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ABSTRACT

The present thessascientificstudy on a newly proposed timber system for the structural
upgrade of light masonry buildings exposed to induced seismicity. It fits within the
framework of a&omprehensivproject aiming at characterisihg seismiaesponse of
masonry buildingsypical of the Groningen region (The Netherlandsigrested by
earthquake events induced byegéimction activities.

The mechanical interaction between masonry and retrofit wygsiaitially investigated
throughin-planequasistatic sheatompressionests on two identical fidtale masonry

piers onein bare andne inretrofitted configuration. Experimental results allowed to
evaluate the effectiveness of the solution in improving the lateral performance of masonry
elementand to derive analytigalediction equations. &beactiviteswerefollowed by
thedynamidncremental shaidtable tests up to near collapse conditions performed on two
nominally identicélill-scale unreinforced masonry cawil buildings, the former in-un
strengthened conditions and the latter in retrofitted configuration. Experimental results
were used tassesthe impact of the retrofit system from an overall building point of view,
considering its beneficial effects also in improving the connections 1tafoory
systems. Damage limit thresholds were experimentally defined and correlated to an
engineering demand parameter for both configurations.

A numerical study was carriedtoudssess the impact of the timber retrofit system on the
variability of the lateral response of a-stasly buildingcharacterized bghe most
common features that can be founthanGroningen regiouoonsidering simultaneously
global and local failureechanismsTherelatedmultidegreesf-freedom models were
derivedfrom the ones calibrated on therementadlynamic testand reduced to single
degreef-freedom oscillators to perform cloud #imear timehistory analysis using the
latest ground otion database representative of the area. Numerical results were post
processed to produce damage state global fragility functions conditioned to the seismic
intensity for bare and retrofitted conditidiglocalout-of-plane assessment of masonry
pierswas carried owts wellthrough cloud nofinear timehistory analysighe latest

ground motion databagmas employed f@lement at the ground fldewelwhilefiltered
accelerations from global analygisee employed falements at the firibor level. The
outcomes were used to fillapse fragility functions conditioned to the seismic intensity
for bare and retrofitted masonry piéiimally, global and local vulnerability assessment



wereunified into single damage states fragility functiongdhaider simultaneously
global and local behaviours.

The concluding sectionf the thesis discusses qualitatively the main aspects of
environmental sustainability withingh@posal of a new structural upgrading intervention
The revievof retrofit detds under the light odlife cycle thinkin@allows to reach more
ambitious environmental and economical gagiscially with the view of laigmle
application
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1INTRODUCTION

1.1 BACKGROUND

Historically, timber has been widedgdas construction material throughout the world.

In the recent past, it is gaining increasing attention due to the manufacturing industry
scientific progress and the availability of techasltiat allow to produce new derived
composites with mechanical properties far beyond typical values available in nature. The
consolidation of existing structures is among its important applications, depéaslly
strengthening interventions after occurrence of earthquake events. Its natural very high
strength over density ratio makes it particularly suitable to be transitttehohrapidly

applied to existing structures to reduce their seismic vulnerability after being damaged.
Even from tle environmental point of view, timber is widely appreciated due to its high
durability, high thermal resistance, and the possibility of being naturally produced and
manufactured under a sustainable management. In literature, several examples can be found
on the use of timber for fast strengthening interventions after an earthggualké.1

shows some images of the city of Camerino in Central Italy, which was hit by an earthquake
event with a moment magnitude M6.1, followed by two earthquakes (M5.9 and M6.5) on
the 26 and 3@ of October 2015 anoh the 24 of August 2016. THastorical centref

the town underwent severe damages sineeliaracterized by old adjacent masonry
buildings often with different storey heightl generally without seismic detdlany
buildingsand churches required temporary interventions for safety against further collapse
while the area was closed by the national authdnittasreportedexampled can be

clearly appreciate the importancdiraber for such interventions as well as itseea
implementation witbther material.e. steerods, connectorsy profiles).

The need to structurally upgrade buildings is usually associated with tectonic seismic zones,
where natural events can reach significant intensities. Hawswaaknoledgedthat

human activitiesan affect the natural neeismic nature of a regidtowadays,he
seismicity induced by gas extrads@nweHknownandnevereasyproblem due tothe
amount of moneynvolved insuch activitieand theirsignificant posive impact on
regional and national finandesEurope it iscontemporaryhe case afhe Groningen

region in the NorthEast part of The Netherlandsrdeing with the North Sea and
Germany wherethe undergroundyasfield has been operatadcethe 1960s. Around

t hirty vy eshalewdrttgtakes stafted o besrg¢corded and increased in amount
with the continuing extractidmduced earthquakes are characterized by short significant
duration and low intensitpy maximumRichter scalenagnitude of 3-3.5, and are
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generally considered as light and unproblematic. However, it has to be considered that the
building stock of zones historically not prone to seismic events is designed to achieve
appropriate thermal insulation and verticallisgatather than safety against lateral loads,
therefore it is highly vulnerable to ground movements. Despite the low intensity of induced
seismic events, being the buildings already subjestadltsettlementiue the poor
characteristics of the sailmerous claims for structural light damage imputed to seismic
activities are raised by the population and the issue is brought to national attention.
Following these events, the government imposed to the extracting company to fund a
comprehensive projett assess and mitigate the seismic risk of the region. The total
absence of literature regarding the seismic behaviour of typical existing buildings, combined
with the need to define the real impact of the extraction activities on the built environment,
dso motivated the launch of an extended experimental campaign aiming to characterize
the lateral capacities of the involved structural typologies, since they have never been of
interest in the seismic engineering field. With the increasing knowledgeudditige
typologies and their structural wealagedbe interest moved also to possible light
structuratetrofit interventions. Within this context, a new timber strengthening system for
irregul ar Dutch téeanatgd 6B @asddestedfatrtiepb e & 7 0 s
EUCENTRE laboratories in 2018.

In the current historical period, the proposal of a new retrofit system should not be
constrained to structural aspects and ignore the environmental impacts of the intervention.
Nowadays, the global wangiphenomenon had become a serious issue that need to be
faced by the collaboration of all the nations worldwide through agreed policies. In Europe,
it has been recognized that a large percentage of the total gas emission of the continent is
produced by #h constructiorsectorin all its stages: construction, operating life, and
demolition (recycle). Moreover, it has been demonstrated that an ideal substitution of the
European building stock with a new one, safe and energy efficient, would not be
environmetally sustainable. The use of unspoiled lands for new constructions increases
the burden on the environment, as well as the demolition of existing buildings generate
additional waste to be disposed, increasing even more the pressure on landfills.
Consequdty, the European Commission is working on policies to favourite the energetic
upgrading of old buildings, and in case of seismic zones also the structural retrofit. This is
motivated by the expected economic, social, and environmental losses coseisotér to
events, which would also jeopardize any previous energetic intervention-kiasvwell

that the largest part of the economic losses caused by an earthquake are due to damage to
nonstructural elements, and they are anyhow required to baliistsdlismically safe
buildings and designed against seismic action. Within this framework, it is always important
to consider possible integrations of energetic upgrades in a structural retrofit intervention
and to consider the environmental impactseohéw system in construction, operating

life, and demolition phases.
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Figure 11 Camerino historical center (Sept. 2019)
1.2 RESEARCH OBJECTIVES

In order to assess a regional seismic risk, three main compmnémtse defined: the

natural hazard of the interested area, the exposure of the building stock, and its associated
vulnerability to earthquake events. Among them, the seismic engineering field is mainly
focused on the development of the exposure matith@evaluation of the vulnerability

of existing buildings. In the case of Groningen region, national databases, field surveys, and
local engineering expertise were used to produce knowledge of the involved building stock.
An earlier version of the exposdatabase [Arup, 2015] was used for the Hazard and Risk
Assessment of November 2015. Since then, the database has been regularly updated up to
the latest version of the exposure published in April 2020 [Arup, 2020]. One of the main
objectives is to idafyt the most vulnerable structural typologies and the most contributing

to the seismic risk of the region, to focus on them modelling effort for the development of

a reliable fragility model [Crowégyal.2017a] and for the estimation of the local parso

risk [Crowleyet al.2017b]. With the development of the regional building inventory, it
emerged that unreinforced masohuoldings constitute the largest portion of the
considered portfolio (> 250.000 units) and therefore have a large impaatvenathe

regional seismic risk, especially considering the most of them as old constructions, with
poor materials and without any seismic detail. In accordance with this early finding, and
considering the lack of knowledge on the lateral capacity ofuDidirtiorced YRM)

masonry buildings, significant effort was put in the investigation of these structural systems
since the very first stages of the project.
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It is weltknown that masonry building performance under earthquake loading represent
an issue ithe seismic engineering field. The behaviour of these structures has always been
recognized as a complex topic, due to the high variability of maescimepical properties

and the difficulties inherent in the estimation of such parameters [Lourenco, 2002]
Moreover, unreinforced masonry structures are often old constructions that could have
suffered aging and lack of maintenance. In literature, significant effort was devoted to the
investigation on the lateral capacity of masonry assemblies and eliigs. bAihong

ot her s, efajl9cd]HMayenas al[2014], Senaldt al[2014; 2019], Vintzileou

et al[2015], and Guerrimit al[2019]) performed experimental tests on stawdnry
buildings, with and without strengthening interventidnlwe TomaHevi L and Wei ss
Botharaet al.[2010] and Candejd2017] explored the response of-bligk URM

buildings. Nevertheless, no scientific studies could be found in literature on masonry
structures typical of the Northern part of Europe apart from the study carried out by Degée
et al.[2007].

In 2014 an drnsive experimental campaign is launched aiming at characterizing the
seismic behaviour of structural components, assemblies, and entire building systems, to
assist in the development of models to predict damage and collapse of URM structures in
Groninger{Graziottiet al 2018]. Former activities included the identification of masonry
typologies of the area and their mechanical characterization theitugarid laboratory

tests [Tondelkt al.2015], followed by the investigation on th@ane anaut-of-plane

capacity of masonry piers through gstasic and dynamic tests [Grazigitt].2016]. In

2015, the first fubcale URM building specimen was tested on thetahbkat the
EUCENTRE laboratories in Pavia, Italy [Graziittal. 2017] it was an endnit of a

regul ar Dutch URM tardaycddBO0BouDmeofyelaat ¢ ad 20 ,
typical Dutch URM detached house was tested as well on thHalsledkalliorast al.

2018]. In 2017, the superior portion of the fizslding specimen (first storey and roof)

was reproduced and tested on the stadike at the LNEC laboratory in Lisbon, Portugal,
aiming to reach collapse of the structure [Tomasssait?019a]. The experiment was
followed by dynamic tests also ofulascale specimen of the galolef subsystem
[Tomassetiet al.2019b], and another prototype of a typical Dutch URM detached house.

At this stage, the produced knowledge of the URM systems mostly diffused in the area
allowed to identify in the DutchRM t err aced Faudegs 6Bf0sl| dthee dUA |
typology most vulnerable to lateral actions. Accordingly, in 2018 a-sealefllilding
prototype belonging to this category was tested on thetablakat the EUCENTRE
laboratories [Migliettatal, 2021]. The prototype was conceived to present the most
unfavourable conditions in terms of plan and elevation irregularities, connection details and
floor diaphragms. The basic idea was to test the most vulnerable configuration of the most
vulnerabléuilding typology, to determine a sort of lower bound for the lateral capacity of
these particular buildings, and design a new light retrofit system tailored to overcome their
structural weaknesses. The structural intervention was required to be agpidiuch r
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economical, and sustainable as possible. To this end, two cydionshesasion tests

were performed on two identical sirvghgte calcium silicate piers, one in bare conditions

and one retrofitted with a new timber system [Guetriaj. 2021].The study allowed

firstly to look into the lateral behaviour resulting from the interaction between masonry
and timber, and secondly to calibrate reliable analytical and numerical models in terms of
forcedisplacement response. The same strengthentimnsekls then applied to a {ull

scale replica of the last&dhle building specimen and dynamically tested with the same
loading protocol to investigate the effectiveness of the intervention in improving the
seismic performance [Miglietthial. 2021].Parallel to the activities carried out at the
EUCENTRE laboratories, in 2014 an experimental campaign was also launched at the TU
Delft University of Technology (Delft, The Netherlands) to assist in the characterization
of connections, structural compotserassemblies, and entire building systems of the
Groningen area[g. Messalet al.2017, Espositet al.2019, Arslaat al.2021, Sarhosis

et al.2021].

URM terraced houses can be typically found in the Northern part of Europe. They are
usually enstituted by adjacent units and characterised by anedivityructural system,
constituted by an internal singighe loadbearing calcium silicate leaf and an external clay
veneer with no structural function, each other connected by a net ofsstdaittieare
structurally independent while they all share the external envelope of clay masonry. The
use of two leaves separated by an air gap mainly responds to the need of keeping outside
the houses water and humidity, and the need of having a gmad itrerlation. The use

of clay bricks for the external Hoadbearing leaf is due to their good durability and
resistance to atmospheric agents, while calcium silicate bricks are often used for the internal
loadbearing leaf because they are cheapemedtianical characteristics sufficient to
sustain the vertical loads coming from design permanent and live loads. It is evident that
this typology of buildings was conceived without considering the occurrence of any ground
movement and accordingly theyrareseismically detailed. The proposed timber retrofit
system is conceived to overcome the structural deficiencies eivalhvitasonry

buildings with a light, economic and sustainable intervention.

The experimental tests discussed in the presemineeide information on the ftdtale

in-plane response of singthyte calcium silicate piers and on the lateral capacity of cavity
wall URM buildings, in bare conditions and retrofitted with the newly proposed timber
system. It also constitutes a lakpeemental dataset on the interaction between masonry
and timber elements. Experimental evidence is fundamental to produce analytical and
numerical models [Andrectti al. 2018; Malomet al.2018a, 2018b; Tomassetta].

2018; Kallioragt al. 20B] able to produce reliable building responses, to assist the
estimation of parameters for the seismic perforai@sesl assessment and the
development of seismic vulnerability models.
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1.3 OUTLINE OF THE THESIS

The present thesis is composed by six chapielistroduction to the scientific issue is
followed by the description of experimental activities, the numerical study, the
considerations on the sustainability of the intervention, and the summary of conclusions
and results. The first part, including @h2@nd Chapt. 3, deals with the experimental
tests performed at the EUCENTRE laboratories in 2018 to investigate the influence of the
newly proposed timber retrofit system on cawaty URM structures typical of the
Groningen region. They are two sdierpapers published in the journals Proceedings of

the Institution of Civil Enginee&ructures and Buildings and Bulletin of Earthquake
Engineering, respectiveBhapt. 4 and Chapt. 5 constitute the second part of the thesis,
which is never been publed. Chapter 4 deals with the numerical study performed to
assess the influence of the retrofit system on the seismic vulnerability of typical irregular
Dutch terraced houses, while Chapt. 5 presents a qualitative discussion on the sustainability
of the ntervention. The last part of the thesis includes supporting information on shared
experimental data of the tests presented in Chapt. 2 and Chapt. 3 (APPENDIX A). Below
the synopsis of each chapter:

1 Chapter resents the mechanical and analytical intdipneof the
cyclic inplane shearompression tests performed on two identical
singlewhyte calciursilicate piers, one in bare and one in retrofitted
configurations, named respectively EM@MP-1 and EUGCOMP
2. The specimens were tested up to theingaoh near collapse
conditions.

i Chapter 3 discusses the incremental dynamic-tahlkeests
performed on two identical fgitale buildings belonging to the
category of irregular Dutch URM cawitll terraced houses late
0 7e0a r | y onéd B Obareconditions and one in retrofitted
configuration. The prototypes were tested scaling the same ground
motion up to near collapse conditions to allow the most effective
comparison of results between the two. Experimental observations
were used to define damdigit thresholds with a suitable engineering
demand parameter.

1 Chapter 4containsthe numerical study carried outassesshe
seismic vulnerability of a case study building with geometrical and
mechanical properties that can be typically foesitujrtaking into
account global and local failure mechanhuois-degrees of freedom
system(MDOF) systems were derived frone thnes calibrated on
experimental tests and reducedinigle degree of freedom system
(SDOB systems to perform NLTH cloud analysis using the latest
ground motion database of the Groningen region. Results were post
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processed to produce damage stateslityragiinctions using
experimentally defined limit thresholds.

1 Chapter 5 analyses the proposed retrofit solution from the
sustainability point of view. Social, economic, and environmental
aspects are qualitatively discussed, and -8mineering of the
connections retrofito-masonry is proposed. Embodied impacts are
computed to estimate the environmental benefits of the connection
upgrade.

1 Chapter 6 concludésethesis by summarising its main outcomes and
providing thoughts and recommendations for fuasearch.
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2.CYCLIC RESPONSE OF MASONRY PIERS
RETROFITTED WITH TIMBER FRAMES AND BOARDS

In Proceedings of the Institution of CiviSingineessdhdlding®021 174(5), 37288.

ABSTRACT

The quasstatic irplane cyclic response of two shhegé calcium silicate unreinforced
masonry piers was investigatedhow the effectiveness of an innovative timber retrofit
solution. The aim of the intent®n is to increase the pierplane and obf-plane
strength and displacement capacity, thus reducing the seismic vulnerability of this typology
of unreinforced masonry construction with a lighteftesttive, sustainable and reversible
approach. Theetrofit technique consists of a timber frame mechanically connected by
means of steel fasteners to the masonry pidruddihg floors. Oriented strand timber
boards are then nailed to the framepléme quasitatic shedcompressiomyclic tests
wereperformed on two singleaf calcium silicate brick piers with identical geometry and
masonrynechanical properties: one was testastirengthened while the other was tested

in the retrofitted configuration. Tarperimental results showed evident ingonewnts in

the lateral for@glisplacement response of the retrofigpdcimen. More specifically,
compared with the bare masonry pier, the retrofitted pier exhibited slighttiffiodss,

larger strength and significantly greater displacement capacity

Keywords Buildings, structures & design; Seismic engineering; Timber structures.

2.1 INTRODUCTION

Unreinforced masonry cavity wall construction is a common solution for residential
buildings in several parts of the world. When this constriypiology is adopted in

regions associated with low seismic hazard, it is often characterised by insufficient seismic
details. However, recent events have demonstrated that both natural (i.e. the slip of an
unknown fault [Horton and Williams, 2012] and deduearthquakes (i.e. due to gas
extraction [Bournet al.2015; Crowlegt al. 2018; Graziotet al. 2018]) can result in

ground motions with intensity higher than anticipated isd®micity sites.

These occurrences have prompted interest on Iposifefit solutions to reduce the
vulnerability of existing buildings in these regions. Several retrofit techniques for
unreinforced masonry have been investigated and implemented in the past. One of the
most common interventions to improve thplanecapacity of walls consists of applying
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an additional material layer to the masonry. These additional layers include fibrereinforced
composites [Alcaino and SaMiaria, 2008; EIGawadyal.2007; Luccioni and Rougier,

2011; Marcaet a.2007; Mosallamnd Baner j e e, etal®ai,;fibreTo maHevi ¢ G
reinforced cementitious matrices [Babaeidamtbali 2014 ; eD&. RAMBr i si
Mantegazzet al.2006] and externally bonded grids [Bbaj.2011; Faccoet al.2015;
Giarettonet al.20B; Papanicolacet al.2011; Protat al.2006; Yardim and Lalaj, 2016].
Further possibilities for enhancement of th@ane response include the application of

steel elements mechanically connected to the masonry [Datdi2(x14; Farooet al.

2006; Taghdit al.2000] and the introduction of ptesisioning systems [Laursen and
Ingham, 2001; Mat al.2012; Wighet al. 2006]. Similarly, the eaftplane capacity of

walls can be increased by applyingtf#néorced strips or bars [Derakhnet al.2018;

Galatiet al.2006; Williet al.2010], mortars reinforced with polymer textiles [Ismail and
Ingham, 2016; Kadaeh al.2015; Karioet al.2018] or posiensioning systems [Baiy

al, 2014; Ismail and Ingham, 2012; Pomthal 2007] to the masonry. Moreover, the
improvement of connections between intersecting walls [Caidalia015; Calderiet

al, 2019; Celigt al.2009; Podesta and Scandolo, 2019] and between floor diaphragms and
masonry walls [Moreiehal.20L4, 2016; Senaktial.2019; Valluzzi, 2007] has proved to

be effective in terms of bothptane and owbf-plane behaviour enhancement.

Essential requirements for the suitability of retrofit systems for residential buildings in low
seismicity areas ynmclude light weight, low cost, sustainability and reversibility. In light

of these principles, retrofit systems made of timber are particularly interesting. With
recognition of the ability of timber to supply tensile strength to masonry, combinations of
masonry and timber as ldaghring structural systems have been adopted for buildings in
seismigrone zones for centuries [Cardes@l. 2004; Gillkan and Langenbach, 2004;
Tobriner, 1983]. The seismic performance of existing masonry buildingsinladly orig
included timber elements for structural enhancement has been studied both numerically
and experimentally [Graziatial.2014; Kouris and Kappos, 2012; Meiedle$.2012;
Vintzileou, 2008]. However, the application of timber as a retnafibrsdd masonry
elements has been proposed only recently. For example, Giaediiri 6] and Dizhur

et al[2017] experimentally investigated th@bplane strengthening of slender masonry

piers using timber strofgicks. Gionget al[2017] andRiccadonnat al[2019] proposed

and tested the use of crosslaminated timber panels connected to piers to enhance their in
plane capacity, while Sustersic and Dujic [2014] studied a similar technique for masonry
infills. Building on previous findingse fandamental idea of the retrofit system discussed

in this paper is to increase both thplame and owf-plane capacities of masonry piers

using a timber frame and oriented strand board (OSB) panels mechanically connected to
the masonry, to the fourida and to the floor diaphragms.

This paper presents and compares experimental results obtained frgptatveoguasi
static shedcompression cyclic tests on-fuhle masonry piers with identical geometry
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and masonry mechanical properfiezne congting of bare masonry and the other
strengthened using the proposed solution. The experimental campaign was conducted at
the Eucentre laboratories in Pavia, Italy and at the Department of Civil Engineering and
Architecture (DICAr) of the University of Ravitaly. The geometry and loading
conditions of the pier specimens reproduced the longest-fomruer of two Dutch

terraced house fidtale prototypes. They were subjected to unidirectional dynamic shake
table tests [Damiaat al.2019; Migliettat al.2018]. These identical building prototypes

were also tested in bare and retrofitted configurations, with the specific pier excited in
plane. All the processed data and instrumentation schemes of #tatipiasimponent

tests and shaltable expriments are available elsewhere (Eucentre, 2022).

2.2 DESCRIPTION OF THE TEST SPECIMENS

2.2.1 Masonry piers

The two singlevythe masonry piers consisted of 33 courses of calcium silicate (CS) bricks
with average dimensions of 2UMOx 70mm, and l@nmthick morar joints. This

resulted in heighd = 2.70m, lengthL = 2.00m, and thickneds= 0.10m (Figure2.1).

The two specimens were built simultaneously and matured under the same environmental
conditions.

2.00 . . 050

0.30

l RC top beam

2.70

RC footing ‘

0.40 __

2.20 ) ' L 1.20
Figure 2.1Bare masonry pier geometry. Ung of m.
2.2.2 Retrofit system

The proposed masonry piefpiane retrofit system consisted of a timber frame connected

to the CS pier. It was conceived starting from thefqane strengthening solution
developed by Giarettemal [2016] and Dizhwet al [2017], which relies on vertical timber
strongbacks. Such solution was further expanded to increase also th@aierforce

and displacement capacity. The frame included vertical timber posts, coinciding with the
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strongbacks, and horizontal blodgifor nogging) elements. Timber sill plates allowed
connecting the frame to the top reinforced concrete (RC) beam and to the footing. All
timber elements had a crssstion of 80 x 60 mm, where the smaller dimension was
oriented perpendicular to the magonalls. 1-8nm thick oriented strand boards (OSB)
were fastened to the frame usiagm-diameter, 7&nm-long anker nails at 8tm

spacing, to increase thelane shear strength and stiffness of the specimen, following the
American design guidelines tiatber sheawalls (AWC, [2008Figure2.2 and Figure

2.3). Member sizes were chosen to combine structural efficiency of the retrofit system with
low invasiveness within real buildings. The effectiveness of the proposed solution depends
on the conneons between timber elements, masonry pier, and RC footing and top beam.
Four connection types [Rothoblaas, 2015] were employed, as illustigieelia.

Clindictes the ti@lown anchorages that linked together posts, top and bottom sill plates,
and top and bottom RC elements. They consisted of 340 x 182 mm steel angles with a
cross section of 40 x 2 mm fastened to the timber posts by twelvdidmeter, #nhm-

long screws. The angles were connected to the RC elements through the sill plates by 12
mmdiameter class 8.8 threaded rods bonded to the concrete by an epoxy adhesive, pre
tensioned at 33 kN, with 40 x 160 x 15 mm rectangular steel anchor plates.t€2 refers
additional connections between sill plates and RC elements through similar threated rods
and anchor plates, designed to prevent shear sliding.
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Figure 2.2 Retrofitted specimen geometry. Units of m.

C3 identifies the connection between timber frame and masonry pier. 90 x 50 mm steel
angles with crossection of 50 x 3 mm were connected to the timber members by four 5
mm-diameter, “inm-long screws and to the masonry by-mitadiameter threated rod

bonded by an epoxy adhesive. C4 indicates the connection between posts and blocking
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elements provided by 70 x 70 mm steel angles witls@cties of 55 x 2 mm, connected
to the timber members by fivarBndiameter, Znm-long screws on each leg. Four

angle were provided at intersections with interior posts, while only two at intersections
with edge posts.

The cost of the materials employed to strengthen the specimen was evaluated at
approximately 0 130 per squarraltaynearler of wal
prices. The required installation time was estimated as 2t®%ursgrer square meter of

wall surface, considering its application to an entisedldl building prototype [Damiani
et al.2019].

. Top
. _sill-plate

Bottom
“\. sill-plate

@ @ Anker | Timber
nails |screws
J [

Prod. code: PF103010*
Prod. code: PF101050*

 Pred. code: PF900110*
Prod. code: PF601475*
Prod. code; PF603570*

* Rothoblaas (2015)

Figure 2.3 Retrofit system components.
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2.2.3 Material mechanical properties
2.2.3.1 Calcium-silicate masonry

All mechanical characterisation tests on the masonry were performed at the DICAr
laboratory of the University of Pavia in 2018 on specimens tha8 wewkl 2A detailed
overview of the characterisation campaign can be found elsewhere [Miglietta et al., 2018].

The main material properties are summarisédbile2.1. Calcium silicate bricks were
tested in compression and bending according to BS EN2D4A [BSI, 2011] to obtain

their compressive strengkh &nd tensile strength)( The tensilei and compressive) (
strengths of the mortar wetetermined according to the prescriptions of BS EN 1015
11:2019 [BSI, 2006a]; sand was added to the mix to reproduce the properties measured in
situ on existing buildings more closely. The compressive strength of the fjagodry (

the secant elastic mids at 33% of compressive strenBth) (ere obtained by testing
masonry wallettes in compression along the direction perpendicular to the horizontal bed
joints, according to BS EN 1064999 [BSI, 1998]. The initial shear strefigythnd the

friction coefficient ) were obtained according to BS EN 182P02 [BSI, 2002], while

the masonry bond strengfl) (vas obtained following BS EN 1852005 [BSI, 2005a].

The masonry density) (vas 1837 kg/fn

Table 2.1 Masonry mechanical properties.

Bricks Mortar Masonry
fb fm fc f[ fm Em fW f.,o O r
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] - [ka/m3|
Test(_ad 12 63 63 6 6 30 14 14 6
specimens
Avg. 198 25 506 174 101 6593 0.28 0.62 0.71 1837
C.0.V. [] 018 009 024 028 006 0.09 0.32 - - 0.01

2.2.3.2 Retrofit components

Red solid fir (Picea abies), with a density of 512 &gtihelonging to category S10/C24
according to BS EN 14081:2014BSI, 201 was used to construct the timfpames.

Its characteristic compressive strength parallel to the (fyrewas 21 MPa, its
characteristic tensile strength paralltiddibres f{o) was 14 MPa and its mean Young
modulus(Eo,meah Wwas 11000 MPa. The OSB boards had a den&#®2 dg/m3 and
belonged to category OSB/3 accordir§RdEN 300:2008SI, 2006 Only the densities
were determineat the DICAr laboratory; all the other properties veéien as specified
by the mentioned codes.
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The steel angles used fordibevn connectioC1 had aharacteristic tensile strength of
11-6 kN, while those for tlimmeto-masonry connections C3 had a characteristic shear
strength of 3-3 kNRothoblaas, 20Ll3 he epoxy adhesive offered characteristic tensile
and sheastrengths of 41 kN ar2D kN respectively when appliedl@mm dia. rods.
These strengths increased to 59 kN38nkN respectively when used with 12 mm dia.
rods. Thesealues refer to embedment in uncracked corielitte2019.

2.3 TESTING PROCEDURE
2.3.1 Tests setup

The experimental setup used for thelame sheazrompression cyclic tests on both
specimens is illustratedrigure2.4. The RC footing was bolted to the laboratibong

floor. A steel beam was fastened to the top RC beam. To achieve continuous and uniform
contact, a layer of self levelling ftyength shrinkagmntrolled gypsum was placed
between the RC footing and the strong floor and between the RC top bézarstaal

beam.

Two vertical servbydraulic actuators, reacting against a steel frame fixed to the laboratory
strong wall, were connected to the steel top beam, providingaouatare boundary
conditions. A horizontal serydraulic actuator reactadainst the strong wall and
pushed/pulled the specimen through the top steel beam. A restraining system connecting
the top steel beam to the strong wall limited the RC top beam rotations about its
longitudinal axis and the eaftplane displacements ofetlpier, forcing an 4plane
response up to severe damage conditions.

| 2.40 | / Vertical actuators—__
i <
i Out of plane | ,
— restraining system 3
Horizontal actuator = * =~ // 9.Y: \\ =)
o 125 \%‘ﬁ
RC top beam "Ex \ Steel top beam — E
3l 2 E
© =]
=] CS masonry pier : @ @ g
RC footing 'l‘ B
& Strong floor l:|

Figure 2.4 In-plane shearcompression cyclic tests setup. Units of m.



1¢ Marco Miglietta

2.3.2 Instrumentation and data acquisition

The forces applied by the thractuators were continuously monitored by load cells.
Horizontal, vertical, and diagonal displacements were recorded by transducers mounted at
several locations throughout the specimen, allowing the determination of significant
deformation parametehs.addition to load cells and potentiometers, an optical acquisition
system with higlesolution cameras was used to monitor the -dimemsional
trajectories of passive reflective markers, distributed over one surface of the specimens
(grey dots visible the photo ofFigure2.4).

2.3.3 Loading protocol

Both specimens were subjected to the same vertical overburden stress of 0.5 MPa at the
top and were tested under douthlevdure, consistent with the boundary conditions of
masonry piers located in the first storey of a typical Dutestdwey terraced house
[Migliettaet a].2018]. The applied overburden stress represented ahaippkscenario

and was evaluated considgtire axidload increase due to rocking and uplift of the pier
corners. In the first step, the vertical actuators applied the axial load with constant loading
rate. In the case of the retrofitted pier, a gap of 10 mm was left between vertical posts and
the top sill plate while the top row of nails had not yet been provided to the OSB during
this loading phase. This allowed the vertical load to be carried by the masonry pier without
significant participation of the frame, as would happen in real sitUgdistesing
operations were then completed after full application of the axial Ferd®orizontal

loading history followed a forcentrolled procedure for the firsts two sets of cycles, then
continued in displacemesuntrolled moddéach set includeitiree pusépull cycles of

equal amplitude; the duration of ttyrles was kept almost constant, varying the
displacement ratproportionally to the target displacement. The target f(f¥res
displacements( and drift ratiosg= d/ H) of each cycleet for both specimemse

provided inTable2.2. The positivdoading direction was associated with the actuator
pulling thespecimen southward and the negative dineaths associatedth pushing
northward.

2.4 EXPERIMENTAL RESULTS
2.4.1 Unstrenghtened specimen

The bare specimen initially exhibited a rocking behaviodirsTherizontal crack was
observed at the bottom of the feigure2.59) at drift ratiogx = g = £0.075% in both

positive and negative directions, along the first and secqathtseabove the base of the

wall. The damage pattern at the end of the cycles when the maximum positive shear was
achieved, i.@mat = 0.20%, is shown Figure2.5b.



An innovative timber retrofit for unreinforced masonry structures 1¢

Table 2.2 Nominal lateral loading protocol.

Cycle set [kﬁ] [mar'n] 94 \[/rillr%?st]y

1 15 - - -

7 25 - - -

3 - 0.50 0.02 0.01
o 4 - 0.90 0.03 0.02
fé 5 - 1.30 0.05 0.03
£ 6 . 2.00 0.075 0.04
5 7 - 2.70 0.10 0.05
T 8 - 4.00 0.15 0.08
§ 9 - 5.40 0.20 0.10
@ 10 - 6.70 0.25 0.15

11 - 8.10 0.30 0.15

12 - 10.80 0.40 0.20

13 - 13.50 0.50 0.30
_ 14 - 16.20 0.60 0.40
'j;i 15 - 21.50 0.80 0.50
£ 16 - 26.90 1.00 0.60
5 17 - 40.40 1.50 1.00
. 18 - 53.90 2.00 1.50

At a drift ratio of 0.25%, the top horizontal flexural crack extended throughout the whole
length of the specimen, between the &#1 38! brick courses above the badiewing

the onset of sliding at the top of the wall. The specimen began to behave asymmetrically in
positive and negative directions during the cycles at a drift ratio of 0.40%: the wall kept
sliding along the top crack when the actuator was pushilegijt wbcked when the
actuator was pulling.

During the cycles at a drift ratio of 0.50%, despite the presence of rotational restraints, the
top beam started rotating about its longitudinal axis induciofypdame displacements

on the pier, probably dte extensive toe crushing at the base of the specimen and high
out-of-plane slenderness. The test continued with a monotonic lateral loading procedure
and was terminated when the specimen lost its vertidatéoady capacity. The pier failed

at an ultinate driftq;t = 0.75% in the positive loading directieigyre2.5c).
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The recorded hysteretic loops are displayBtyime2.6. The overall response of the
specimen was characterised by rocking behaviour up to a drift ratio of 0.20%. The
maximum negative she@tqnaz= 74.5KN, was reached a@tmax = 0.15%, while the
maximum positive sheaV,mat = 77.9kN, at gumat = 0.20%. After reaching the
maximum positive resistance, the development of a continuous top horizontal crack at the
pier top changed the behaviour to a sél@ing mechanism. In fact, the hysteretiesy

became significantly wider, denoting greater energy dissipation due to friction between the
brick courses sliding across the continuous crack. The asymmetrical behaviour observed
during the test starting at a drift ratio of 0.40% was confirmedshgpigeof the hysteretic

cycles: wider, slidigigpminated cycles were obtained in the negative direction, as opposed
to narrower, recentring, rockidgminated cycles in the posititection

0., =0.075% Oymax = 0.20% 0,=0.75%
— 1 =1 =
— AT T T T T T 7T T
30t — '
25t ! oo
20th —
15th —
1o0th —
5th B T
| i
I R S R —
a) b) c)

Figure 2.5 Bare pier crack pattern corresponding to: a) first cracking; b) maximum recorded shear; c)
ultimate conditions.
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Figure 2.6 Bare pier hysteretic response.
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Figure 2.7 Displacement contributions: a) subelements with reference ndes; b) flexural and shear
deformation modes.

The total lateral displacement desomposed into the contributions of flexuggland

shear deformationg (following the procedure developed by Ssiblf 99] as depicted

in Figure2.7. Becase the test was performed under deciteature conditions, the
contributions were computed assuming the inflection point-beight of the specimen

and analysing separately the top and bottom halves of the pier; accordingly, each half was
characteriskby heighZ = H/ 2. The displacements of six poifigire2.7), obtained

from the trajectories of the passive reflective markers, were used to calculate the
displacement components: two at the edges of the RC footing, two at the specimen mid
height, and two at the edges of the RC top beam.

Figure2.8 shows the percentage of the lateral displacement contributed by flexural and
shear deformations, recorded atimarn positive and negative displacements during the
first cycle of each set of three. Some minor discrepancies were observed between the sum
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of the two contributions andFigutezs), likelyt a | di spl a

due to instrumentation tolerances and inflection point deviations fremeighitl The

two components were comparable up to a drift ratio of 0.15%. After that, the flexural effect
dropped sigificantly while the shear component, which included sliding over the
horizontal crack at the top of the specimen, became dominant.

[ Flexural deformation [ Shear deformation | Other

Negative loading direction Positive loading direction

0.05

0.08 |

0.10 |

0.15

0.20 |

0.25 |

Absolute max drift ratio [%]

0.30

0.40 |

0.50 {

100 80 60 40 20 0 20 40 60 80 100
Contribution to the overall displacement [%]
Figure 2.8 Bare pier displacement contributions.
2.4.2 Retrofitted specimen

Thefirst two cracks developed above the second brickRayaep.9a), at drift ratios

g = g = 0.075% in both positive and negative directionbsasved for the bare pier.

The crack pattern characteristic of a toe crushing mechanism started developing at the
bottom corners of the specimen after reaching a drift ratio of 0.15% and became evident
after reaching 0.20%igure2.9b). During these loading stages two horizontal cracks also
extended continuously throughout the pier length: one above the second brick course and
one above the fifth course, at the levethe lowermost timber pegi-masonry
connections. It should be noted that at 0.20% drift ratio the bare pier exhibited its
maximum shear strength with the onset of a sliding mechanism. The cycles at drift ratios
of 0.25% and 0.30% were characterise@é\crushing propagation at both bottom
corners, which caused also the expulsion of portions of bricks and mortar.
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The first damage of a retrofit component was observed at a drift ratio of 0.60%: the steel
angles of the tidown connections (C1 kigure2.3) at the top corners of the specimen
buckled in compressidfigure2.9c shows the damage pattern detected after the specimen
reached its maximum shear strength at drift &tigs = gumax = £0.80%, which also
corresponded to the ultimate drift ratio of the unretrofitted pier: extensive toe crushing
was visible, with dislation and loss of significant portions of masonry at the lower
corners. The following cycles at a drift ratio of 1.00% resulted in buckling afdha tie

steel angles also at the base of the specimen.

During the pulling phase at 1.50% a diagonal shelmith slope of about 45° formed

at the top half of the specimen. This was probably caused by the shear deformation reached
by the pier, which could not be accommodated by the masonry. The last cycles were
performed afy = g = £2.00% and caused extere damage to the specimen. During

the pushing and pulling phases, new diagonal, vertical and horizontal cracks developed
throughout the walF{gure2.9d). Tiedown seel angles visibly buckled, while the axial
compression transferred by the posts resulted in dents in the top and bottom sill plates,
with depth of few millimetres.

The test was stopped after completing two cycles at a drift ratio of £2.00%: in fact, the
masonry pier was no longer able to withstand the vertical load, which was likely almost
entirely carried by the timber posts. The transfer of axial force from the masonry to the
timber system was inferred by correlating the progressive lowering ofdpenjilethe

cycle maximum drift ratios. As shown Rigure 210, the downward (negative)
displacements became significant after overcoming the expeuitivaatel drift ratio of

the bare pier, reachingrggh at the end of the test.

6, = 0.075% 6= 0.20% Byma = 0.80% 6, = 2.00%
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Figure 2.9 Retrofitted pier crack pattern corresponding to: a) first cracking; b) maximum recorded
shear on the bare pier; c) timate conditions of the bare pier and maximum recorded shear on the
retrofitted pier; d) ultimate conditions.
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Figure 2.10Retrofitted pier: vertical displacement of the pier top at zero lateral force.

Theexperimental hysteretic loops are represerfigguie2.11 The specimen reached its
maximum positive and negative shear strength,= 104.7kN andV max = -109.6kN,
respectively, at drift ratiggmat = Qumax = £0.80% Figure2.9c). After these points, a
progressive strength degradation was recorded when pulling, while the strength remained
almost constant under pushing until it suddenly dropped during thelastsatdof

cycles upon diagonal shear cracking of the masonry.
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Figure 2.11Retrofitted pier hysteretic response.
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The total displacement was decomposed into flexgrain¢ shearg( deformation
contributions, as discussed for the baref@re2.12shows their percentages recorded

at maximum positive and negative displacements during the first cycle of each set of three.
The proportions remained similar throughout the entire test without sudden changes,
except for a glht reduction of the flexural contributions during cycles at 0.20% and 0.25%
drift ratio: this may be associated with the formation of two continuous cracks in the lower
portion of the pier, with possible onset of a sliding mechanism (as observeobfar the

pier) partially inhibited by the stiffness of the timber retrofit.
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Figure 2.12Retrofitted pier displacement contributions.

Figure2.13 shows the axial deformation of the bottdarth tiedown connection and

the shear deformation of a portion of OSB sheathing against the horizontal displacement
history. Tiedown connections elved a stable tensicompression response up to a drift

ratio of 0.80%; then a progressive shortening was observed, related to the extensive
buckling of steel angles and to the denting of sill gfagase.13). It is interesting to

notice that the shortening of top and bottortltien connections, the denting of the sill
plates, and the compressive axial deformation of the posts resulted in an overall shortening
of the timber system compatible with the top beamr22lownward displacement shown

in Figure2.10. The shear deformation of the OSB became significant at a drift ratio of
1.50%, after reaching a value of 0.@5&tie2.13): this corresponded to diagonal shear
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cracking of the masonry and was consistent with the cracking shear deformation obtained
for calciurrsilicate squat piers by Graziettal.[20186.
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Figure 2.13Retrofit system response: a) elongation of the tidown connection at the bottomNorth
corner; b) OSB shear deformation.

2.4.3 Comparison of the test results

The experimentbdlackbone curves of both piers in the podidasing direction and their
bilinear idealisations are comparedrigure2.14 The backbone curves include the
maximurdforce points for all cycles, and the maxirdisplacement point for the last
cycle.Table2.3 provides a summary tife main experimental results for the positive
loading direction, in terms of secant stiffness at 33% of the maximum shdagdoyce (
first-cracking drift ratiogt#), maximum shear forc¥ (a¢) with the corresponding drift

ratio (umax’), and ultimate drift ratiay) with the corresponding stndorce Y .+).

The idealised bilinear relationships were defined according to Mord[0118. The

elastic stiffnesK{+) was taken as the slope of the secant line through the experimental
point at 70% of the maximum sh&ag{), while theultimate drift ratioq,st) was set at

a strength drop equal to 20% Vkat. The yield pointgst, Vyst) was obtained
intersecting the secant line with a horizontal one, and imposing the equivalence of the areas
below the experimental envelope #mel idealised bilinear curve up gat. The
parameters definirtige bilinear relationships are summarisédhte2.4.
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Figure 2.14Bare and retrofitted pier backbone curves and bilinear idealisations, positive loading
direction.

Table 2.3 Backbone curve parameters, positive loading direction.

; Kazw' q.” Qumax* Vinax* q, 7
Specimen [kN/mm] [%] [%] [KN]  [%]  [KN]
Bare pier 94 0.075 0.2 78 0.75 59
Retrofitted pier 106 0.075 0.8 105 2.00 88

Table 2.4 Bilinear idealisation parameters, positive loading direction.

; Kot Q.o Vot Qu o
Specimen [kN/mm] [%)] [kN] [%]

Bare pier 60.9 0.04 67.0 0.56

Retrofitted pier 64.3 0.06 95.7 2.00

It is interesting to note that the retrofit system, characterised by a stiffness equal to about
10% of the one of the masonry pier, began working after first cracking of the masonry,
which happened at 0.075% drift raffig@re2.14). For smaller displacements, the initial
stiffness of the two specimens was nearly identical, as typically observed in reinforced
masonry and reinforced concrete elements. Both specimeitsceahiindden drop of
strength at drift ratios of 0.20%, when horizontal cracks extended continuously throughout
the pier lengthHigure2.15. However, while the basier did not recover this loss because

of the transition from a rocking to a sliding behaviour, the stiffness of the timber retrofit
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inhibited sheasliding along the cracks and allowed the specimen to reach higher
displacements gaining additional strength
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Figure 2.15Hysteretic response up to 0.25% drift ratio: a) bare pier; b) retrofitted pier.

Figure2.16aandFigure2.16b show the ultimate conditions reached by the two specimens.
Both of them presented sijrant toe crushing, more pronounced on the retrofitted wall.

In fact, the bare pier failed due to-ofiplane distortion, induced by deterioration at the
rocking/sliding interfaces, which limited itplame drift capacity. Instead, the retrofitted
spe@men sustained more than twice the lateral displacement, as the timber system allowed
exploiting its full flexurabcking capacity and gradually took over the masonry
compression resistance.

At the end of the test, although the masonry was heavily dahmtjeter frame helped

the retrofitted pier maintaining gravity load resistance, while the bare pier lost its vertical
loadbearing capacity. Damage to the retrofit was localised witluwieonnections,

where steel angles yielded in tension akteducs compressioRifure2.16c), and within

top and bottom sill plates, where the posts transferred concentrated compressive forces.

The cumulative dissipated endogyhe two piers is shownkigure2.17. Although they

were characterised by different failure mechanisms and hysteretic loop shapes, the
dissipated energy vepste similar up to failure of the bare pier. Indeed, the latter exhibited
wider cycles with lower strength, governed by theslidgay mechanism, while the
retrofitted one showed slightly thinner cycles with higher strength.
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Figure 2.16Ultimate conditions:
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Figure 2.17Bare and retrofitted pier hysteretic energy dissipation.
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Figure 2.18Bare and retrofitted pier equivalent viscous damping.

The dissipated energy was converted into equivalent viscous damping according to
Jacobsef196(, as shown iRigure2.18against the maximum drift ratio of each cycle. For

each drifiratio increment, the average area enclosed by the three cycles was first computed,
then converted into equivalent viscous dagnpatio. The bare pier offered higher
equivalent viscous damping after the transition from rocking tslafiagrbehaviour at

0.20% drift ratio, because slidijoyerned response results in wider hysteretic loops. On

the other hand, the flexutentrdled retrofitted pier exhibited smaller equivalent viscous
damping, slightly decreasing as damage progressed at larger drift ratios.

2.5 ANALYTICAL PREDICTION OF EXPERIMENTAL RESULTS

In this sectionample equations are proposed to capture the elasticsstiffimeé the

strength of the retrofitted pier, which can be used for the design of the retrofit system. The
analytical results are validated against the experimental ones obtained in the positive loading
directions and summarised able2.3.

2.5.1 Unretrofitted specimen

The masonry wall initial stiffness, for doghlwature boundary conditions, can be
calculated as:

_ D a2 2.9
o3 > Pot»

whereEnis the masonry modulus of elasti@tyis the shear modulus assumed equal to
0.35Em according to MIT (2018), white L, andt are respectively height, length, and
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thickness of the pierespectivelBubstitutingthe dimensions anchaterial properties of
the bare pieinto Equation(2.1)yieldsKmas= 95kN/mm. Thus, compareavith the
experimental secant stiffness at 33% of the maydhmean force (94 kN/mm), Equation
(2.2)results in a negligildgerestimationf the order of 1%.

The lateral strength associated with a flexural rocking mechanism can be obtained from the
following equatiofMagenest a|.199T:

t0 &
O § Cﬂ% 2.2

with the bending moment resistamde {.9:0f the end sections evaluated as:

[\) . . ” 00 :I‘) ”
A h C P T30

23

wheresy is the vertical compressive stress evaluated on the gross masonry section at mid
height of the pietthe wall thickness, ardhe stress block magnitude parameter assumed
equal to 0.85. For the tested pier, the vertical compressive stresshiP&.&24nie

height results in an rocking shear strevigihsF 74 kN.

The estimated slidirsfpear strength of tlspecimen, due to friction®l«;) and cohesive
(Vrg contributions, can be calculatefMegyenest al.1997; Eurocode 6, 2005

Wy F Wp Wp g DD Q DA 2.9
with the contact length)(given by:

”n ” S ” O-Q‘Q c t ‘ Q! n (2 5
L 3@ a pd;IVOpPp | ) 600 0] U

wheremis the friction coefficiens, the vertical compressive strésthe masonry initial
shear strength,;the masonry compressive strengthgrdH / (2.L) = 0.67 the shear

span ratio. The streskck depth parametér generally ranging from 0.7 to 1, can be
taken equal to 0.85. The estimated sliding shear strength of the specimen is then
VR’mas’E 84 H\I

With the slidinghear strength being slightly higher thanoitleng lateral strength, the
development of a flexural mechanigould be expected before the onset of sliding. In
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fact,the minimum computed strengtlk mas¥ 74kN provides a good asiation of the
actual experimental strength okR8 with an error of about 5%.

Moreover, the same equations can be used to estimate the residual shear strength after the
sliding mechanism activation at 0.2% drift ratio, which resulted in adpgdmite of the
specimen. This transition was caused by the opening déiagfhllflexural crack at the

top of the specimen, resulting in loss of cohesion and in an experimental residual strength
of about 65%N. Evaluating the frictional shear resigtamty V r,»= 75kN, results in a

15% overestimation of this residual sliding shear strength.

2.5.2 Retrofitted specimen

The lateral stiffness and strength of the retrofitted pier can be calculated under the
simplifying assumption that masonry and timber agriags in parallel, thus directly
summing their individual contributions. Accordingly, the elastic stiffness of the timber
retrofit system can be computed with the following expré&siontryman, 1952

0 0

- 2.9
etOto tu v tu

whereE,is the timber post elastic moduluss the crossectional area of each outermost
post, andKosgis the shear stiffness of nailed OSB panels. For the case under examination,
an elastic modulu€,= Egmea= 110@MPa and a nominal cresstion area
A,=4800mne are adopted for the timber, while a nominal shear stiffness
Kose= 1580N/mm is assigned to the OSB according to the American specifications for
timber sheawalls]AWC, 200B The inplane elastic stiffness of the timber retsgfitem
become&in= 9.8kKN/mm. The experimental counterpart okZmm can be obtained

from Table2.3, subtracting the stiffness of the bare pieki#gdm) from the one of the
retrofitted specimen (1@&Bl/mm). This resultén a 18%wunderestimation of the retrofit
stiffness. However, the timber retrofit accounts for only about 10% of the total lateral
stiffness. Comparing the total predicted stifiiessKmast Kim= 106 KN/mm with the
experimental one of the retrofitted pier (d06nm), the error is onl§%.

The flexural rockingtrength of the retrofit system is provided by the vertical forces acting

on the timber posts. All posts are assumeddtrdssed by the same tensile force, except

for an outermost post that carries compression. The rotational equilibrium can be written
with respect to the compression post, since no axial load is assumed to be carried by the
timber:

0O p p B'YI 2.9
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whereT; is the tensile axial force in th@ost and bi its distané®m the compression
post. The tensile forces are ithieimum between the tensile strength of the timber post
andthe yield strength of theertical leg of the steel angle in conne@ibmFigure2.3.
The lateral strength associated fhettural failure can then be calculated using Bquati
(28):

, S

Of K —e 2.8

h h 0

For the tested pier, the tensile strength of the postsAs-flo5 100.5«N, while the
mean yield capacity of the connection is 1.kN1=612.8 kN and controls the force on
the posts. This resuitsV rim= 33kN. Factors 1.5 and 1.1 account for miearominal
(or mearto-characteristic) strength ratio according to ASCH].

The strength associated with a shear failure mode of the retrofit system is mainly provided
by the OSB nailed to the timber frame. The shear strength can be predicted in accordance
with the American specifications for timber sha#lsfAWC, 2008; ASCED27, where

it is a function of the nominal panel thickness, the fastener penetration into the framing
members, and the panel edge fastener spacing. A shear$kengti5kN can be

derived for the specific case. However, considering that seshavalderived for shear

walls without blocking elements and nailed only along the panel edges, a slightly higher
shear strength may be expected when intermediate nailing is also provided.

The retrofitted pier strength depends on the mechanism thatvelitipdeontrolled by

either flexure or shear. The strength of the bare pier and of the retrofit system associated
with the corresponding failure mode need to be summed together, and the smaller value
indicates the correct mechanism. For the specifi&/ease V rmast Vrim~ 107kN
andVr.os Vrmasd Vrims 129KN: this anticipates a flexural failure mode, as observed
experimentally, with an error of less than 2% on the actual strengtkM{T8Ble2.3).

The predicted strength of the retrofit systémim= 33kN, is affected by a 22% error
compared to the experimental value dfN27obtained fromTable2.3 by difference

between the retrofitted and bare pier strength.

2.6 CONCLUSIONS

A timber retrofit solution applied to a siAglf unreinforcednasonry pier built with
calcium silicate bricks to enhaiisan-plane seismic resistance was investigated. The
proposedretrofit system consisted of a timber frame mechargoalfected to the
masonry pier, to the foundation and tottipebeam, and OSB panels nailed to the frame.

Two specimens with the samasonry dimensions and mateiaperties one a bare
masonry pier and the other completdtti the retrofit were subjected to cycliplane
sheadcompression tests under the same level of axial compressibouaddry



34 Marco Miglietta

conditions. All the processed datd instrumentatisschemes can be obtained elsewhere
[Eucentre, 2020

The urstrenghtenedpecimen showed a hybrid behaviour, developing first a flexural
rocking mechanism which then evolved in a sktiegr mode. The first cracks appeared

at a driftratio of 0.075%yhile ultimate conditions were reached at a drift ratio of 0.75%
with outof-plane distortion of the severely damaged specimen. The maximum recorded
lateral strength was approximatelkN.8

The retrofitted pier maintained a flexural bebavip to 1.50% drift ratio, because the
timber frame inhibited shesliding and allowed some flexural overstrength to develop.
The first cracks appeared at a drift m@ti0.075% as in the bare pighile an ultimate

drift ratio of 2.00% was reachedewldiagonal shear cracks formed within the masonry.
Extensive toe crushing affected the base corners of the retrofitted masonry pier, with
almost all vertical load carried by the timber frame at ultimate conditions. The only damage
to the retrofit systemas localised within the-ttlewn connection steel angles, which
yielded and buckled, and within the timber sill plates, which were dented upon compression
transfer from the posts. The maximum shear attained was alddut 105

Significant improvements of teeismic performance wexehieved. Even though the

timber retrofit did not delay firstacking, due to its high flexibility compared with the

masonryp i er, it all owed an incr ea@®yel67/Ppandt he speci m
its lateral strengilvy 35%. The effectiveness of the proposed retrofit system depended

on the good connection quality and on the top beam and foundation resistance to the

transferred stresses.

Analytical predictions of thepane stiffness and strength of the two spesinesnlted
in good agreement with the experimental values, with errors always within 5%, and will
serve for the future development of design guidelines.

For practical applications, the proposed retrofit system can not only enharaaribe in
behaviour othe piers, but also improve their-offplane resistance, as it stems from
previous studies where the timber posts acted aslsticksgfor oubf-plane response.
To demonstrate its global effectiveness, the system was appliedscake foililding
prototype tested on the shakble of the EUCENTRE laboratories in Pavia, Italy.
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3.FULL -SCALE SHAKE-TABLE TESTS ON TWO
UNREINFORCED MASONRY CAVITY -WALL BUILDINGS:
EFFECT OF AN INNOVATIVE TIMBER RETROFIT
SYSTEM

In Bulletin of Earthquake Engint@{@)g2562596.

ABSTRACT

Two fulkscale building specimens were tested on thetablkat the EUCENTRE
Foundation laboraties in Pavia (ltaly), to assess the effectiveness of an innovative timber
retrofit solution, within a comprehensive research campaign on the seismic vulnerability of
existing Dutch unreinforced masonry structures. The buildings representedrihiefend

a twastorey terraced house typical of the N&dhktern Netherlands, a region affected by
induced seismicity over the last few decades. This building typology is particularly
vulnerabléo earthquake excitation due to lack of seismic details andriaisgubution

of large openings in masonry walls. Both specimens were built with the same geometry.
Theirstructural system consisted of cavity walls, with interidrdaddg calciusilicate

leafand exterior clay veneer, and included dlfiostreinforced concrete slab, a seeond

floor timber framing, and a roof timber structure supported by masonry gables. A timber
retrofit was designed and installed inside the second specimen, providing an innovative
sustainabléghtweight, reversible, and eei§ective technique, which could be extensively
applied to actual buildings. Timber frames were connected to the interior surface of the
masonry walls and completed by oriented strands boards nailed to them. THe@econd
timber diaphragm was stiffererad strengthened by a layer of oriestexhd boards,

nailed to the existing joists and to additional blocking elements through the existing planks.
These interventions resulted also in improvedoagihphragm connections with the

inner leaf at bothdors, while steel ties were added between thevealVitgaves. The
application of the retrofit system favoured a global response of the building with increased
lateral capacities of the masonry walls. This paper describes in detail the baré&eahd retrofi
specimens, compares the experimental results obtained through similar incremental
dynamic shakible test protocols up to neaflapse conditions, and identifies damage
states and damage limits associated with displacements and deformations.

Keywords: Brick masonry cavity waldexible diaphragriiimber retrofit Seismiperformance
Damage statgSull-scale shakable test



44 Marco Miglietta

3.1 INTRODUCTION

During the last few decades, gas extraction activities have exposed the region of Groningen,
in the NorthEast area of The Netherlands, to induced seismicity. The affected area
includes a stock of about 250.000 buildings, mainly consisting of unremnfeamey

(URM) structures not specifically designed for seismic re¢istap@02( Following a

series of lovintensity earthquake events which caused minor, yet diffuse damage in the
region, a comprehensive research project was conceived to agsessuatiy mitigate

the local seismic rifRostet al.2012; Dost and Kraaijpp2D13; Bommeet al.2014.

Within this framework, the seismic hafBalirneet al.2015, the local building stock

fragility and fatality modérowleyet a].2017, 819 and the associated seismic[viak

Elk et a].2019 were to be analyzed and quantified.

Understanding the response of the local building stock to ground motions is essential for
a complete regional seismic risk assessment. However, no specific studies or empirical data
on Dutch buildings were available until 2014, since the country wakorioally prone

to natural seismicity. Therefore, an extensive experimental and numerical campaign was
launched at the EUCENTRE Foundation laboratories (Pavia, Italy), to investigate the
seismic behavior of Dutch URM buildings and to support the deveiajiine regional

seismic risk model. The campaign included static estgtiagiests on materials, masonry
assemblies, and structural components, as well as dynamabihédsts on fudcale

buildings and subsystef@saziottiet al.2019a, ) numerical simulations, and analytical
formulations[Malomo et al. 2018; Kallioraset al. 2019; Tomassettt al. 2018.
Experimental tests were also conducted in parallel at the Delft University of Technology
[Jafariet al.2017; Rotst al.2017; Egositoet al.2019.

Twost orey terraced hdeas ¢ FigueBi) tonbstititeronetohe | at e 067
the most common and earthquakierable building typologies within the Groningen
region. This residential typology combines strucimddiyendent adjacent units, with
discontinuous floors and roofs usually supported by-giyidile calciursilicate (CS)

walls. Since party walls consist of two independent CS leaves, each unit is structurally
separated from the adjacent ones. A structural unit has typical dimensioitsmnofis

the longitudinal direction, parallel to the front and back fagadestoa@dn7in the
transverse one. The entire building is commonly enveloped by a continuemgtisengle

clay (CL) veneer. The resulting cavity walls then consist of an iheefr v@® load

bearing function and an outer CL veneer with architectural and insulation purposes,
separated by an-8@n air gap and connected with each other by steel ties. Large openings
are irregularlgistributed on the front and back facades. Tsieflimor is typically built

with precast reinforced concrete (RC) panels, completed bingleast topping slab.

The second floor can be either a RC concrete slab or a timber structure. The roof usually
consists of timber joists and planks, suppogteéiSmasonry gables extending up from

the transverse walls.
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After a series of shatable tests on a ftdtale prototype and on subassemblies of a two
storey terraceldouse endinit with reinforced concrete slabs at both flf@raziottiet

al, 2017; Tassettet al.2019a, b information was still missing about the effects of
highly irregular opening distributions and sefload flexible timber diaphragms.
Moreover, the development of an innovative sustainable, lightweight, reversible, and cost
effective retrofit technique appeared necessary, to tackle the sources of vulnerability proper
of this specific building typology. Therefore, two identicabchl# specimens,
representing the enohit of a typical twgtorey terraced house, with unfaverabl
construction details, were designed, built, and tested on thdakleala& the
EUCENTRE Foundation. The first specimen was subjected to an incremental
unidirectional grounchotion sequence up to its neallapse limit state in June 2018,
aiming to defie its dynamic response and damage evolution without any retrofit
interventioriMigliettaet a].2019. The second building was retrofitted with an innovative
timber system while in pristine conditions, then tested starting with the same protocol and
upto twice the input acceleration amplitude during DecembdbD2ddi@niet al.2019.

This paper describes in detail the bare and retrofitted specimens, compares the two
experimental dynamic responses up toaodlapse conditions, and identifies damage
states and damage limits associated with displacements and deformations. Adl test resul
are available for free and can be downloaded upon request from
http://lwww.eucentre.it/narrproject. Further details on the shared data can be found in
Migliettaet al.[2019.

Figure 3.1 Typical terraced house of the Groningen area: (a) front fagade; (b) lateral facade.
3.2 CHARACTERISTICS OF THE SPECIMENS
3.2.1 General Overview

Both building specimens represented theisit@df a Dutch twestorey URM cavityall

ter aced hous e deafr | tyhgede8D)aTheltrardsverBeswalls of terraced
housegenerally do not present openings, except for somumigigéblesHigure3.1b),

and can resistgnificant irplane lateral forces. Given the high amount of openings in the
front and backacades, these buildings are therefore more flexible and vulnerable in the
longitudinaldirection. The horizontatructures of adjacent units are discontinuous and
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rest only orCS party walls, consisting of two independent CS leaves, making each unit
structurallyseparated from the other ones. For these reasons, an individwat end
prototype Figure3.2) could be easily isolated from the terraced house and tested uniaxially
in the NorthSouthdirection, with the East and West longitudinal walls excited in their
planes and thigorth and South transverse wallsaiplane.

The plan dimensions were adapted to fit within the-&dakeFigure3.3, Figure3.4): in
particularthe transverse length was reduced to 5.58 m, while the longitudinal one was set
at 5.94 m. A total height of 7.83 m to the roof ridge was chosen. TlefilRC slab

and the secomnitbor timber joists spanned in the Negbuth direction, supported by the

two transverse CS walls. Staircase openings were obtained in both floor diaphragms next
to the North wall Kigure3.4b, c). Two gables extending above the transverse walls
supportech 392pitch timber roof, with joists spanning in the N@ttuth direction. The

roof wasfinished by battens, countettens, and clay tiles. Some timber frames and
shutters weralso installed in window openings, to study the damage-struaiaral
elements. Thepecimens were built directly on a compositecste@iete foundation,
fastened to thehaketable.

The experimental seismic behavifuhe bare specimen formed the basis of the retrofit
concept and design. In particular, lack of connections between masonry walls and floors
did not allow the development of a global seismic response, and a local mechanism resulted
in the secondloor timber diaphragm sliding above the sestorgy piers (see Sect. 4.2).

The main objective of the proposed solution was to promotetgpleaylobal response,

by improving connections throughout the structure [Mageak2014; Guerrinet al.

2019; Saidi et al. 202(Q, enhancing iplane and owbf-plane wall capacities, and
stiffening the secorftbor and roof flexible timber diaphragms [Sersdldi|. 2014.
Moreover, desired features of the retrofit system were: (1) its sustainability, which led t
the choice of timber as the main retrofit material; (2) its limited weight, promoted by using
timber frames and orientsttand board (OSB) panels rather than solid hardwood or
glulam panels; (3) its reversibility, pursued by adopting dry connectiean batber
elements and existing masonry; and (4) iteféestiveness, associated with its ease of
construction.
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Figure 3.2 Overall photos of the specimens: (a) North and West facades; (b) South and Hasades;
(c) North fagade; (d) South fagade. Shaking direction indicated by yellow arrows.

3.2.2 Details of the bare structure

The structural details replicated common features of the Dutstoteyp URM cavity

wallt er r aced hou$easr |oyfhedh8soesy toasisted obarsigithe,
102mmtthick CS inner leaf and a singighe, 100nmthick CL outer leaf, separated by

a gap of approximately 80 mieig(re3.3, Figure3.4). The CS bricks had dimensions of
212 x 102 x 7inm while the CL bricks of 210 x 100 x 50 mm; mortar joints had thickness
of 10 mm irboth leaves. Only the inner CS leaf was continuousraeagite perimeter

of the househe outer CL leaf was not present on the South side, as in reality the adjacent
residentialinit would border with iFgure3.2, Figure3.4). Steel ties granted connection
between inner anduter leaves, distributed as showfrigure3.3 with a density of
approximately 1 tie/tn This tie density was deemed representative of-bmued
conditions for the Groningen are&cluding cases of extreme and total corrosion. These
ties had a diameter of 3.4 mm ankkngt of 200 mm. They were embedded in the
horizontal mortar bepbints during constructioof the walls. The hooked end extended
within the inner leaf for 60 mm, while bent end was embedded in the CL veneers for
60 mm Figure3.5a).

Four pairs of precast reinforced concrete lintels were placed above-starefjrst
openingssupported for 100 mm on the masonry walls at eackigace8.3a, b,Figure

35b). The linteldor the CS leaf had cressction dimensienof 100 x 150 mm,
corresponding to the heigifttwo brick courses and one mortar joint, while those for the
CL leaf had dimensions D30 x 170 mm, as the height of three brick courses and two
mortar joints.
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The first floor consisted of a t80nthick RCslab, reproducing the mass contributed by

a hollowcore RC floor structure and by superimposed dead and live loads. The thickness
was locally reduced to 150 mm over avi@d@vide strip along the perimeter, to match

the height of two CS bricks and a hariabmortar joint. The slab was monolithically
precast aside and subsequently placed on a mortar layer above the CS masonry leaves. It
rested on the North and South walls only, while a gap was left atop the East and West
walls: this operation was intentietbad the transverse walls, without applying any direct
overburden to the longitudinal ones in static condiftageré3.5c). The gap was then

filled with mortar, after exhaustion of concrete creep deformations. Four 0.4sx 0.55
holes were created in the RC slab, to fit a steel frame with-sallaysend ditacement
reference function&igure3.4b).
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Figure 3.3 Elevations of the loadbearing CS inner leavefrom the outside:(a) West fagade(b) East
facade,(c) North facade,(d) South fagade. Units of cm.
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The second floor was made of 185 B tongueandgroove planks supporteddight

100 x 24@mm timber joists, spanning continuously betweéiotttie and SoutlCS walls
with an average centercenter spacing of 600 mRigure3.4c). Two pairs af00 x 240

mm timber spreader beams were placed above thenamerter leaves of th&ast and
West fagades, serving also as lintels for the stooedopening&igure3.2, Figure3.3,
Figure3.4). The planks were fastened to the joists by tmor2liameter, 6nm-long
nails at eacimtersection. Four 0.450.75m holes were provided to accommodate the
safety and referenseel frame. 235 x 24%m L-shape steel anchors, with a diameter of
14 mm, werdastened to each joist end by threenbdiameter timber screws, passed
through the C8vall, and bore againthe exterior surface of the CS leaf, enhancing the
waltto-diaphragntonnectionKigure3.3c, d,Figure3.5d).

Clay bricks CS bricks ——Openings ——-RC slab Timber elements
Inner-leaf Quter-leaf
44, 320 33 132 66 77 10033100 . 286 spreader beam spreader beam
B RS R s 28
33 67100 33 100 | Timber
w w W 5 joists
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594 . 594 ’ “Nails
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Ground floor First floor (RC slab) Second-floor timber diaphragm
(a) (b) (c)

Figure 3.4 Plan views of the bare structure: (a) ground floor; (b) firdtoor RC slab; (c) seconefloor
timber framing. Units of cm.

A 1.3 x 0.91m staircase opening was provided on the North side of the REgsledn

34b). Similarly, a 1.67 x 0-84hole was provided in the timber floor, with a texgsv

100 x 248mm timber beam supporting the joists interrupted by the opEigjages.4c,
Figure3.5e); timberto-timber connections were obtained with steel hangers fastened to
the joists. Thataircase holes left that region of the North CS wall locally unrestrained
against oubf-planeacions and free from direct vertical loads except for those applied by
the roof. Thedimensions of these openings were chosen to allow continuity of the steel
reinforcement oof the timber joists, while accommodating four additional holes in the
diaphragms.

Two gables extended above the transverse North and South facades, supporting a 39°
pitched timber roof. Openings can be frequently observed in theitegables of typical

terraced house of the Groningen regieigufe 3.1b). For this reason, the building
prototype
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presented a trapezoidal window at the top of the NorthFsiee3.2c, Figure3.3c). A

timber lintel, inclined as the roof pitches, provided support faatjeist landing above

the opening and was connected to them by the same steel hangers used for the staircase
hole framing at the second floBig{ure3.3c).

Figure 3.5 Bare structure construction photos: (a) top view of the cavityall section; (b) firststorey
inner-leaf lintel; (c) first-floor RC slab connection detail above longitudinal C&aves; (d) L-shape
steel anchors between seconfloor joists and transversg(e) secondfloor framing at staircase hole; (f)
roof finishes; (g) internal steel rigid frame.

The timber roof structure consisted of a rlolggem, two spreader beams above the
longitudinal outer leaves (already mentioned in the dleayndescription), and three
intermediate joists on each side, with the sameseati®m as the seceftdor joists and
spaced at approximately 0.9 m ceoteenter Figure3.3c, d). Tonguandgroove 185 x
20mm planks were fastened with twoni®-diameter, 6@nmlong nails at each
intersection with the roof joists. The connection betweeeal&sland roof joists was
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further improved by the samehape steel anchors used for the seftmorjoists Figure

3.3c, d,Figure3.5d). The ridge beam and roof joists extended through the North facade
CL auter leaf; two 20 x 24@m timber cover plates hid their ends and were fastened to
them by two Znmdiameter, 6m-long nails eaclrigure3.2c). However, two 6-Bnm-
diameter, 24thm-long screws, connected the cover plates to the spreader beams through
the masonry leaf. Battens and cotlmaéiens were nailed above the planks, while clay tiles
completed the roof{gure3.5f).

Two window timber frames were installed in both building specimens: one in the large 3.23
x 2.1Em firststorey opening of the West facade, the other one in the North gable
trapezoidal opening, as showRigure3.2a, c. A énm-thick antiburst glass was provided

to the southern shutter of the fissbrey window. In the refitted specimen, a window

frame was mounted also in one of the sestumdy openings of the Edatade, because

severe interstorey displacement demands were recorded at this location while testing the
bare prototype.

A very stiff steel frame was firrabjted to the shakiable, inside the building prototypes,

with two main goals: providing a safety restraint in the event of partial or global collapse
during the dynamic tests, and serving as a nearly rigid reference system to measure
displacements wittespect to the shakable. The steel frame columns passed through
four holes provided in both floor diaphragfigyre3.4, Figure3.5g). Displacements
allowances of £ 125 mm and + 270 mm were left in the gldikéetion at the first and
second floor, respectively, and of £ 125 mm in the perpendicular one at both floors.
Timber stoppers were provided to eventually absorb iniyexsts.steel cables connected

the ridgebeam to the steel frame, preventing pessidilapse of the roof which could
severely damage the testing equipment. The cables allowed a maximom 200
displacement of the ridgeam with respect to the steel frame in the Nwtth direction

without interfering with the prototype response.

3.2.3 Details of the retrofit system

To match the objectives mentioned earlier, a timber retrofit solution was devised stemming

from the outof-plane strengthening of masonry piers investigated by Giatetton

[2018, Dizhuret al.[2017 and Cassadt al.[2021, which relies on vertical timber posts

wor ki ng -lasc kissd rommmgnect ed to the internal sur
then extended to improve also the piedne strength and displacement capacities, by

adding horizontal nogging (opdking) members between posts, and by nailing OSB

paneldo the resulting frame as done for timber sivalis[AWC, 200§. A preliminary

studyon the proposed system was carried out on two CSleaigders, subjected to
quasistaticin-plane shearonpression tes{§&uerriniet al.202(.
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Figure 6 shows the main details of the retrofit system installed on the second specimen.
Top and bottom timber sill plates were provided along the entire wall lengérsd Post
nogginframes were then built along kvegitudinal East and West walls. Only vertical
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Figure 3.6 Retrofit system details{a) vertical section of the typical longitudinal wall retrofit(b) timber
frame applied to the longitudinal East wall(c) OSB panels nailed to the longitudinal East wall frame,
(d) completed retrofit of the transverse South wall.
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posts, without horizontal nogging, were used along the transverse North and South walls,
where OSB panels were not applied. All timber elehahtyossections of 80 x 60

mm, with the 6@nm side oriented perpendicular to the masonry walls. Timber posts were
installed on the transverse and longitudinal sides at approximatety §i4ring, except

for shorter slender piers, to achievingiane strength increment of about 35% on the
longest firsstorey pier according to Guerehial.[2020.

[
HE
|

=

Figure 3.7 Retrofit system construction photos: a) longitudinaivall timber frame, b) nailingof a OSB
for in-plane strengthening of longitudinal walls, ¢) completed transverse walls retrofit not including
OSB panels.

Posts and nogging members were connected to each other by-mtn>sté@l angles
with crosssection of 55 x-2nm, fastened to eatimber element by fiverBm-diameter,
70mm-long screwd={gure3.6a,Figure3.7a). The frames were connected to the masonry
through 90« 50-mm steel angles, with crggstion of 50 x-8nm, at 606nm spacing for
out-of-planestrengthening purpogéiiarettonet al.2016; Dizhuet a].2017. The angles
werefastened to timber bydo5mm-diameter, Znmlong screws and to the masonry
by M10steel threaded bars of class Bi§ufe3.6a, b,Figure3.7a). These bars were
anchored 50 mm insitlee bricks with an epoxy adhesive.

Along the longitudinal East and West walleah8hick OSB panels were applied to the
timber frames with-thm-diameter, Z5hm-long ankenails, spaced at 100 mm along all
edge and intermediate overlappiigufe3.6c, Figure3.7b). These panels were intended

to increase the-plane shear resistance of piers. Nogging elements and OSB panels were
not mounted on the transverse North and South masonry walls, whidhacsfgréficant

in-plane resistance to lateral loads and were strengthened onhofgilamg action

(Figure 3.6d, Figure 3.7c). Moreover, coupling between inner and outer leaves was
improved bybuildingthe second specimen with a tie density of approximately 5 ties/m2
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(Figure3.6a); in reahpplications, ties can be added by drilling through the masonry leaves
and fastening newonnectors to them before installation of the timber elements. This
operation aimed atbetter exploitation of thmuter CL leaf structural resistance.
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Figure 3.8 Secondfloor diaphragm retrofit details: (a) OSB layout; (b) joists and blocking beams
layout; (c) installation of OSB; (d) view from below of the connectiobetween inner and outerleaf
spreader beams.

In addition to the masonry wall retrofit, the sedtmmt timber diaphragm was stiffened

and strengthened to transfer 50% of the seismic storey shear while prevemtiokifigst

of the secondtorey Easivall piers. I8nmthick OSB panels were nailed toekisting

planks using the same anker nails spaced at 50 mm along all bod¥idj@c@sa(c)
following the Amecan requirements for timber diaphrafgvgC 2008 100 x 24émm

timber blocking beams were inserted between existing joists, to allow fastebwaydlong
edges perpendicular to the timber joBigu(e 3.8b). Connection between blocking
elementand joists was ensured by 70 smi0 steel angles with cregstion of 55 x 2

mm, fastened to each timber element by fiwnerdiameter, ZBhm-long screws. Inner
andouterleaf spreader beams were also connected to each other by pairs of diagonally
crossing8-mm-diameter, 36thm-long timber screws at 580n spacingHigure3.8d).

This interventiopromoted engagement of the outer CL leaf in the lateral resistance of the
building.



An innovative timber retrofit for unreinforced masonry structures 5E

The roof diaphragm was not retrofitted from the beginning on purpose. A detailed study
on the gableoof subsystem dynamic behav[domassettt al.2019hrevealed thahe
displacement capacity of the timber roof is generally higher than the one asgibciated
gable collapse. Therefore, only the masonry gables were initiallgdetrtfittimber

posts for oubf-plane capacity, to investigate the response of theagdishestemvithout

the influence of a stiffened diaphragm. Loose diagonal steel cables, connedteg the
beam to the secosibbor joists, limited relative disgatents to + 200 mm. Theyere
eventually tied during the latest test runs, when roof displacements became dangerously
large, thus stiffening the inclined roof diaphragms in order to continue with the tests.
Studying the response of the gattd system itwo different retrofit conditions allowed

the identification of a floor acceleration threshold that required roof stiffening.
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Figure 3.9 Retrofit systemto-floor connection details: (a, b) firststorey lorgitudinal-wall posts to RC
slab; (c, d) transversavall sill plates to firstfloor RC slab; (e, f) seconétorey longitudinalwall frame
to inner-leaf spreader beam; (g, h) seconrstore

The longitudinal wall posts were anchored to the concrete founaeétiorhe firsfloor
diaphragm by steel-lewns, to enhance the pier flexural resistance by providing tensile
strength. One 340 x 18@m, with crossection of 40 x -Plnm-thick angle was fastened

to each post by twelvenim-diameter, Znmlong screws anto the concrete elements

by class 8.8 M12 threaded bars bearing against the top or bottom dHiquiea@$64, b,
Figure3.9a, b). These bars developed into the foundation for 70 mm, bonded by an epoxy
adhesive, lile passed through the RC slab and connected together-taed#stond

storey framesén real applications, these connections can be installed independently above
and below given floor, as with the foundation. However, the dense reinforcement of th
slab hamperetthe insertion of epoxyonded threaded bars. For this reason, holes were
coredrilledthrough the slab, and passing bars were prestressed againsdttre\fitsp

and secondtoreybottom sill plates. The applied prestressing foroeapasitydesigned
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to preventdecompression at the interface between the sill plates and the slab, avoiding
direct bendinghoment transfer between piers of different storeys.

The transverse North and South wall posts, instead, were fastened only tarttie top
bottom sill plates by pairs 70 x-miénh steel angles with cragsction of 55 x 2nm,
fastened to each timber element by firerediameter, 78nm-long screws per element.
The sill plates along the transverse walls were in turn anchored to thefocondetien

and RC slab by class 8.8, M12 threaded bars, with similar details as@ptheifiel
down connectiong-{gure3.6d, Figure3.9c, d).

At the secondtorey, top steel t@owns could not be properly anchored to the timber
diaphragm. For this reason, the seaboity longitudinal piersere assumed behave
as cantilevers, fixed at their bottom but not at their top. The longitudinahdEsgest
posts were connected to the top sill plates by pairs of steel bracksitsjlaittietails as
used for the transverse wall posts; theaidipwere in turn fastentedhe seconfloor
spreader beams withmin-diameter, 1t6hm-long screws at 10hm spacingF{gure
3.9e, f). Along the transverse walls, ghcondtorey top sill plate aride gable bottom
sill plate were connected to the timber diaphragrmiby@ameter363mm-long timber
screws at 36@m spacing; timber blocking beams were abtdegleen joists to
accommodate these fastenigufe3.9g, h). Gable posts were insteadnected directly
to the roof timber joists by 86 x-&fim, 135%bent steel angles, wittosssection of 40
x 3 mm, with six Bnm-diamegr, 76mm-long screws per member.

Member sizes were chosen to reach a good compromise between structural efficiency and
internal space saving. Connecting the timber frames to the masonry walls and to the floor
diaphragms resulted also in impravatito-diaphragm connections, promoting a global
boxtype response. A detailed discussion on the design principles and analytical equations
will be provided in a following paper focusing on the retrofit system mechanics.

The installation time amadaterial cost of the masonry retrofit were estimated as 2.5 man

hours and 078, respectivel vy, per sguare met e
masonry area and market prices for Northern Italy. These values do not include the

connection improvemehetween inner and outer leaves, which was obtained by building

the specimen with an increased amount of steel ties. Similarly, the required time and

material cost for the timber diaphragm retrofit were estimated as6.®dmans and 017,
respectively, psguare meter of floor surface, excluding hole lieasteresting to note

that the estimation ttieretrofit material cost per square meter of wall surface considering

the fultbuilding specimen returns a value 40% less thandgbbtained considieg the

retrofit applied to a single CS pier (approxi
seqoar.2.2.2. Thisbecausthe single pier (EBCOMP-2) was retrofitted to increase both

in-plane and owuf-plane capad#s while in the retrofitted fudicale building only the

longitudinal sides were retrofitted to increase both capacities, solid transversal walls were
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retrofitted only to increagheir outof-plane capacity. As it can be observE@dure3.6,

when the proposed timber system is applied to increase-plathe and owf-plane
capacities of pierBigure3.6b and c), horizontal timber nogging elementeasssaity

form the timber framen which OSB can be nailedwell asa big amount of steel angles
arenecessanp connechorizontal anderticalelementsDifferently, the application of

the retrofit system for the sole improvenaéihe out-of-plane capacity of piers requires

only vertical post, top and bottaiti plates, and a significantly less amount of steel angles.
In accordance with these considerations, the cost estimated on the single CS pier per square
meter of wall surface includes thplane and otf-plane strengthening, while the cost
estimatedn the fullscale building is an average result related to the specific case. It is also
worth to note that the fudicale building specimen EBOILD-7 presented a total
transversal wall area approximatglyal totwice the longitudinal ones, therefohe,
influence of the sole eaf-planeretrofit onthetotal cost estimatiois prominent

3.2.4 Masses

The average densities of CS and CL masonries were 183Gnd)/dD67 kg/m
respectively, for the bare specimen and 1862 &gth2072 kg/mfor the retrofitted one.

Timber frame elements and OSB panels had densities of 527akd/®i72 kg/m#
respectively. The total mass of the bare building was 47.6 t, while the mass of the bare
structure of the retrofitted specimen was 48.6 t. Thesemvelugs a 1-Padditional mass

on the seconfloor timber diaphragm, consisting of fatght 25kg mortar bags to
simulate the contributions of retructural components and live loads. The retrofit system
total mass was approximately 1.6 t, correspptaiB% of the bare structure mass. This
resulted in a 56t2mass for the strengthened specirmable3.1 summarizes all mass
contributions of the barand retrofitted specimens.

3.2.5 Material mechanical properties

Characterization tests were performed at the Department of Civil Engineering and
Architecture(DICAr) laboratory of the University of Pavia, Italy, to determine the
mechanicgroperties of bricks, mortar, and mas@vigliettaet al.2019.

Bending and compression tests were conducted on bricks and mortar samples according
to EN 7721 [CEN, 2013 and EN 1018 1[CEN, 1999, to determine brick compressive

(fy) and tensildyf strengths, as well as mortar compredgiand tensild;) strengthsSix

masonry wallettes made of CS bricks and six made of CL bricks were tested in compression
perpendicularly to the horizontal fjeidts, according to EN 1084CEN, 1998; these

tests allowed the determination of the masonry compressive stieagthtienasonry

secant elastic modulus at 33% of its compressive steEgpgBoad wrench teson CS

and CL masonry samples were performed in order to determine the bond strength of
masonryfg), according to EN 1082[CEN, 2005. Specimens of both types of masonry

were subjected to direct shear tests for the determination of cohesion ehéattial
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strength fig and friction coefficient), according to the guidelines given by EN-B052
[CEN, 2002.

Table 3.1 Prototype masses breakdown.

Bare specimen Retrofitted specimen
Component
[t] [t]
North facade 6.0 6.2
. South fagade 6.2 6.3
CS inndeat West fagade 2.8 2.8
East facade 2.7 2.8
North facade 7.1 7.5
Clay veneers South facade § §
West facade 34 35
East facade 3.4 3.5
Istfloor RC slab 11.2 11.2
Floors 2nd floor timber structure 08 08
Additional mass 1.2 1.2
Timber structure 0.7 0.7
Roof .
Tiles 21 2.1
Total original structure 476 486
North facade - 0.20
South fagcade - 0.18
Timber retrofit syster West facade - 0.43
East facade - 0.38
2nd floor - 0.45
Total retrofit system - 1.64
Total specimen 476 502

All characterization tests for masonry materials were performed at, or after, 28 days of
maturationTable3.2 compares these values with the results obtained fsiton testing

on buildings in the Groningen, The Netherlgidsdelliet al.2013. It is worth noting

that in-situ tests were conducted different buildings; therefore, reported values of
coefficientof variation (C.0.V.) are affected by both -raral intetbuilding variability.

Instead, theC.o0.V. for the bare and retrofitted specimens include onkpuiitiiag
variability.

The tensilalltimate capacity of the steel ties was determined as approximatelyy4.1 kN
TU Delft researchefEspositoet al.2016; Messadt al.201§. Their puHout andpushin
behaviour has been extensively analyzed by &ralf02(.
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Concrete belonginto class C28/35 according to EN POEN, 2016hand reinforcing
steel with characteristic yield stress of 450 MPa formed the reinforced confiaete first
slab and lintels. Glulam timber beams of class GCEM) 2013 and solid red fir planks
were sed to build the second floor and roof structures.

The timber frames used for the retrofit consisted of red solid fir§Biesgelonging

to class S10/C24 according to EN 14D4CEN, 2016h. They had characteristic
compressivstrength parallel tdé fibersf;o= 21 MPa, characteristic tensile strength
parallel tahe fibersho = 14 MPa, and characteristic Young modaduys= 7400 MPa.
Orientedstrandboards belonged to class OSB/3 according to ERCEN, 200§. Only
densitiesvere determined at the DICAr laboratory.

Tie-down connections between timber posts and RC foundation or slab had characteristic
tensile strength of BLKN [Rothoblaas2019. The epoxy adhesive characteristic tensile
and shear strengths were respectively 41 kN and 20 kN when appliadvdidieter

rods, 59 kN and 30 kN when applied temi@diameter rods. These values refer to
embedment in uncrackeoncretdHilti, 2019.

3.3 TESTING PROTOCOL AND INSTRUMENTATION
3.3.1 Instrumentation

Several accelerometers and displacement transohstelled inside and outside the
buildings, monitored their responses. 46 accelerometers, with ranges of + 2 g or + 6 g,
allowed measuring the total acceleration of the-tsitddée masonry walls, firsind
seconefloor diaphragms, roof ridges, aigil steel framé set of 15 wire potentiometers
recorded oubf-plane displacements of the Naatid South facades (CS and CL leaves)
with respect to the rigid frame while 5 wi@entiometers monitored -jane
deformations of the firsttorey CS squavall of theEast fagade. 4 wire potentiometers
were added to monitor-plane deformations of tlseconestorey CS squat wall of the
West facade of the retrofitted buildidg.linear potentiometers were installed on both
specimens to monitor floor digpémentsvith respect to the rigid frame, and to record
relative motion between structuel@ments. 30 linear potentiometers were added in the
retrofitted building to record relatdisplacements of the strengthening syMeneover,

a 3D optical motioracquisition system was employed: passive refieativers were
attached to the external surface of the North, South and West clayhilall high
definition cameras recorded their trajectokiesecorded data are available for free and
can be denloaded upon request at http://www.eucentre.ithpraject. A detailed
description of the sensor layout and of the data organization can be found inéWliglietta
al, [2019.
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Table 3.2 Masonry mechanical properties of the bare and retrofitted prototype buildings. Comparison with estimates obtained frorsiia
tests on buildings in the Groningen provincé Tondelli et a/, 2015.

Bare building Retrofitted building In-situ tests
_ N _ N Ca_ll_cium- Clay
Material property [units] Calcium-silicate Clay Calcium-silicate Clay (besflcl;rceat1e985) (after 1945)
Avg. C.o.V. Avg. C.o.V. Avg. C.o.V. Avg. C.o.V. Avg. C.o.V. Avg. C.o.V.
[-] [-] [-] [-] [-] [-]
Density of bricksg, [kg/m?3] 1756 0.02 1994 0.01 Same batch - - - -
Density of masonrg,[kg/m3] 1836 0.01 1967 0.01 | 1862 0.02 2072 0.02 - - - -
Brick compressive strengiMPa] 19.8 0.18 50 0.1 Same batch 154 027 221 04
Brick tensile strengtfy;[MPa] 25 0.09 8.8 0.08 Same batch 44 036 4.7 0.4
Mortar conpressive strength[MPa] 51 0.24 2.4 0.47 4.0 041 3.0 0.38 - - - -
Mortar tensile strength[MPa] 1.7 0.28 0.7 0.5 1.39 038 0.9 043 - - - -
Masonry compressive strengtlfiviPa] 10.1 0.06 116 0.29 | 10.0 0.11 176 0.21 | 108 0.37 151 0.47
Masonry YouB,dWPa] m| 6593 0.09 4436 0.44 | 7319 0.15 5686 0.31 | 7180 0.35 7140 0.48
Masonry bond strength [MPa] 0.28 0.32 0.24 052 | 0.33 0.37 0.14 059 | 0.18 0.33 043 0.1
Masonry (begbint) cohesiorf,o [MPa] 0.62 - 0.30 - 0.49 - 0.18 - 0.14 072 04% 052
Masonry (begbint) friction coeff.Q[-] 0.71 - 0.62 - 0.39 - 0.71 - 0.6% 0.12 0.72 0.02

AEstimates from laboratory direct shear tests on triplets
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3.3.2 Testing protocols

The specimens were subjected to incremental dynamic testesedyyeapplying toeir

bases an input acceleration history that was increasingly scaled in amplingbg up to
collapse conditions of the buildings. In fact, the aim of the tests was to assess damage
evolution, failure mode development, and ultineggacity of the bare and retrofitted
buildings.

A singlecomponent earthquake signal, termeeNE®, was used for both specimiens
facilitate comparing their experimental performances. This -grotiod recordwas
selected upon compatibility with the amif hazard spectrum (UHS) with 24@&rs
return period, for the area of Ten Boer, The NethefBnaseset a].2019. Theselected
record was characterized by a short significant dubstion=; $.37 s[Bommerand
MartinezPereiral999; Kempton and Stew&@06 and a peak ground acceleraf@i
= 0.30 g Figure3.10.

Table3.3 andTable3.4 show the sequences of main earthquake simulations applied to the
bareand retrofitted buildings, respectively, with nominal anepditade factors and some
significant intensity measures: recorded peak ground acceR@iorecorded peak
ground velocitRGV; pseudespectral acceleratioR§A and spectral displacemesis,

for 5% viscous damping ratio atfilmedamental period in undamadead{) and damaged

(T1,) state. The fundamental peribg was evaluated through dynamic identification
procedures immediately beforeithmain test. The PGA recorded for the bare building

at 33% and 50% scale factappear to be the same due to a stadite overshoot for
periodsshorter than 0.3[Migliettaet al.2019.

Moreover, these tables list additional intensity measures correlated to the structural
response in several seismic risk studies: geometrid thegrseudacceleration spectral
ordinatesP A ag[Bianchiniet al.2009, in the period window from ud(undamaged
structure) tol14am(at the end of the test run); the cumulative absolute velzity,

[EPRI, 1988; the Arias intensitly [Arias 1970; and the Housner intensity in its classical
form, HI [Housner1952, and modified definition for sharériod URM structuresiHI
[Magenest al.2014.

Between the main test runs listed@ble 3.3 and Table 34, lowamplitude random
excitations covering a wide frequency I§aii0 Hz) with consistent energy content
were performed for dynamic identification purposes. Moreovémtdosity applications

of the EQNPR signal were necessary between the main jolts, to calibrate tiablshake
controller with the updated dynamioperties of the specimens.
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Figure 3.10Input record EQ-NPR scaled at 100%: (a) acceleration tireeries; (b, c) elastic pseudo
acceleration and displacement response spectra for 5% viscous damping ratio.
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Table 3.3 Bare building main testing sequence with intensity measures.

Nominal scale PGA PGV  PS(Tiud  D(Tiund  PS(T1) S(T1) PSA 4y /a CAV Hi mH/
factor [g] [m/s] [g] [mm] [g] [mm] [g] [mm/s]  [mi/s] [mm] [mm]
20% 0.06 0.05 0.10 0.75 0.10 0.75 0.11 15 0.8 140 19
33% 0.16 0.08 0.21 1.5 0.16 1.7 0.19 59 1.7 240 33
50% 0.16 0.13 0.26 1.9 0.23 25 0.26 86 1.7 350 45
66% 0.25 0.16 0.35 2.5 0.31 4.1 0.32 140 2.2 440 56
85% 0.26 0.21 0.43 3.1 0.42 6.0 0.42 230 2.8 570 74
100% 0.31 0.24 0.52 3.7 0.51 12 0.51 340 35 670 90
100%rev* 0.30 0.26 0.62 4.5 0.53 37 0.54 340 3.2 670 95
133%rev* 0.39 0.33 0.79 5.7 0.66 46 0.68 550 4.1 850 120

* Input motionapplied with reversed polarity
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Table 3.4 Retrofitted building main testing sequence with intensity measures.

Nominal scale PGA PGV PSI(TJ,L/nd) \%(Tl,unq) PS!(TJ,/ %{TJ,) Psq,avg /a CAV Hi mH/
factor 9]  [mis] 9] [mm] 9] [mm] 9] [mm/s]  [m/s]  [mm]  [mm]
20% 0.06 0.05 0.09 0.64 0.09 0.64 0.1 13 0.75 120 18
33% 0.10 0.09 0.17 1.2 0.17 1.4 0.18 39 12 240 31
50% 0.17 0.13 0.29 2.1 0.30 2.4 0.29 110 2.0 370 50
66% 0.19 0.17 0.34 2.4 0.35 2.8 0.34 150 2.2 440 61
85% 0.25 0.21 0.42 3.0 0.34 3.3 0.41 220 2.8 560 73
100% 0.30 0.26 0.54 3.8 0.36 3.9 0.50 330 3.3 690 89
133% 0.41 0.36 0.79 5.7 0.61 6.7 0.74 690 4.8 960 130
133%roof* 0.43 0.37 0.87 6.3 0.7 10 0.73 680 4.6 980 130
166%roof* 0.51 0.41 0.9 6.4 0.9 15 0.84 910 55 1100 150
200%roof* 0.66 0.47 11 7.6 0.94 24 1.0 1300 6.7 1300 180
266%roof* 0.78 0.57 1.3 9.1 14 60 13 2100 8.7 1600 220

* Roof structure stiffened by diagonal steel cables
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3.4 TEST RESULTS
3.4.1 General overview

At the end of each increment of the stakée test sequence, the buildings were surveyed

in detail and the crack patterns were accurately mapped to monitor the structural damage
evolution. As emerged from these surveys, the two prototypes responded differently to the
same base excitation, developing two distinct failure modes.

The bare building suffered a concentration of displacement demand and consequent
damage at the secondrsto In fact, the response of this prototype was mainly governed
by a local mechanism: the seeitwmat timber diaphragm slid above the secboigky

masonry piers, pushing the transverse walls out of their planes. Only minor structural
damagevas observedat the first storey at the end of the testing sequence.

On the other hand, the retrofitted building exhibited a globayp@dehaviour during

the entire testing sequence, with improvgdaime and owbf-plane capacities of the
masonry piers. Enhanceshnections between masonry piers and timber floor gaanted
top-to-bottom continuous flow of inertia forces and inhibited the onset of local sliding
mechanisms. The final damage was mainly concentrated at the first storey, involving also
the transversealls because asymmetric stiffness distribution induced torsional response.

The following paragraphs discuss the observed damage pattern evolutions and the
identification of the specimens damage states (DS) and damage limits (DL) tkineughout
incrementatlynamic tests. A qualitative description of five damage states wasichosen
accordance with the EMB macreseismic intensity scdf@rinthal 1998: DS1,no

structural damage or slight rsiructural damage; DS2, minor structural damage or
moderate nostructural damage; DS3, moderate structural damage or hesxychmal

damage; DS4, heavy structural damage or very heatryiomal damage; and D&Sy

heavy structural damage with partial or total collapse.

Four damage limits were consequeéefiped as thresholds between damage Btafgs:

the limit condition at which no structural damage was visible; DL2, the limit condition
when only minor structural damage was detected; DL3, the limit condition when only
moderate structural damage wasrtegpDL4, the limit condition when heavy structural
damage was detected, before entering thecollegquse field. In other words, DL(i)
constituteghe threshold between DS(i) and DS(i+1). For the identification of DL4, a
staticallyunstable recorded dynia response was considered equivalent ta@olkgrse
damageonditions.

Each DL was then associated with a run of the testing sequence: specifically, DL(i) was
associated with the last test that caused an overall building damage state of DS(i). Finally,
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an engineering demand parameter value was assigned to each DL. To this end, the
maximumglobal driftratio (& recorded during the corresponding test increment was
selecteddefined as the maximum average seftood displacement divided by the
seconeloor height above the foundation (5.4 m).

All processed data and videos of the tests are freely available and can be downloaded upon
request abttp://www.eucentre.it/narproject

3.4.2 Bare specimen damage evolution

Figure3.11lillustrates the unretrofitted building damage evolution, relative to the CS inner
leaf vieved from inside. Red marks identify cracks formed during the considered test run,
while the black ones correspond to cracks that were already present. The figure shows only
the runs when damage limits DL1 through DL4 were achieved.

The first hairline craskwvere observed after test runsR-20% PGA= 0.06 g) and
EQ-NPR-33% PGA=0.16 g). They were located at the interfaces between timber joists
or spreader beams and masonry walls. The ones visible on the East and West facades
anticipatedliding betweethe timber diaphragm and the seestodey piers. However,
thesesliding cracks had not fully developed above all longitudinal piers, and the local
mechanismvas deemed not yet activated. For these reasons, the building was considered
in DS1up to run EQNPR-33% PGA = 0.16 g), when damage limit DL1 was reached

and associatedth global drift ratie— = 0.037%. During the following run B(PR-

50% PGA = 0.16 g) existing cracks extended modeaaiglg few new ones developed

at the top andase of slender piers, denoting the onset-pifume flexuradocking
responses. From thtage on, structural damage was considered of DS2 type.

During test run EENPR-66% PGA = 0.25 g), interface crackseexted completely
between the secostbrey longitudinal piers and the timber diaphragm, the local sliding
mechanism of the secefidor diaphragm activated, and damage started concentrating at
the upper storey. A fu#ngth horizontal crack formed on ttemsverse South wall at the
seconefloor, due to relative displacement and pounding between the masonry wall and the
timber diaphragm. This interaction accentuated ttoé-plaine response of the transverse

walls, which involved the corner piers ofdhgitudinal walls at the second storey: on the

East side, both corner slender piers behaved as a return walls for the North and South ones
(flange effect); similarly, on the West side, the South slender pier was interested by this
flange effect, with a statepped crack at its base, while the stiffer and stronger North
squat pier started detaching from the North wall at the top. The central slender pier of the
East wall showed signs of flexwoaking behaviour. Only a few localized cracks could be
obseved on the firsstorey longitudinal walls, while no damage was detected on the
transverse ones. In all cases, residual crack widths were less than 1 mm, and no structural
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element had been compromised yet. Therefore, the specimen was still classtfied in DS
state, and damage limit DL2 was associated with this testing stage.
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Figure 3.11Bare masonry building damage pattern evolution on the lodoearing CS inner leaves,
viewed from inside. New cracks irred, existing cracks in black.
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West North East South

Figure 3.12Bare masonry building final conditions: a, b secondtorey North-West corner of the CS
leaf, c, d seconestorey North-East corner of the CS leaf, e brick dislocatm on the North CS wall, f
secondstorey SouthEast corner of the CS leaf

The corresponding maximum global drift ratio-was= 0.14%. The subsequent test
EQ-NPR-85% PGA=0.26 g) brought the specimen to a condition of widespread damage
of DS3 type. The secostbrey crack pattern of the longitudinal East and West walls
evolved slightly, with all central and corner slender piers cracked at their top and bottom
due to roclg and flange effect, respectively. Similar patterns were now visible also on the
first-storey longitudinal walls. Focusing on the longitudinal squat piers, the second storey
one of the West side tended to rock and slide while detaching from the Nertdrdea

wall; instead, the firstorey squat pier of the East side showed evidences of rocking but
no damage at the interface with the South transverssewatbl new cracks formed on

the transverse walls at the second storey, duedbpbane flextal response amplified

by pounding of the secofidor timber diaphragm. Each transverse wall developed a
horizontal crack at about one third of the sestmety height, which extended diagonally
towards the corners. Instead, no damage accumulatefirsttdterey on the North and

South walls. Residual crack widths after the test were still less than 1 mm, but they spread
throughout the building. Only this run was assigned to DS3, thus damage limit DL3 was
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associated with it and with the correspondigmum global drift ratie- = 0.47%.

The application of EQIPR-100% PGA = 0.31 g) caused the formation of several new
cracks and the accumulation of significant residual displacements of the order of
centimeters, classified as DS4. As damage led¢ansve, the following test runs were
performed reversing the ground motion polafigble 3.3), with the hope to allow
conducting more tests befomeaching a neapllapse state. Moreover, some
accelerometers were removed from the clayleateas a safety measure [Miglttd.

2019].

The last two runs, EQIPR-100%rev PGA = 0.30 g) and EQIPR-133%rev(PGA =

0.39 g), caused severe damage up toallegase conditions. Processed experintzial

revealed that static stability of the building was lost during the final run: in fact, as the
displacement was increasing in the negative direction, the bdmcahwapositive. For
thisreason, the incremental dynamic test was terminated, and the specimen was considered
in DS5 state during EENPR-133%rev. Indeed, collapse was likely prevented by
acceleration sigmversions of the table dynamic input. Accolgidgmage limit DL4 was
associated with tlmaximum global drift ratio recorded during #2R-100%rev,—

= 1.4%, before losingatic stability.

The final conditions of the specimen are depicteidiure3.12, where extensive damage

can be observed: several masonry elements were cracked at multiple locations, in particular
at the second storey. The survey detected significant extension of existing crécks, loss o
some portions of masonry, and large residual crack widthobplaute dislocations up

to 50 mm. The damage pattern of the clay outer leaf followed very closely the one described
for the CS inner leaf, demonstrating that even the adopted low destisy ties was
sufficient to couple the response of both leaves under the sustained level of acceleration
demand. At the end of the incremental dynamic test, less damage was detected at the first
storey compared to the second one, because the localisneasfathe secomritbor

timber structure sliding above the masonry piers dominated the response. The window
timber frames installed on the North gable and on the West facade at the first storey did
not show any significant damage: all shutters werelypogeing at the end of the test
sequence.

3.4.3 Retrofitted specimen damage evolution

Figure3.13illustrates the crack pattern evolution on the CS inner leaves of the retrofitted
building detected from inside, limited to the runs when damage limits DL1 through DL4
were reached.

The surveys after test runs fBR-20% PGA = 0.06 g) and EQNPR-33% (PGA =
0.10 g) did not reveal any damage to the building. A few localized hairlirme tracks
interfaces between timber joists and-bemding transverse walls formed durinde@mn
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NPR-50% PGA=0.17 g). The following test BEPR-66% PGA= 0.19 g) causethly

a moderate extension of the same interface cracks and no residual displacements were
detected. Up to this run, the building was assigned to DS1 and damage limit DL1 was
associatedith it, resulting in maximum global drift ratio = 0.05%.
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PSjp g =0-347

=030g
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PS 1 0g= 050G
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Figure 3.13Retrofitted building damage pattern evolution on the loadbearing CS inner leaves, viewed
from inside. New cracks in red, existing cracks in black.

The following runs ENPR-85% PGA = 0.25 g) and 8-NPR-100% PGA = 0.30 g)
resulted in visible damage spreading only within thera@bsibsystem, with DS2
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classification of the overall specimen conditions. The building responded globally to the
ground motion, but the higher flexibility of the gedidé subsystem, characteristic of this
building typology, became evid&raziottiet al.2017; Tomassett al.2019h. At this

stage of the test, residual crack widths were less than 1 mm in the gables, while the first
andseconestorey wallsvere still undamaged. During run-BQR-100% PGA = 0.30

g) the building was deemed to have reached damage limit DL2, with corresponding
maximunyglobal drift ratie— = 0.13%. Up to this level of shaking the roof diaphragm

did notrequire any stiffemy interventions.

West North East South

Figure 3.14Retrofitted building final conditions: (a) first-storey North CS wall close to West corner;
(b) brick dislocation on the North CS wall; (c) firststorey North CS wall close t&ast corner; (d) first
storey South CS wall close to the centre; (e, f, g) So

After test EQNPR-133% PGA= 0.41 g), propagation of existing cracks in thegaifle
subsystem and formation of new ones in other structural elements were tdesdinged,
to a DS3 damage condition. Minor cracks appeared at the edges of longitpdirgal CS
covered by the timber retrofit, probably due 4olane flexural response: they vmnerte
localized only at the pier top and bottom, but spread away from the endshdue to
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reinforcing effect of the timber posts. Two similar, long cracks were detected on both
transverswalls at the first storey. They started as horizontal cracks at one edge of the wall,
thencontinued following a staitepped path. These cracks weigcaded with the in
planeshear response of the transverse walls, triggered by the overall building torsional
responsen fact, the two longitudinal walls offered very different stiffness and strength.
This run waslso associated with the attainmentaofiaye limit DL3, with maximum

global drift ratie— = 0.3%.

At this stage of the incremental dynamic tests, due to extensive damage adnuthelated
gables and large relative displacements between roof and second floorwhg roof
stiffened by tightening the diagonal steel cables connecting theardde theseconé

floor joists. A seconfioor peak acceleration of 0.53 g was reached before rettbftting
roof diaphragm.

The test with the signal scaled at 133% of its amphltagléhen repeated with the
restrained roof (EQIPR-133%roof, PGA = 0.43 g). The response of the building
emphasized the firstorey damage due to torsional effects. The cracks propagated
throughout the whole firstorey transverse walls, from edge ge.€the building could

not be classified as moderately damaged anymore and, starting from this run, was associated
with DS4 damage state. At this stage, the building had activated all its resisting mechanisms.
Under further scaling of the ground motiontést runs EGNPR-166%roof (PGA =

0.51 g) and EQIPR-200%roof (PGA = 0.66 g) the firsstorey damage due to torsional

effects worsened, while only a few additional hairline cracks appeared at the second storey.
The last run, EENPR-266%roof (PGA = 0.78¢g) caused such severe damage that the
specimen was deemed near partial collapse. Consequently, damage limit DL4 was

associated with this run and its maximum global driftratie= 1.6%.

At the end of the incremental dynamic test the building ptegs heavily damaged,
especially at the first storéjgure3.14). Many cracks were detected at the edges of the
first-storeypiers, covered by the timber retrofitftef East and West inner leaves. The
North and South transverse walls were severely damaged at the first storey and accumulated
residual crack widths up to 35 niigre3.14ad), due to ifplane shear caused by the
overallbuilding torsional response. In particular, loss of masonry portions and significant
residuatlislocation of masonry units (up to 65 mm) wieserged close to the East edge

of the CSSouth wall, where it detached from the intersecting squat pier of the East wall
(Figure 3.14e-): uplift due to rocking of thdongitudinal squat pier likely caused
incompatible vertical displacemealsng the intersection with the transverse wall.
Moreover, the overall buildirgation about the vertical axis may have caused dislocations
along this crack. The secestdreytrarsverse walls presented lower levels of damage: a
few horizontal cracks develomedthe North wall at several heights, while two diagonal
cracks formed on the Southe, close to its top West corner.
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Similarly to the case of the bare building, damage dayhveneer generally followed the

one observed on the CS inner leaf, revealing that the increased amount of steel ties ensured
a coupled response of the two leaves throughout the test. The outer leaf was found
undamaged up to EQPR-66% PGA = 0.19 g)when the building was still in DS1
conditions. Cracks, due toeplane rocking and flange effect, started developitize
longitudinaEast and West facades during#ER-85% PGA = 0.25 g) and EQIPR-
100%(PGA = 0.30 g), compatibly with DS2 damage. shatihe end of the incremental
dynamidest, all clay veneers presented widespread damage throughout their surfaces. Also
the windowswere affected by the large fattrey drift: the shutter of the Weite

window fellduring the last run, pusheff its pins by the shear deformation imposed to

the timberframe, which however remained undamaged.

3.4.4 Hysteretic responses

This section discusses and compares the recorded experimental performances in terms of
hysteretic responses, backbone curves, andatuenenergy dissipation. As already
mentionedthe global driftatios ) were obtained dividing the average seftmod
displacementsy the secontloor height above the foundation (5.40 m).

The base shears of the hysteretic Id€éigare3.15 were computed multiplying the mass
associated with each accelerometer times the recorded acceleration. The mass of the
bottom half of the first storey wasmsialered fixed to the shatable: consequently, its
contribution was neglected. The ksszEar coefficients (BSC) were computed normalizing
these base shears by the sum of the contributing masses of the corresponding building
(40.6 t and 42.6 t for therband the retrofitted buildings, respectively). It is worth noting

that the basshear coefficient dfigure3.15(left vertical axis) is exact for both specimens,

while the base shear in units of force (right vertical axis) is exact only for the bare building.
However, since both specimens had very similar masses, it is a good approximation also
for the retrofittedbne.

Figure 15a compares the two hysteretic responses duringRREG3%rev(PGA =

0.39 g, last run for the bare building) andNE®-133% (PGA = 0.41 g, retrofitted
building). After these runs with nearly the same PGA, the specimens presepnted clearl
different crack patterngigure3.11, Figure3.13: while the bare building svaeverely
damaged, theetrofitted one showed the first evidences of the activation of a global
torsional mechanisriuloreover Figure3.15a show®vident strength degradation for the
bare specimen, as its bstsear became positive while the seffooddisplacement was
increasing in the negatidieection: this proves that the building had lost static stability
during this run, and collapsas kely prevented only by acceleration sign inversions of
the table dynamic inpufor this reason, damage state DS5 was associated with this test
run for the bare specimdnstead, the retrofitted building hysteretic loops evidence a
response initially alsioelasticwith minor excursions in the nonlinear range, slight
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stiffness degradation, and no stredgtjradation, compatible with a DS3 damage state.
The retrofitted specimen developebdaaeshear coefficient BSC = 0.41, significantly
higher than BSC 6.25 offered by the barailding, while it underwent a global drift ratio
—= 0.3% in both directions, which is 15-6f 2.0% reached by the bare building in the
negative direction.

2" Floor average displacement [mm] 2" Floor average displacement [mm]
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Figure 3.15Hysteretic responses comparison: (a) with EENPR signal scaled at 133% of its amplitude;
(b) during the final test runs.

Figure 15b compares the experimental responses of the two specimens durtegtthe last
runs, EQNPR-133rev (PGA = 0.39 g) for the bare building andNER-266%roof

(PGA = 0.78 g) for the retrofitted one. The latter, as opposed to the former, maintained
static stability throughout the testing sequence, with limited strength degradation and
significanthysteretic energy dissipation, likely due to yielding of some steel connections.
Theretrofitted building sustained BSC = 0.55, more than twice the value of BSC = 0.25
resistecby the bare one, while it accommodated..6% in both directions, without
reading thevalue of—= 2.0% recorded on the bare building in the negative direction.

Figure 16a shows the experimental backbone curves of the two buildings, highlighting the
maximum global drift ratios associated with the damage limits mentioned in the previous
sections. Since the specimens underwent higher displacements in the reegiativendi

to neascollapse conditions, the backbone curves were obtained by selecting for each run
the point of maximum force with the corresponding displacement in that direction, from
the hysteretic loops (hollow dots). The last point of the backbameisithe one
associated with maximum negative displacement from the hysteretic response during the
last run (solid dots). The retrofit system did not influence the initial stiffness because of its
high inplane flexibility compared to the masonry viallght of this, it can be inferred

that the retrofit system acts similarly to steel reinforcement in concrete or masonry
elements: it becomes effective only after masonry first cracking.
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This fact, combined withe small additional mass of the intefganallows maintaining
the initial dynamic propertiet the bare masonry building nearly unchai@sel.can
observe fronfigure3.16a that the bare building could airsits maximurBSC = 0.25
only up to—= 0.57%; then it exhibited a fast strength degradation andldistaditatic
stability, as shown by the BSC sign inversion. The BSC of the bare §eeeimerzero
around—= 1.5%, which is very closeto = 1.4% (i.e., associated wdmage limit
DL4) recorded during the secdadt test run. Moreover, between 0.28%and—=
0.57%,
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Figure 3.16Experimental responses comparison: (a) backbormirves; (b) evolution of the equivalent
viscous damping ratio.

the curve shows a local strength drop which is subsequently rddagbestiblack curve

on Figure3.169). This apparent strength recovery was caused by rahergipgt signal

polarity after run EENPR-100% (lowest point of the dashed ling)roeaeed with further

testing in spite of extensive damage and residual displacemdistsjsasd earlier.
Corsequently, the solid black line represents the envelope of ma@edorded base shear

for the bare building. Instead, the retrofit system allowed read®iBgCa 8@ 0. 5 and
maintaining it almost constant up+to 1.43% with negligible strengtgradatiarwhich

became more evident only for larger global drift ratios during the.last

Finally, the cumulative energy dissipated by the two specimens is associated with the
maximum negative drift ratio (solid dots) experienced during eachigure®ieb. The

retrofitted building exhibited a higher energy dissipation capacity for given global drift ratio,
and dissipated twice as much the energy of the bare building at the end of the entire
sequence. The different amount of hysteretic dissipation is partially associated with the
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higher strength of the retrofitted building, combined with the substantialgndiffer
damage mechanisms. It is interesting to notice that both specimens dissipated nearly the
same amount of energy when reaching the same damage limits up to DL3.

3.5 SUMMARY AND DISCUSSION OF THE TEST RESULTS

Figure3.17 andFigure3.18 summarize the experimental response evolution throughout
the incrememi dynamic tests in terms of peak displacengytsf(both floors or roof

i along both longitudinal wajjgpeak interstorey drift ratid®; §) of both storeysalong

both longitudinal walls peak average shear deformatey 6f theroof pitches, peak
interstorey drift ratiog¥, of both storeys along both transverse wajlsongitudinal
acceleration amplification factok#/p;) of both floors or roof ridge and fundamental
period of the damaged structurg at the end ofach run.

Peak longitudinal displacements of the bare buiklgd3.17) became significantly

larger at the second floor than at the first floor, from testER85% through the end

of the testing protocol, as damage conditions of DS3 and DS4 type developed; at the same
time, the roof displacement relative to the second floor slightly reduced. During the last
test run, the second floor and roof moved by more tttamf{ while the first one did

not exceed 20 mm. Moreover, focusing on the displacement of theflsecdtast and

West sides, one can note some differences up to teSPRG6%: due to plan
irregularitythe flexible timber diaphragm was initially dafay in shear as the building
respondedn DS1 and DS2 states. However, onset of the local semonaechanism

during runEQ-NPR-85% prevented this distortion, as the diaphragm slid as a rigid body
above thenasonry piers in damage states DS3 and DS4.

These observations can be confirmed by the peak longitudinal interstorey drift ratio
evolution, which concentrated at the second storey in DS3 and DS4 states: during the last
test run, the second storey sustained interstorey drift ratios higher thapgésealsto

the values of the order of 0.7% recorded at the first storey and 0.3% at the attic one.

The development of the local seclindr sliding mechanism affected also the peak
transverse interstorey drift ratios: in fact, despite remaining alleay$.B&o, they
increased on both transverse walls when the building responded in DS3 and especially DS4
damage states, most likely due to someébadidrotation of the whole timber diaphragm.
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Figure 3.17Evolution of the bare specimen response.
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Figure 3.18Evolution of the retrofitted specimen response.

A substantially different behavior was observed for the retrofitted building, as confirmed
by the recorde data Figure3.18). The high flexibility of the gadt®f subsystem
comparedto the first and second stordyscame evident, as the local seflond
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mechanism washibited: its longitudinal displacement and shear deformation were almost
one order omagnitude larger than those of the storey below when DL3 was achieved (test
run EQNPR133%), after which theadional steel cables were tied. Thedingtsecond
storeylongitudinal displacements remained very close to each other also under high
intensityinput motions. This resulted in interstorey drift concentration at the first storey
startingfrom run EQNPR-133%, corresponding to DS3 and DS4 conditions: at the end
of the testthe firststorey had experienced a maximum interstorey drift ratio of the order
of 2.8%against the one of 0.6% recorded at the second storey. The peak transverse
interstorey driftratios confirmed a relevant torsional response of the building: the
transverse North wallistained a maximumglane interstorey drift ratio of about 1.4%,
which is comparableth the one sustained on the longitudinal direction.

The roof and secoritbor aceleration amplification of the bare buildFigure3.17)
progressivelglecreased to about 30% and 45% of the initial values, respectively: reaching
thestrength of tb secondloor sliding interface limited the acceleration transmitted to the
timber floor and roof. Instead, the fiflsior amplification decreased only to 75% of the
initial one, as the firstorey walls were far from reaching their strength. Thettedrof
building Figure3.18 displayed a different response also in terms of floor acceleration
amplificationsyhich remained nearly constant up to DL2 (test rulNER100%). The

roof presented a sudden increment to 27% of the initial amplification when DL3 was
reached(test run EQNPR-133%), requiring the activation of steel cables during
subsequent runghe amplifications of the first and second floors, insteapepsovely
reduced in DS3 andiS4 conditions, to 60% and 80% of the initial values at the first and
second floors, respectivélhese decrements, not very pronounced, indicate that the
structure maintained someserve of lateral resistance and abilitarisfer accelerations

to upper floors.

Figure3.17 and Figure3.17 also compare the fundamental period evolution for both
buildingsBoth specimens wereachcterized by an initial fundamental period of 0.17 s in
pristineconditions, because the retrofit system has negligible incidence on the overall mass
andinitial stiffness. Incidentally, they presented the same fundamental period of 0.62 s also
atthe enl of the test sequences. Both specimens suffered the highest period elongation
onceentered in DS4 damage state, but the retrofitted building sustained a higher number
of testruns and twice the ground acceleration amplitude to reach the same eldnigation. T
finding can be extended considering the different number of runs sustained by the two
buildingsand the PGA associated with each Bigure3.19): on average, themigation

of theretrofit system allowed increasing the PGA thresholds of each DL by factors of the
order of12@®260%, with larger factors for higher DLs.

Table35 shows the maximum interstorey ematios (IDRs) recorded during the runs
corresponding to each DL and compares them with those proposed by Tahassetti
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[2019%for typical Dutch URM tesiced houses. A good agreement was obtained in terms

of IDRs associated to DL1. Focusing on DL2, the bare building IDR is significantly higher,
specifically 180% of the proposed value, while the retrofitted building IDR is still consistent
with the valuepposed by Tomassetti al[2019& The same trend is evidenced by the
IDRs associated with DL3: the bare and retrofitted building values are respectively 260%
and 130% of the proposed value. However, it is fundamental to consider that the values
propose by Tomassetét al[2019hwere derived from tests on bare masonry buildings
responding globally, without the activation of any local mechanism. Instead, the high values
recorded for the bare building are the result of the local sliding mechanéssecdril

floor, which governed the overall seismic response of the building starting from DS2 (see
Sect. 4.2); as such, in this case the sstuyeg drift ratio is not the most appropriate
engineering demand parameter to be correlated with damagé rsiatesary walls.

0.26
0 00601 0.15 0.2 o.z;'/é.s 0.4 0.5 0.6 0.7 0.8

PGA[g] | - ‘ \ \ -

Bare \ [ DS2 DS4 DS5

Retrofitted ps2 | Dbs3 DS4 DS5

Figure 3.19Relationship between experimental damage states and input PGA.

Table 3.5 Comparison of maximum longitudinal interstorey driftratios, corresponding to damage
limits, with values proposed by Tomassetter a/.[20194

GZL 1 GLZ @LB’ 6L4

Specimen O R

Bare building 0.09 0.27 0.90 2.95
Retrofitted building 0.0r 018 045 2.83
Tomassetiet al.[2019h 0.1 0.15 0.35 0.9

* Governed by local sliding mechanism

Focusing on the interstorey drift ratios corresponding to DL4, both specimens sustained
significantly larger values compared to the one proposed by Toetad@81i9h While

the one associated with the bare building cannot be compared, due to shdirigcal
mechanism of the secefidor diaphragm, the one recorded for the strengderiding

proved that the proposed retrofit solution is effective at increasing the sttiengiti

and displacement capacity. Moreover, one can notice that the retrofit sysieaifed
significantly the interstorey drift ratios associated Ivatfirst three DLs: in fadhe

masonry walls are characterized by higher stiffness than the timber structure, which
becomes effective only after masonry cracking.

The inplane response of the fistbrey transverse walls of the retrofitted building,
engaged by global torsional response, can be compared to that of a squat CS pier subjected
to a quasstatic cyclic sheaompression test by Grazi@tial[201§. Similar doubldix
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boundary conditions and overburden normal stresses of about M@relRaplied to
both the transverse walls and the squat pier.

Table 3.6 Comparison of maximum transverse interstorey drift ratios, at first cracking and ultimate
conditions, with values found by Graziottiet &. [2016.

Specimen [0% [O/GO]

Retrofittedbuilding South wall 0.03 0.71
Retrofitted buildingNorth wall 0.05 1.38
Graziottiet aJ.[2016] 0.05 0.30

Table3.6 shows good agreement on the-firatking interstorey drift rati@, recorded

on both transverse walls during run-ERPR-133%, when overall DL3 was achieved.
Graziottiet al[201 attaired an ultimate drift rati, of 0.30%, which was reached by

the South transverse wall during test ruAiNIP®&-200%roof. However, the North wall
sustained 460% of this value during ruANER-266%roof, when DL4 was attained.

This larger displacementaeipy was likely due to the lower number of cycles imposed on

the building specimen, compared to the isolated pier, as well as some effectaff the out
plane retrofit system, despite the absence of nogging elements and OSB panels on the
transverse walls.

3.6 CONCLUSIONS

This paper discussed and compared the experimental seismic performancesafai®o full
unreinforced masonry buildings with identical geometrical features, demonstrating the
effectiveness of an innovative timbased retrofit systeapplied to one of them.

The building prototypes reproduced some relevant features of an end unit of common
Dutch terraced d®®audsgs 6810st hevilt it ped 7Tnet er ca
inner loaebearing calciwsilicate leaf and exteriaaclkeneer, connected by steel ties. The

first floor consisted of a solid reinforced concrete slab, while the second floor and the roof

were built as timber joiahdplank structures.

Both specimens were subjedted unidirectionaincremental dynamic shakble test

with similar input protocols. gxoundmotion record, representative of induced seismicity
in the Groningen region of ThHeetherlands, was imposed progressively scaling its
acceleration amplitude and bringingfiezinens to neacollapse conditions.

A sustainable, lighteight, reversible and ceffiective timber retrofit system vagplied

to the internal surface of the inner lbadring masonry leaf of the second spedimen
enhance owbf-plane and iplane capdées of piers as well as walldiaphragm
connections. The proposed strengthening solution consists of timber frames mechanically
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connected to the masonry and floor systems, with orfgrdad boards nailed to them.

The cavitywall retrofit was completdy increasing the density of steel ties between the
two masonry leaves. Moreover, the timber diaphragm was stiffened and strengthened by
nailing an additional layer of oriergrdnd boards above the existing planks.

The bare building behaviour was gue@ by a local mechanism, with the setioad
timber diaphragm sliding upon the supporting masonry piers, facilitated byd#os-of
diaphragm connections. Displacement demand and structural damage coatén¢rated
second storey, preventing thevelopment of a global building respobespite the
highly asymmetricalptan distribution of resisting piers, a global torsiespbnse did
not develop due to the activation of the local sliding mech&heimcremental dynamic
test was stoppedtaf reaching a peak ground accelerafiOr39 g, with the building in
nearcollapse conditions. Loss of static equilibriunolgesved on the hysteretic response
during the last test run, but collapse was inhibytetie dynamic nature of the base
exctation.

The retrofit was effective at enhancing the wajifame and owf-plane capacities,
improving also the connections between structural elements, and thus irglobalg a
boxtype behaviour on the second building, with full exploitationiofpitemecapacities
of all masonry piers. Damage recorded on the perpendicular wallghertrigagkring of

a torsional response, which resulted in full utilization of-fienieresistances of the
transverse walls as well. The building reachedritol@ase stasfter sustaining a peak
ground acceleration of 0.78 g. At the end of the increrdgngahic test, damage was
fairly distributed throughout the building, even though imasesspronounced at the first
storey. The roof diaphragm needebddstiffened onlgfter reaching a peak attic floor
acceleration of 0.53 g when applying the input meitio 133% scale factor.

Despite changing the failure mechanism and the overall lateral resistatcalding)e
the retrofit application did naffect the initial fundamental period of 0.1fFagks to its
small mass and stiffness compared to those of the masonry structudanizothd
specimens exhibited also the same period of 0.62 s at the end of tkedesting, even
though the retrofitted building sustained a larger number of test rawgarte input
intensity.

Damage states and damage limits were defined for both specimens basbdarndtie
damage patterns, and were associated with glolvdaéesidrey drift ratio3.hese values
were then compared with the ones found in literature for similar unreinfiesmty
structures. The neeollapse thresholds were found to be greateepatted for both
specimens. In fact, both bare and reteofibuildings were abledostain similar lateral
displacements, but the latter resisted twice the input intéresityindergoing the same
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displacement demand, developed a global responstheatteetocal sliding mechanism,
and retained static stapithroughout the test.

In light of these observations, the proposed retrofit solution effectively addresses and
mitigates the main seismic deficiencies of unreinforcedwaVitgasonry buildings,
typical of the Groningen region. Given the limitedofdse proposed interventiotisey

appear promising for a laigmale territorial application.

The results of this experimental campaign will form the basis for future netadrésal
to generate largeale vulnerability models, to extend the propesedit technique to
other unreinforced masonry building typologies, and to perform cost/merefit
sustainability analyses of possible applications. An upcoming article withadbtrsigs
concept and assumptions of the proposed retrofit systeml] as simplifiedquations
for the analytical prediction of its structural effects.

All  processed data and videos are freely available upon request at
http://www.eucentre.it/narproject
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4. SEISMIC VULNERABILITY OF IRREGULAR DUTCH
URM TERRACED HOUSE UNITS EXPOSED TO
INDUCED SEISMICITY CONSIDERING GLOBAL AND
LOCAL MECHANISMS 0 INFLUENCE OF THE NEW
RETROFIT SYSTEM - A CASESTUDY BUILDING

4.1 INTRODUCTION

When proposing a new structural retrofit solution, experimental tests are fundamental to
assess the effectiveness of the intervention in improving the seismic capacity of the
interested systems (i.e., irregular Dutgkirforced masonryURM) terraced houses).

Once gathered sufficient knowledge on the lateral behaviour in bare and retrofitted
configurations, numerical studies may assist in the seismic vulnerability assessment of a real
casestudy building, with typical dinséons and materials that can be fowsdin To this

end, numerical results can be interpreted in terms of damage accumulation and collapse of
buildings through suitable limit thresholds, which can be experimentally identified.
Numerical models can balibrated on experimental tests, varied to be representative of

an entire building typology, and subjected to several ground motions to assess the non
linear lateral response variability of the building category. Nevertheless, the seismic
vulnerability oURM buildings may not be completely evaluated if local failure mechanisms
are not considered. Got-plane (OOP) collapse of masonry elements arkeneelh to

be one of the most significant contributors to economic losses and injuries caused by past
eartlquake events. Usually, results from global seismic vulnerability assessments are
presented in terms of collapse or damage states fragility functions conditional on an
intensity measure (IM), while OOP collapse mechanisms are separately verified. In
engineeng applications, it is not common to consider at the same time the two failure
mechanisms. In this context, the present study presents single damage state fragility
functions for bare and retrofitted configurations, that consider simultaneously djlobal an
local failure mechanisms, and could be used in practical applications.

In literature, the seismic vulnerability of structural systems is often presented in terms of
fragility functions, which express the probability of exceedance of a certain threshold
conditioned to an IM, which represents the external demand acting on the structure (often
the PGA). To establish the probabilistic relationship between-grotiod intensities

and nonlinear structural responses, a commonly usaffectste methodologyg the

cloud methodJalayeet al.2015%. It consists in subjecting a particular system to a set of
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seismic excitations through Nomear TimeHistory Analysis (NLTHA) to collect a

6cl oudd -response dataepairgsi. Thgse results can be theprquessed to

provide the fraction of Ground Motions (GM) at each intensity level that caused collapse
or exceedance a certain threshbidthis end, numerical models calibrated considering
common practices and materials, capable to simulate theekterade of the interested
building typology, are the first requirements, together with a sufficiently large GM database
representative of the area. Its extension is fundamentaketointo accounthe
uncertainties related to the reetrdecord variabty in the nonlinear response of the
structures and has a great influence on the final results of the{@nalylsigt al.2017,

hence, it needs to be carefully evaluated. For instance, multiple earthquakes characterized
by the same intensity meastan generate different displacement demands for the same
structure, thus, the bigger the number of GMs with the similar intensity are available, the
smaller the uncertainty on the structural responses to such intensity level. Nevertheless, the
outcomes bthe procedure can vary significantly not only based on the quality and
extension of the GM database, but also on structural modelling assumptions. Several
scientific authors demonstrated the difficulties in the appropriate selection of records and
in theaccount for uncertainties inherent in the numerical modelling of the cloud method,
and deemed them responsible for the limited applications of the method outside the
research fielfMiranda, 2000; Penatal.2015; Martinelli and Faella, 20AS a radlts,

there is a common agreement among researchers that fragility functions are strictly related
to the building typology considered, as well as to the GM database used for the analysis,
therefore, results should not be extended to different structii@sdiiifierent hazards.
Numerous examples can be found in literature related to a wide variety of buildings
typologies and seismic haz@iRigaet al.2010, Maio and Tsionis 2016, FEMA Pl

of them share the interest on specific building typoleliels can be typically found in

regions with tectonic activity

Simple numerical models that can guarantee an affordable computational load are essential
to perform cloud analysisThe global seismic response of URM structures can be
successfully modellbg means of the threimensional equivalent frame technique (e.g.,
Lagomarsineet al.[2013). This methodology neglects the OOP behaviour of walls,
assuming that the OOP excitation has only local effects on the response of each wall, does
not affect tie global response of the building, and allows for a macroscopic interpretation
of damage. Despite the simplifications, the approach is not suitable for a large amount of
analysis due to the computational effort needed. Indeed, it is common practice to redu
real 3D structures into firstode equivalent singlegreef-freedom (SDOF) oscillators

to perform NLTHA[Miranda200]. The methodology has been widely used in literature

for several different structural systems with very good results. However, in case of masonry
buildings, the procedure is not trivial due to the difficulty in representing their hysteretic
behaviour by nams of simplified hysteretic shapes and their very short structural periods,
which do not allowto usethes@m | | ed 6 6 e q u a[Kallioraset @l.20A% € me n t

r
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The aim of idealizing a 3D structure into a simplified SDOF system is to be able to
synthetically represent the seismic response of a complexlegreddf-freedom

(MDOF) model, provided that its response is governed by a single dominating mode of
vibration. This assumption is usually acceptable when the structure is regsénitow
sufficiently stiff diaphragms, efficient s@llliaphragm connections, and with a-non
torsional global response. Whenever these conditions are not met by the building under
consideration an equivalent SDOF idealization may not be possible. Dedlpite all
evaluation of URM buildings global lateral capacity may not be sufficient to have an
exhaustive understanding of their weaknesses. Local OOP failures of masonry elements
can represent a major cause of risk, both from the economical and safetyipaist o
Therefore, it is important to consider both mechanisms while assessing the seismic
vulnerability of a masonry structure.

The aim of the present vulnerability assessment is to provide quantitative information on
the impact of a new timber retrcitstem on the seismic vulnerability of typical irregular
Dutch URM terracedrhgogud89Dsof clbasédéi7iOng bot
mechanisms. The study is carried out through the seismic assessmentstiidy case
building, with the overall feags of the prototypes ELBUILD-6 and EUGBUILD-7,
transversal sides with typical length (8 m against 5.6 m of the experimscadd full
specimens), and average material properties that can be-BundsiDOF oscillators
proposed by Grazio#it al.[2016%are used to assess the global vulnerability of the case
study building through NLTHA, while the model proposed by Tomass#2018 is

used to perform OOP NLTHA of masonry piers. The capability of selected SDOF systems
in reproducing theomplex global behaviour of the interested buildings is firstly tested
simulating the experimental responses ofBUILD-6 and EUCBUILD-7 [Migliettaet

al, 2023. Once demonstrated the reliability of oscillators, 3D MDOF systems are
modelled through #h equivalent frame techniques with the softW&EMURI
[Lagomarsin@t al.2013 and calibrated on the experimental tests, aiming at extending
transversal dimensions and generate thestodgebuilding numerical models. These
systems are then reduced3DOF oscillators following the approach proposed by
Casarotti and Pinj2007 and subjected to NLTHA using the hysteretic models proposed
by Graziottiet al.[2016&4 Numerical results are used to produce global damage state
fragility functions condithal on PGAs, while filtered accelerations THs are used to
perform OOP NLTHA and generate collapse fragility functions for masonry piers. The
results of global and local seismic vulnerability assessments aperfibailgd and
presented by means of indamage states fragility functions conditional on PGAs that
account for global and local failure mechanisms.

The following paragraphs discuss first the SDOF and MDOF modelling approaches (par.
4.2, and the related simulations of experimental test4.8arhey are followed by the
description of the methodologies used to derive fragility functiors4pand the case
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study building. The seismic capacities of numerical models with typical and experimental
features are discussed in $&and4.6 limit states and thresholds are defined id jJar.

The ground motions database used for NLTHA is presented4tBpaubsequently, the

global seismic vulnerability agsesss for bare and retrofitted conditions are discussed

and followed by the local OOP ones (p&.par.4.1Q. The integrated results for global

and local vulnerability assessments are presented and discussed in terms of damage states
fragility functions in pad.11for the bare and retrofitted configurations. The conclusions

of the study are reported in pad.2

4.2 MODELLING APPROACHES
4.2.1 SDOF oscillators

The idealization of MDOF systems into {finstde equivalent SDOF oscillators is
performed following the approach proposed by Casarotti and [BP@fjo The real

MDOF systems are reddc® twohorizontal degrees of freedom systems, with lumped
mass at each level. At the first one, the entire mass of the structure included between mid
first storey and migecond storey height is placed, the atsmwaining mass is lumped at

the second \el, while the nepscillatory mass at the base of the buildings is disregarded.
The choice of producing simplified SDOF systems frorrhdwipontal degrees of
freedom MDOF systems, rather than three for,fgssetondloor and roof levels, as one

may intitively expect, is dictated by the need to neglect the influence of-tlebl®of
subsystem dynamic properties in the overall response of the buildings. The mass and lateral
stiffness of the roof interstorey would be too low compared to the othereames, h
considering it in the transformation process, would affect the properties of the entire
SDOF systems, altering the results of gamma coefficients and driving the oscillators far
from the experimental results in terms of global parafkaticras 209. Indeed, the
gablewall suksystem mode of vibration appear to be the building dominating one from
modal analysis, jeopardizing the possibility to reduce the systems into a SDOF one for
global assessment. By neglecting it and lumping its mass tonbdae level, the
experimental response of the buildings could be assumed as dominated by a single global
mode of vibration. The high vulnerability of the-gadfle system, with respect to the rest

of the building, could be observed since the vetrgyimamic test performed on-Bdhle
prototypes of Dutch URM terraced houfesaziottiet al.2017 and was specifically
evaluated by Tomassettial.[2019%

The transformation facto@were computed as:

wherem is the mass associated to -fiemtd secondloor levels andfi; are floor
displacements (normalised to the maximum one). They correspond either to the
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experimental inelastic fimbde shape of a test rjyrassumed constanithin each of

them, or to the numerical elastic dominant mode shape obtained with modal analysis. To
transform the dynamic global backbone curve from MDOF into SDOF terms (i.e. from

I 2rVpjinto! sporjasporformat), the following equations are used:

W 5 — and & i 4.2)

The driftratio response of the equivalent SDOF systems are computed as:

Ro— (4.3)
where:

0 A (4.4)

The accelationdisplacement (AD) capacity curve is subsequently transformed into a
bilinear relationship by preserving the energy below the curves, following the approach
included in NPR998[2020).

Another important aspect to be addressed in the SDOF idealiztit®meelection of the
hysteretic model to be employed. The SDOF oscillators developed by Eraldidi 3,

2014, 2016averecalibrated to match the elastic properties (i.e., initial stiffness and
vibration period) and hysteretic responses obémohmark MDOF systems, which in

turn were calibrated on the experimental results of cyclic pusho\(bftagsieet al.

1993. The MDOF systems were able to match very well the cyclic response of two
opposed building configurations: a structure Jetider piers with flexutminated

(FD) behaviour, and a case with squat piers andlsh@aated (SD) behavioRayleigh

viscous damping coefficients were appropriately set to maintain a viscous damping ratio
nearly constant at 2% for periods rangatgden the firashode initial elastic period and

the secant period at neatlapse conditions [Graziatial.2016a]Therefore, two SDOF
oscillators were generated by calibrating their elastic propertrega(i &tiffness and
vibration period) and matching the hysteretic and viscous responses of the two benchmark
MDOF models. The equivalent viscous damping@atiy Jacobsen [1960] waed as

a measure of the peycle hysteretic dissipation capaiithe two systems, resulting in

13.8% for the FD and 19.9% for the SD response. The viscous dampi@satioiated

with each SDOF oscillator was selected by maximising the correlation between the dynamic
responses of the SDOF and corresponding MB@tems, resulting in 3% and 5% for

the FD and SD oscillators, respectively.
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Besides the generation of the reduced systems to simulate these two extreme seismic
behaviours, other five intermediate models were obtained through the combination and
proporion of the responsesf the two calibrated SD and FD SDOF systérhe
procedure resulted in oscillators characterised by longer elastid panddsnalle@ys:

while transitioning from SD to FD response. Viscous dampingQwatiibsin the range

3-5% were assigned to each of the five intermediate 1fi@de¢=l.1). For example, the
hysteretic acceleratidisplacement response for the exactnisgiate model between

the two extreme cases is reportdeignred.1, togethewith the elastoplastic idealization

of a monotonidAD response. The selected SDOF oscillators were used in literature for
different studies, for instance by Mouyiarei@).[2014, who produced a set of SDOF
systems based on the same models to datagependerfragilityfunctions for masonry
structures considering existing damage. More recently, @uedtjaD17 performed a
parametric study to compare different approximated methods to estimate the inelastic
seismic displacement demandshont-period masonry structures. The same was carried
out by Kalliorast a|.[2019, who tested the predictive capability in estimating earthquake
induced inelastic displacements on giesibd masonry buildings of two vesitablished
methods (the cagfespectrum method included in the Dutch code {9888[2020),

and the N2 method of Eurocode[@EN, 2004 The results of these studies evidenced

the capability of the hysteretic behaviours to cover a broad rangeisd imasonry
building typologies.

Table 4.1 Properties of the reference hysteretic mode{seproduced from Kallioraset a/, [2019).

Model Generalproperties | Elastoplastic properties| Viscous damping
To Qyst T ay ay Qo
s/ (%] | [s] [mm] [m/s2] [%]
100% SD| 0.150 199 | 0.165 21 3.03 5
80% SD| 0.157 185 | 0.172 22 2.96 47
67% SD| 0.162 17.7 | 0.177 23 291 4.4
50% SD| 0.170 171 | 0185 25 2.86 4.1
33% SD| 0.179 154 | 0195 27 2.80 3.8
20% SD| 0.187 149 | 0.202 238 2.75 3.3
0% SD| 0.202 13.8 | 0.212 3.1 2.68 3
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Figure 4.1Reference SDOF models: (a) hysteretic AD response of system wiihy,= 17.1% (50%SD);
(b) elastoplastic idealisation of monotonic AD response&eproduced from Kallioraser al, [2019.

4.2.2 MDOF systems
4.2.2.1 Strategies and mechanical parameters

MDOF numerical models are generated using macroelements with the software
TREMURI [Lagomarsineet al. 2013 which is based on the Equivalent Frame (EF)
modelling method. This approach disregards the OOP response of walls, assuming
negligible their effecbn the overall structural responses. The TREMURI macroelement
can simulate shear and flexural failures, including also transitions from one mode to the
other as functions of the axial folé®nnaet al. 2014 The implemented flexural
behaviour relieson a nonlinear degrading model for rocking damage, allowing
consideration of finite masonry compressive strength and stiffness degradation due to toe
crushing Kigure4.2). The shear model is characterized by elastic, inelastic, and sliding
ranges, with a pepeak softening branch that tends asymptotically to a residual static
frictional strength. Parametérgsoftening parametefjgure4.2) and G, (nonlinear
deformability parametdfigure4.2) cortrol the transition from peak to residual shear
strength and the displacement at peak strength, respectively. The macroelements shear
resistance is implemented through an equivalent Ceyjoentriterion, with parameters
(equivalent masonry cohes@pnand equivalent friction coefficigpy, properly calibrated

to be macroscopically representative of different shear failure modes (i.e., diagonal
cracking, shear sliding). Each macroelement is defined by:/defmityg modulug

shear modulu&r, compressive strength, equivalent masonry cohesi@nequivalent

friction coefficientQ; and AandGe:
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To simulate the experimental lateral response of thedidilare and retrofittelouilding
specimens only the internal CS leaf of cesdllg floors, and roof diaphragmere
explicitty modelledThe choice of using the EF methadd to disregard the explicit
modelling of the clay outer leafmotivated by mechanical considerations and by the
observeaxperimental response€tfC-BUILD-6 and EUGBUILD-7, as well as by the

ones observed during thiermers fulscaletests onbuilding belonging to the same
typologytested within the present experimental cam(@EigB:BUILD-1 [Graziottiet al.
2017],LNEC-BUILD-1, [Tomassettet al.201D]). At first, it is worth to recall that the
cavitywall system of the building typology under scrutiny is characterised by an internal
CS leaf that sustain all the structural loads of the structure (floors and roof) and by an
external clay veneer lwito structural functions (sethnding), which are connected by a
mesh of steel ti€seeFigure3.2b and dFigure3.5a to e andrigure3.6a) which can be
distributed with different densities, aredumed to couple the two leaves. Throughout the
presentexperimental campaijgthe effect of different densities of steel ties were
investigated, ranging from 1tié/mo 5 ties/n?. Regardless the configuration of the
connectiorbetween inner and outer legvt was observed that the adopted steel ties are
not able to offer a significant shear coupling effect for-fera response of cavity wall
Accordingly, the loadbearing CS internal structure of the tested building specimens moved
independently fra the clay outer leaves of the cavity walls excited in their plane.
Conversely, it was observed that in case walls excitdgblaune, all the configurations

of steel ties offeredh&ffectivecoupling between the two leaves, which mainly displaced
simultaneouslin all shakéable testsasdemonstrated by thexperimentatleformed
shapesGraziottiet al.2017,;Tomassettet al.2013, Migliettaet al 2019, Damiaweit al

2019. However being the outer leaf unloaded, it is expected to add a negligeable
contribution to the OOP resistance of the cavity wall. Basid )P detachment of

the clay veneer from the @& or its partial or total overturnitge to the failure of tie
connectes was neveexperimentallypbservedin light of these considerations,is
deemedeasonable to neglect the explicit modelling o€ldyexternal veneewxhile
consideringts seismignass of the North facade by addiag nodal forces (with nullfie
vertical component to avoid increasing the resistance of CS piers). In ttlie way,
contribution of longitudinal clay veneers was fully disregarded due to-¢ffeative

shear coupling between the two cavity wall leaveshefliilertia of th&lorth clay outer

leaf was not disregarded.

The bare casstudy building is discretized throughthwdes macroelements, representing
piers and spandrels, connected by nodes with associated rigileareasonry density
(® and compressive strengfh Ebtained from characterization tegiar. 3.2.5 are
assigned to the macroelements. The shear m@ylissconventionally taken as OE35*
Asthe axial and flexural response of a standavde2macroelement is lumped at the top
and bottom interfacetheelastic modulusf spandreléEr) wastripledto account for pier
doublefixed boundary conditionhile the one of single piers was muatghy 2.5 to



An innovative timber retrofit for unreinforced masonry structures 97

account for a neperfect doubléixed conditiorjPennaet al.2014. Equivalent masonry

initial shear strengtfio(ey and friction coefficieritrag) were calibrated simulating the lateral
responses of the fidtale specimen ELEOMP-1 (see sect. MMigliettaet al.2021H).

Since the experimental response was initially characterized by flexural rocking and followed
by shear sliding failureigure2.6, sect. 2, [Guerrimit al.2021]), the equivalent friction
coefficient fgg was selected as the ratio between the residual shear strengtar(@5 kN)

the applied vertical load at rhigight of the pier (106 kN), while the equivalent cohesion

(&9 was evaluated as the ratio between the observed strength drop of 13 kN and the pier
crosssectional area. Finally, two parameters controlling the Stiapaanlinear shear

model p = 0.5 andGct= 1.8) were selected to match the switch of governing behaviour
from flexural to sliding at 0.20% drift rafibe macroelement effective heights are selected
using the methodology proposed by Detad.[194], which allows to define pier heights
consistently with the observed experimental crack pdtigunms4.3).

Figure 4.2 Nonlinear macroelement behaviour: nonlinear flexural degrading model; role of parameter
b on the shear model; role of paramete,; on the shear model.

In retrofitted configurations, the macroelements are discretizedtwaien@dessub
elementf equal heightas proposed by Bracehtial. [2020] for modelling the lateral
behaviour of reinforced masonry piers. This because the effect of the timber system on
masonry piers lateral capacity is similar to a common stesdeminht: it activates after
masonry cracking and improve masonry strength and deformation capacitiesgMiglietta
al, 20284. As for bare conditions, masonry dengtyafid compressive strength (
obtained from characterization tests (par. 3.2.59saigned to the macroelements.
Furthermore, the elastic moduli did not require any adjustment thanks to the macroelement
discretisatiorEquivalent masonry initial shear strerfgth), @nd friction coefficientiy

were calibrated simulating the lateral responses of tbealefier specimen EUC

COMPR-2 (see sect. 2). As opposed to the bare pier, the strengthened one exhibited a
flexural response with yielding ofdwsvns, followed by diagonal shear failurdef t
masonry (sect. 2, [Guermial.2021])The timber retrofit system inhibits the occurrence

of sliding failure, as well as it forces the masonry to fail in diagonal shear fashion, regardless
of the damage accumulated for-dneshing.Equivalentcohesion €9 and friction
coefficient fay were then calculated based on the diagonal shear criterion for regular







































































































































































































































































































































































































































