushaamealysis of the case study buildings.

3.5. Calibration based on pushover analysis

The next step of the numerical analysis regardexeeution of the pushover analysis, definition of
the pushover curves and damage patterns, and spectese comparison with the ones obtained
experimentally for Buildings 1 and 3, in both thespiive and negative directions of the Y-axis.

As proposed in the current building codes, suctE@8 [25], the nonlinear static analysis was
performed subjecting the structures to a modalefgrattern to represent the dynamic amplification
attained in the experimental tests, given the ibisgtion of accelerations proportional to the first
mode of vibration.

The calibrated mechanical properties of the strmattmaterials used in the DIANA numerical
models of Buildings 1 and 3 are summarised in Table

Table 2. Mechanical properties used in the DIANA numeritaldels

Building 1 Building 3 Units
Linear material properties:
- Young's modulust 500 500 MPa
- Poisson’s ratioy 0.2 0.2 -
- Mass densityp 2250 2250 kg/m3
Tensile behaviour (tensile curve: exponential)
Masonry walls - Tensile strengtlf, 0.180 0.180 MPa
- Mode-I tensile fracture energyy, 50 50 N/m
Compressive behaviour (compression curve: parabolic)
- Compressive strengtfj, 1 1 MPa
- Compressive fracture energy, 6000 6000 N/m
) . Linear material properties:
Timber used in the floorand "~y o’ modulusg 500 16 800 MPa
roof diaphragms (non-structural . \ )
planar elements) - Poisson’s ratioy 03 0.3 -
- Mass densityp 600 600 kg/m?3
Timber used in the floor joists,Linear material properties:
roof rafters, ridge beam and - Young's modulusg 10 000 10 000 MPa
lintels (structural beam - Poisson’s ratioy 0.3 0.3 -
elements) - Mass densityp 600 600 kg/m?
Linear material properties:
RC used in the ring beam and- Young's modulusg 28 000 MPa
collaborating slab (C25/30) - Poisson’s ratioy 0.2 -
- Mass densityp 2400 kg/m3
Weight of the floor level 1 340.08 372.03 kN
Weight of the floor level 2 308.81 351.44 kN

Total weight of the building 648.89 723.47 kN




The pushover curves were calibrated based on roatidns of the mechanical properties of the
masonry walls.

The differences between the calibrated/experimeratiales from Table 2 and the ones from Table 1
may be justified by the inherent differences betwdee experimental models (full-scale prototype
buildings) and the FEM, such as the influence eflibundary conditions, the presence of damage in
the prototype buildings, and/or the considered mgscconstitutive models which required
additional parameters not defined beforehand (natheltensile and compressive fracture energy).
Once the global stiffness was calibrated (considefi = 500 MPa ), the calibration of the
maximum capacity and the post-peak response hasdagged out. In general terms, the Young's
modulus governs the global stiffness; the tengiength, the mode-I tensile fracture energy and the
compressive strength govern the maximum capaaity; the compressive fracture energy governs
the post-peak softening behaviour.

Regarding the properties of the timber elementsgtlifferent values for the Young’s modulus have
been used. The structural beam elements (floatsjaigof rafters, ridge beam and lintels) have been
modelled considering = 10000 MPa, which is the typical Young's modulus for pinewoadong
grain). The non-structural planar elements (timpkmks) have been modelled considering two
different values for the Young’s modulus, one facle building. The reduced value considered in the
timber diaphragms of Building 1E(= 500 MPa) has been deliberately manipulated to capture the
differences in terms of capacity between Buildidgand 3. This difference is justified by the fact
that the timber planks are not effectively connédte each other, whereby a monolithic behaviour
might not be realistic to de assured in practineedntrast, the higher value considered for Bugdin

(E = 16800 MPa) corresponds to the mean value of the Young's nusdassociated to the
transversal and longitudinal directions used bymest al. [10], and reflects the strengtheningoacti

of the addition of the RC reinforcement layer otrer existing timber slab.

The obtained numerical results (pushover curvex)rrespondent to the average of the four corners
at the roof level — are depicted in Fig. 7, for hdatuilding prototypes and for both pushover
orientations. These results are compared with ties @btained from the EUCENTRE experimental
campaign performed by Magenes et al. (2010b), atid twe humerical results of Building 3 from
Penna et al. (2016) using the Tremuri softwareh(lmatrrespondent to the average displacement at
roof level [8,10,13]).
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Fig. 7. Pushover curves for Buildings 1 and 3 in the pasiand negative directions of the Y-axis

In addition, Table 3 includes the relative differes between the numerical results from Diana
(FEM) and from Tremuri (EFM) (from Magenes et &010b)) and the experimental results from
EUCENTRE test campaign, in terms of capachy),(stiffness [, /d,), and ductility ratio €,,/d,)



for both orientations of force application (+Y and). The values present in this table have been
obtained following the methodology explained in {®et4.2.

Table 3.Comparison of the numerical results from Diana @remuri with the experimental results from EUCENER
Capacity Stiffness  Ductility ratio

(Fy) (Fy/dy) (du/dy)

Building 1 (Diana)/(Experimental)-1 4.9% 29.3% 1,3%

(V) auigings (Dianal/(Experimental)-1 2.1% B .4% Bb.o%

g (Tremuri)/(Experimental)-1 -..2% 13.9% 21.5%

Building 1 (Diana)/(Experimental)-1 —4IS% 33.0% ..9%

-Y) o (Diana)/(Experimental)-1 1.4% 29.5% -I.Q%
Building 3 . .

(Tremuri)/(Experimental)-1 2.1% 6.2% I.B%

The pushover curves obtained with the software DAAbLing a FEM approach show a good
agreement with the ones obtained experimentallypborating the fact that the inclusion of the RC
strengthening elements has notably increased tiseniseresponse of the building in terms of
capacity and stiffness. Moreover, the results preeskin Table 3 show that the relative differences
between the numerical and experimental resultsraxdaor Building 3 are generally inferior for the
case of the FEM using the software DIANA (exceptterms of stiffness in the -Y orientation),
therefore validating the performed numerical analys

Finally, thanks to the ability of the FEM to camudamage patterns, one important step was the
comparison of the damage patterns detected expaathefor the Building 3 (the only building to
which a detailed survey of the crack patterns legsnldone) with the ones obtained numerically.

It should be noted that the prototype of Buildinghds suffered slight damage during the
transportation to the shaking table, due to theredtion of the foundation pad [8].

The comparison of the results is illustrated in. BigHerein, the damage patterns obtained in DIANA
are expressed by means of the elements’ crack svadimputed for the local direction 1 (Ecwl) and
considering the maximum value across the 5 layeesich element.

Cracks induced after
transportation to the
shaking table (in black).
Cracks induced after the
experimental test at
nominal PGA of 0.6 g
(in red) [12,26].

Northwest Southeast
75%d,, 75%d,,

Evolution of
the crack-
widths
(Ecwl)
obtained fron
DIANA for
different
displacemen
with
reference to
the ultimate
displacement

(du).

+Y direction

-Y direction




Despite the undesirable influence of the existiagndges prior to the experimental tests, which
might have influenced the final experimental resuit is observable a satisfactory agreement
between the numerical and experimental damagerpsitti is visible significant shear cracks at the

floor level 1 on the stiffer and stronger longitoai wall (with two openings) oriented along the

shaking direction. In the other longitudinal waljth more openings, the damage was mainly
associated with rocking response of top storeyspieegarding the transversal walls, similar damage
is also present due to the torsional action evidérxy the fundamental vibration modes, motivated
by the geometric asymmetries of the building.

4. Analysis of strengthening interventions with RC

4.1. Pushover analyses of strengthened buildings

Once calibrated the numerical models correspontinthe EUCENTRE Buildings 1 and 3, four

additional building models have been consideredoider to analyse the influence of the

strengthening interventions applied in Buildings8parately. Therefore, the numerical cases that wil
be analysed in the present section are the foligand schematically illustrated in Fig. 9):

* OB - Original Building (corresponding to EUCENTRHIRling 1);

* SB1 - Strengthened Building 1, which consists ef @B strengthened with an RC ring beam
inserted at the roof level;

» SB2 - Strengthened Building 2, which consists ef@B strengthened with an RC collaborative
reinforcement layer on the first-floor diaphragm;

 SB3 - Strengthened Building 3, which consists & @B strengthened with a reinforcement
layer on the roof diaphragm (multi-layer plywoodpks);

» SB4 - Strengthened Building 4, which consists an@B strengthened with an RC collaborative
reinforcement layer on the first-floor diaphragmsdareinforcement on the roof diaphragm
(multi-layer plywood panels);

» SB5 - Strengthened Building 5, which consists ef @B strengthened with the combination of
all previous strengthening elements (corresponttirtfgJ CENTRE Building 3).

SB1
Original building RC ring beam Strengthened floor  Strengthened roof Strengthened floor and RC ring beam and
(EUCENTRE Building 1) diaphragm diaphragm roof diaphragms strengthened floor and
roof diaphragms

(EUCENTRE Building 3)

Fig. 9. Scheme of the considered cases (RC elements shrages/)

Similarly to the previous section, the obtained etical results (pushover curves) — correspondent
to the average of the four corner angles at thé el — are depicted in Fig. 10, for the six
considered cases and for both pushover Y directions
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Fig. 10.Pushover curves for the OB and SB considered cases

The obtained pushover curves suggest that, focdhsidered cases, all strengthening interventions
have improved the global seismic response of thginai building (OB). The best result, as
expected, corresponds to the SB5 where all strength elements are included. However, very
similar results have been obtained for the SB4,taral slightly lesser extent, for the SB2, although
these showed a shorter post-peak branch (i.e.dlesdity). This fact suggests that the presenice o
the ring beam in the SB5 is responsible for thetamidl ductility when compared with SB4 and
SB2. Another pair of cases that showed very sinméaults (particularly in the positive Y direction)
correspond to the SB1 and SB3, which in terms obal seismic response are located half-way
between the OB and the SB5.

4.2. Seismic performance assessment

Once obtained the pushover curves for all casedatiget displacements have been determined from
the elastic response spectrum in accordance wihrttormative Annex B of EC8 [25]. For such
purpose, the seismic action has been defined htlidilowing parameters:

* Type 1 spectrum;

« Ground acceleration,, = 2.94 m/s* = 0.3 g. This value corresponds to the maximum peak
ground acceleration according to the Italian saidmaizard map (ltalian Seismic National Annex
Ordinanza PCM del 28 Aprile 2006 n.3519, All.1b);

* Importance factoy; = 1;

* Soil type A;

» Damping correction factoy = 1 (for 5% viscous damping).

The idealised elastic-perfectly plastic force-disgment relationships (bilinear pushover curves) of
the numerical cases analysed are illustrated in Fig and have been obtained by converting the
pushover curve from the original Multi Degree oé&dom (MDoF) system into an equivalent Single
Degree of Freedom (SDoF) system, according to tbéhod described by Correia Lopes et al. [27]
(based on the N2 Method, originally proposed byfafgj1999)), which corresponds to the iterative
procedure recommended in the Annex B of Eurocodéart 1 [25].

The vertices of these curves represent the yiedglattement limit pointd,, F,) and the target
displacement pointdg, F,).

Regarding the ultimate displacemedy,), it has been taken as the roof displacement athatiotal
lateral resistance (base shear) has dropped bdéwd the peak resistance of the structure. This
percentage differs from the one recommended in A@f Eurocode 8 — Part 3 [29] because, in
the present analysis, all obtained pushover cuoiethe strengthened building models showed a
significant post-peak branch with a moderate anddgal softening behaviour, which was
insufficient to attain a drop of 80% of the peakiseance as suggested in ECS8.
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Fig. 11.1dealised elastic-perfectly plastic force-displaeat relationships

Table 4 includes the relative differences betwéennodels of the buildings with the strengthening
elements (SB1, SB2, SB3, SB4 and SB5) and thenadigiuilding (OB), in terms of capacity,),
stiffness £, /d,), and ductility ratio ¢, /d,,) for both orientations of force application (+Yadas).
This table also includes the same comparisons leetwbe experimental results from the
EUCENTRE experimental campaign.

Table 4. Comparison of the results obtained from the modils and without the strengthening elements
Capacity Stiffness  Ductility ratio

(Fy) (Fy/dy) (du/dy)

(SBL)/((OB)-1  185% 9I3% 123.8%

. (SB2)/(OB)-1  328%  30% 11818%

oy Numerical DIANA) — cpayoB)-1  168%  17.9% 13256%
) (SB4)(OB)-1  430%  40H% 16713%
Numerical (DIANA)  (SBS)/(OB)-1  436%  35.9% 144.4%
Experimental (SB5)/(0B)-1 46.8% 100.5% 203.9%
(SBL)/(OB)-1  409%  -b.8% 98.8%

: (SB2)/(OB)-1  45M%1  195% 241.7%

y Numerical DIANA)  cpayoB)-1 2789  -40.4% 313.4%
) (SB4)/(OB)-1 52400  30M% 245.9%
Numerical (DIANA)  (SB5)/(OB)-1  51.8%  285% 321.1%
Experimental (SB5)/(OB)-1 42.5% 31.9% 160.1%

It should be noticed that these comparisons armantally dependent on the method used to obtain
the bilinear idealisation of the pushover curvesmf which the quantities,, d,, andd, are
extracted.

According to the obtained results, the additiontted RC structural elements has increased the
capacity, the stiffness (except for the two case®d in Table 4) and the ductility of the struetuit

can also be observed that the numerical resulta PAANA seem consistent with those from the
EUCENTRE experimental campaign (see the cases 6J, $Brticularly in terms of capacity, where
the relative differences between the model SB5thadriginal building (OB) are very similar.

In addition, Fig. 12 contains the representationth&f scale factory() for the reference ground
acceleration as a function of the control node ldgment {). This method allows to visualise the
target displacement (horizontal axis) for othemeal of the seismic action apart from the reference
ground acceleratiorufg). (For further details about the method see [27].)
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According to the obtained results, the introductidrthe RC elements has resulted in a significant
reduction of the target displacements, regardlésiseoconsidered seismic demand, since the curves
of the strengthened buildings are steeper thaortbeof the original building.

5. Conclusions

The present work has examined the influence okwdfit strengthening interventions with RC in
existing URM buildings based on pushover analysesparison.

The pushover curves obtained with the software DANave been calibrated based on the
experimental results from the shaking table testdopmed at EUCENTRE on full-scale stone
masonry buildings. The variability of the mechahmaperties may have influenced the accuracy of
the numerical results. In addition, since the lexfetnonolithicity and uniformity of the walls plays
an important role on the seismic response of theomg buildings, any unrepaired crack on the
walls or heterogeneity in the stone fabric andrigycould have affected the experimental test result
and, consequently, the calibration of the numenucadlels.

The obtained results, for the considered case shudlging, have corroborated the experimental
results, showing that the inclusion of the RC giteaning elements has increased the seismic
response of the building in terms of capacityfre¢i$s, and ductility, compensating the unfavourable
effect of the additional mass. Moreover, it hasrbebserved that the addition of reinforcement
layers on both diaphragms (or on the first-floaptiragm only) gives similar results to the casé& wit
all the considered strengthening actions. Consdtylghe insertion of an RC ring beam and the
addition of a reinforcement layer over the roofptisagm have proven to be less efficient techniques.
These results reveal that the use of RC, spedificathe execution of a perimetral ring beam oaas
layer in a collaborative floor slab, provided thiey are not executed in an extensive and
indiscriminate manner, can be seen as a retrgfitiption for common residential building stock,
aiming at the mitigation of the seismic vulnerapiland at the persuasion against more ruthless
decisions, such as demolition. Nonetheless, eash aust be assessed individually to evaluate that
such intervention strategies, and namely the usB@f are compatible and executable (e.g.: the
assessment of roof truss systems, the capacityeoétisting timber floor diaphragm, floor to wall
connections, etc.)

Finally, a larger amount of experimental and nuo@rdata should also be analysed in the future
with specific reference to different diaphragm fegkses, wall-to-floor connections, material
properties, and building geometries, for the conspar of the effectiveness of the different
strengthening strategies applied on the consideasé-study building.
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Highlights:

* Mixed URM-RC buildings may be particularly vulnerable to seismic action;

e The complex structural behaviour of mixed URM-RC buildings is
understudied;

¢ Analysis of strengthening interventions with RC in existing URM buildings;

e RC elements can be seen as a retrofitting option to mitigate seismic
vulnerability.
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