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ABSTRACT 

The present thesis is a scientific study 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 comprehensive project aiming at characterising the seismic response of 

masonry buildings typical of the Groningen region (The Netherlands), interested by 

earthquake events induced by gas-extraction activities. 

The mechanical interaction between masonry and retrofit system was initially investigated 

through in-plane quasi-static shear-compression tests on two identical full-scale masonry 

piers, one in bare and one in retrofitted configuration. Experimental results allowed to 

evaluate the effectiveness of the solution in improving the lateral performance of masonry 

elements and to derive analytical prediction equations. These activities were followed by 

the dynamic incremental shake-table tests up to near collapse conditions performed on two 

nominally identical full-scale unreinforced masonry cavity-wall buildings, the former in un-

strengthened conditions and the latter in retrofitted configuration. Experimental results 

were used to assess the impact of the retrofit system from an overall building point of view, 

considering its beneficial effects also in improving the connections masonry-to-floor 

systems. Damage limit thresholds were experimentally defined and correlated to an 

engineering demand parameter for both configurations. 

A numerical study was carried out to assess the impact of the timber retrofit system on the 

variability of the lateral response of a case-study building characterized by the most 

common features that can be found in the Groningen region, considering simultaneously 

global and local failure mechanisms. The related multi-degrees-of-freedom models were 

derived from the ones calibrated on the incremental dynamic tests, and reduced to single-

degree-of-freedom oscillators to perform cloud non-linear time-history analysis using the 

latest ground motion 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 conditions. The local out-of-plane assessment of masonry 

piers was carried out as well through cloud non-linear time-history analysis. The latest 

ground motion database was employed for element at the ground floor level while filtered 

accelerations from global analysis were employed for elements at the first-floor level. The 

outcomes were used to fit collapse fragility functions conditioned to the seismic intensity 

for bare and retrofitted masonry piers. Finally, global and local vulnerability assessments 



 

were unified into single damage states fragility functions that consider simultaneously 

global and local behaviours. 

The concluding section of the thesis discusses qualitatively the main aspects of 

environmental sustainability within the proposal of a new structural upgrading intervention. 

The review of retrofit details under the light of òlife cycle thinkingó allows to reach more 

ambitious environmental and economical goals, especially with the view of large-scale 

applications. 
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1.INTRODUCTION  

1.1 BACKGROUND 

Historically, timber has been widely used as 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 technologies that 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, especially for fast 

strengthening interventions after the occurrence of earthquake events. Its natural very high 

strength over density ratio makes it particularly suitable to be transported in-situ and rapidly 

applied to existing structures to reduce their seismic vulnerability after being damaged. 

Even from the 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 earthquake. Figure 1.1 

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 26th and 30th of October 2015 and on the 24th of August 2016. The historical centre of 

the town underwent severe damages since it is characterized by old adjacent masonry 

buildings often with different storey height and generally without seismic details. Many 

buildings and churches required temporary interventions for safety against further collapse 

while the area was closed by the national authorities. In the reported examples it can be 

clearly appreciate the importance of timber for such interventions as well as its ease 

implementation with other materials (i.e., steel rods, connectors, or profiles).  

The need to structurally upgrade buildings is usually associated with tectonic seismic zones, 

where natural events can reach significant intensities. However, it is acknowledged that 

human activities can affect the natural non-seismic nature of a region. Nowadays, the 

seismicity induced by gas extraction is a well-known and never easy problem, due to the 

amount of money involved in such activities and their significant positive impacts on 

regional and national finances. In Europe it is contemporary the case of the Groningen 

region, in the North-East part of The Netherlands, bordering with the North Sea and 

Germany, where the underground gas-field has been operated since the 1960s. Around 

thirty years later (ô90s), shallow earthquakes started to be recorded and increased in amount 

with the continuing extraction. Induced earthquakes are characterized by short significant 

duration and low intensity, by maximum Richter scale magnitudes 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 vertical stability rather 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 subjected to small settlements due the poor 

characteristics of the soil, numerous 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 project to 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, 

also 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 knowledge on the building 

typologies and their structural weaknesses, the interest moved also to possible light 

structural retrofit interventions. Within this context, a new timber strengthening system for 

irregular Dutch terraced house of lateõ70s ð early ô80s is proposed and tested at the 

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 warming phenomenon 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 the construction sector in 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 

environmentally 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. 

Consequently, 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 connected to seismic 

events, which would also jeopardize any previous energetic intervention. It is well-known 

that the largest part of the economic losses caused by an earthquake are due to damage to 

non-structural elements, and they are anyhow required to be installed in seismically 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 impacts of the new system in construction, operating 

life, and demolition phases. 
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Figure 1.1 Camerino historical center (Sept. 2019) 

1.2 RESEARCH OBJECTIVES 

In order to assess a regional seismic risk, three main components are to be 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 model and the 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 exposure database [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 identify 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 [Crowley et al., 2017a] and for the estimation of the local personal 

risk [Crowley et al., 2017b]. With the development of the regional building inventory, it 

emerged that unreinforced masonry buildings constitute the largest portion of the 

considered portfolio (> 250.000 units) and therefore have a large impact on the overall 

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 of Dutch unreinforced (URM) 

masonry buildings, significant effort was put in the investigation of these structural systems 

since the very first stages of the project.  



Marco Miglietta 

 

4 

It is well-known that masonry building performance under earthquake loading represent 

an issue in the seismic engineering field. The behaviour of these structures has always been 

recognized as a complex topic, due to the high variability of masonry mechanical properties 

and the difficulties inherent in the estimation of such parameters [Lourenço, 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 entire buildings. Among 

others, TomaĤeviĽ et al. [1991], Magenes et al. [2014], Senaldi et al. [2014; 2019], Vintzileou 

et al. [2015], and Guerrini et al. [2019]) performed experimental tests on stone-masonry 

buildings, with and without strengthening intervention, while TomaĤeviĽ and Weiss [1994], 

Bothara et al. [2010] and Candeias, [2017] explored the response of clay-brick 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 extensive 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 

Groningen [Graziotti et al., 2018]. Former activities included the identification of masonry 

typologies of the area and their mechanical characterization through in-situ and laboratory 

tests [Tondelli et al., 2015], followed by the investigation on the in-plane and out-of-plane 

capacity of masonry piers through quasi-static and dynamic tests [Graziotti et al., 2016]. In 

2015, the first full-scale URM building specimen was tested on the shake-table at the 

EUCENTRE laboratories in Pavia, Italy [Graziotti et al., 2017], it was an end-unit of a 

regular Dutch URM terraced house of late õ70-early ô80s. One year later, a prototype of a 

typical Dutch URM detached house was tested as well on the shake-table [Kallioras et al., 

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

was reproduced and tested on the shake-table at the LNEC laboratory in Lisbon, Portugal, 

aiming to reach collapse of the structure [Tomassetti et al., 2019a]. The experiment was 

followed by dynamic tests also on a full-scale specimen of the gable-roof subsystem 

[Tomassetti et 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 Dutch URM terraced houses of late õ70-early ô80s the building 

typology most vulnerable to lateral actions. Accordingly, in 2018 a new full-scale building 

prototype belonging to this category was tested on the shake-table at the EUCENTRE 

laboratories [Miglietta et al., 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 

vulnerable building 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 as much rapid, 
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economical, and sustainable as possible. To this end, two cyclic shear-compression tests 

were performed on two identical single-whyte calcium silicate piers, one in bare conditions 

and one retrofitted with a new timber system [Guerrini et al., 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 

force-displacement response. The same strengthening solution was then applied to a full-

scale replica of the last full-scale building specimen and dynamically tested with the same 

loading protocol to investigate the effectiveness of the intervention in improving the 

seismic performance [Miglietta et al., 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 components, assemblies, and entire building systems of the 

Groningen area [e.g., Messali et al., 2017, Esposito et al., 2019, Arslan et al., 2021, Sarhosis 

et al., 2021]. 

URM terraced houses can be typically found in the Northern part of Europe. They are 

usually constituted by adjacent units and characterised by a cavity-wall structural system, 

constituted by an internal single-wythe loadbearing calcium silicate leaf and an external clay 

veneer with no structural function, each other connected by a net of steel ties. Units are 

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 good thermal insulation. The use 

of clay bricks for the external non-loadbearing 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 cheaper, with mechanical 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 they are not seismically detailed. The proposed timber retrofit 

system is conceived to overcome the structural deficiencies of cavity-wall masonry 

buildings with a light, economic and sustainable intervention.  

The experimental tests discussed in the present work provide information on the full-scale 

in-plane response of single-whyte 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 large experimental dataset on the interaction between masonry 

and timber elements. Experimental evidence is fundamental to produce analytical and 

numerical models [Andreotti et al., 2018; Malomo et al., 2018a, 2018b; Tomassetti et al., 

2018; Kallioras et al., 2019] able to produce reliable building responses, to assist the 

estimation of parameters for the seismic performance-based 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 chapters: the introduction 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 Chapt. 2 and 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 cavity-wall URM structures typical of the 

Groningen region. They are two scientific papers published in the journals Proceedings of 

the Institution of Civil Engineers-Structures and Buildings and Bulletin of Earthquake 

Engineering, respectively. Chapt. 4 and Chapt. 5 constitute the second part of the thesis, 

which is never been published. 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 intervention. 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: 

¶ Chapter 2 presents the mechanical and analytical interpretation of the 
cyclic in-plane shear-compression tests performed on two identical 
single-whyte calcium-silicate piers, one in bare and one in retrofitted 
configurations, named respectively EUC-COMP-1 and EUC-COMP-
2. The specimens were tested up to the reaching of near collapse 
conditions. 

¶ Chapter 3 discusses the incremental dynamic shake-table tests 
performed on two identical full-scale buildings belonging to the 
category of irregular Dutch URM cavity-wall terraced houses of late 
õ70-early ô80s, one in bare conditions 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 damage limit thresholds with a suitable engineering 
demand parameter. 

¶ Chapter 4 contains the numerical study carried out to assess the 
seismic vulnerability of a case study building with geometrical and 
mechanical properties that can be typically found in-situ, taking into 
account global and local failure mechanisms. Multi-degrees of freedom 
system (MDOF) systems were derived from the ones calibrated on 
experimental tests and reduced to single degree of freedom system 
(SDOF) systems to perform NLTH cloud analysis using the latest 
ground motion database of the Groningen region. Results were post-



An innovative timber retrofit for unreinforced masonry structures  

 

7 

processed to produce damage states fragility functions using 
experimentally defined limit thresholds. 

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

¶ Chapter 6 concludes the thesis by summarising its main outcomes and 
providing thoughts and recommendations for future research. 
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2. CYCLIC RESPONSE OF MASONRY PIERS 
RETROFITTED WITH TIMBER FRAMES AND BOARDS  

In Proceedings of the Institution of Civil Engineers-Structures and Buildings 2021, 174(5), 372-388. 

ABSTRACT 

The quasi-static in-plane cyclic response of two single-leaf calcium silicate unreinforced 

masonry piers was investigated to show the effectiveness of an innovative timber retrofit 

solution. The aim of the intervention is to increase the pier in-plane and out-of-plane 

strength and displacement capacity, thus reducing the seismic vulnerability of this typology 

of unreinforced masonry construction with a light, cost-effective, sustainable and reversible 

approach. The retrofit technique consists of a timber frame mechanically connected by 

means of steel fasteners to the masonry pier and building floors. Oriented strand timber 

boards are then nailed to the frame. In-plane quasi-static shearðcompression cyclic tests 

were performed on two single-leaf calcium silicate brick piers with identical geometry and 

masonry mechanical properties: one was tested un-strengthened while the other was tested 

in the retrofitted configuration. The experimental results showed evident improvements in 

the lateral forceðdisplacement response of the retrofitted specimen. More specifically, 

compared with the bare masonry pier, the retrofitted pier exhibited slightly higher stiffness, 

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 construction typology 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 induced earthquakes (i.e. due to gas 

extraction [Bourne et al., 2015; Crowley et al., 2018; Graziotti et al., 2018]) can result in 

ground motions with intensity higher than anticipated in low-seismicity sites. 

These occurrences have prompted interest on possible retrofit 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 the in-plane capacity of walls consists of applying 
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an additional material layer to the masonry. These additional layers include fibrereinforced 

composites [Alcaino and Santa-Maria, 2008; ElGawady et al., 2007; Luccioni and Rougier, 

2011; Marcari et al., 2007; Mosallam and Banerjee, 2011; TomaĤevicĞ et al., 2015], fibre-

reinforced cementitious matrices [Babaeidarabad et al., 2014; DõAmbrisi et al., 2013; 

Mantegazza et al., 2006] and externally bonded grids [Borri et al., 2011; Facconi et al., 2015; 

Giaretton et al., 2018; Papanicolaou et al., 2011; Prota et al., 2006; Yardim and Lalaj, 2016]. 

Further possibilities for enhancement of the in-plane response include the application of 

steel elements mechanically connected to the masonry [Darbhanzi et al., 2014; Farooq et al., 

2006; Taghdi et al., 2000] and the introduction of post-tensioning systems [Laursen and 

Ingham, 2001; Ma et al., 2012; Wight et al., 2006]. Similarly, the out-of-plane capacity of 

walls can be increased by applying fibre-reinforced strips or bars [Derakhshan et al., 2018; 

Galati et al., 2006; Willis et al., 2010], mortars reinforced with polymer textiles [Ismail and 

Ingham, 2016; Kadam et al., 2015; Kariou et al., 2018] or post-tensioning systems [Bailey et 

al., 2014; Ismail and Ingham, 2012; Popehn et al., 2007] to the masonry. Moreover, the 

improvement of connections between intersecting walls [Calderini et al., 2015; Calderini et 

al., 2019; Celik et al., 2009; Podestà and Scandolo, 2019] and between floor diaphragms and 

masonry walls [Moreira et al., 2014, 2016; Senaldi et al., 2019; Valluzzi, 2007] has proved to 

be effective in terms of both in-plane and out-of-plane behaviour enhancement. 

Essential requirements for the suitability of retrofit systems for residential buildings in low-

seismicity areas may include 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 load-bearing structural systems have been adopted for buildings in 

seismic-prone zones for centuries [Cardoso et al., 2004; Gülkan and Langenbach, 2004; 

Tobriner, 1983]. The seismic performance of existing masonry buildings that originally 

included timber elements for structural enhancement has been studied both numerically 

and experimentally [Graziotti et al., 2014; Kouris and Kappos, 2012; Meireles et al., 2012; 

Vintzileou, 2008]. However, the application of timber as a retrofit solution to masonry 

elements has been proposed only recently. For example, Giaretton et al. [2016] and Dizhur 

et al. [2017] experimentally investigated the out-of-plane strengthening of slender masonry 

piers using timber strong-backs. Giongo et al. [2017] and Riccadonna et 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 findings, the fundamental idea of the retrofit system discussed 

in this paper is to increase both the in-plane and out-of-plane capacities of masonry piers 

using a timber frame and oriented strand board (OSB) panels mechanically connected to 

the masonry, to the foundation and to the floor diaphragms. 

This paper presents and compares experimental results obtained from two in-plane quasi-

static shearðcompression cyclic tests on full-scale masonry piers with identical geometry 
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and masonry mechanical properties ð one consisting 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 Pavia, Italy. The geometry and loading 

conditions of the pier specimens reproduced the longest ground-floor pier of two Dutch 

terraced house full-scale prototypes. They were subjected to unidirectional dynamic shake-

table tests [Damiani et al., 2019; Miglietta et 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 the quasi-static component 

tests and shake-table experiments are available elsewhere (Eucentre, 2022). 

2.2 DESCRIPTION OF THE TEST SPECIMENS  

2.2.1 Masonry piers 

The two single-wythe masonry piers consisted of 33 courses of calcium silicate (CS) bricks 

with average dimensions of 210 x 100 x 70 mm, and 10-mm-thick mortar joints. This 

resulted in height H = 2.70 m, length L = 2.00 m, and thickness t = 0.10 m (Figure 2.1). 

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

conditions. 

 

Figure 2.1 Bare masonry pier geometry. Units of m. 

2.2.2 Retrofit system 

The proposed masonry pier in-plane retrofit system consisted of a timber frame connected 

to the CS pier. It was conceived starting from the out-of-plane strengthening solution 

developed by Giaretton et al., [2016] and Dizhur et al., [2017], which relies on vertical timber 

strong-backs. Such solution was further expanded to increase also the pier in-plane force 

and displacement capacity. The frame included vertical timber posts, coinciding with the 
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strong-backs, and horizontal blocking (or 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 cross-section of 80 x 60 mm, where the smaller dimension was 

oriented perpendicular to the masonry walls. 18-mm thick oriented strand boards (OSB) 

were fastened to the frame using 4-mm-diameter, 75-mm-long anker nails at 100-mm 

spacing, to increase the in-plane shear strength and stiffness of the specimen, following the 

American design guidelines for timber shear-walls (AWC, [2008]; Figure 2.2 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 connections between timber elements, masonry pier, and RC footing and top beam. 

Four connection types [Rothoblaas, 2015] were employed, as illustrated in Figure 2.3. 

C1 indicates the tie-down 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 twelve 5-mm-diameter, 70-mm-

long screws. The angles were connected to the RC elements through the sill plates by 12-

mm-diameter 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. C2 refers to 

additional connections between sill plates and RC elements through similar threated rods 

and anchor plates, designed to prevent shear sliding. 

 

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 cross-section of 50 x 3 mm were connected to the timber members by four 5-

mm-diameter, 70-mm-long screws and to the masonry by a 10-mm-diameter 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 with cross-section of 55 x 2 mm, connected 

to the timber members by five 5-mm-diameter, 70-mm-long screws on each leg. Four 

angles 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 û 130 per square meter of wall surface, referring to Northern Italy market 

prices. The required installation time was estimated as 2.25 man-hours per square meter of 

wall surface, considering its application to an entire full-scale building prototype [Damiani 

et al., 2019]. 

 

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 that were 28 d old. A detailed 

overview of the characterisation campaign can be found elsewhere [Miglietta et al., 2018]. 

The main material properties are summarised in Table 2.1. Calcium silicate bricks were 

tested in compression and bending according to BS EN 772-1:2011 [BSI, 2011] to obtain 

their compressive strength (fb) and tensile strength (fbt). The tensile (ft) and compressive (fc) 

strengths of the mortar were determined 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 masonry (fm) and 

the secant elastic modulus at 33% of compressive strength (Em) were obtained by testing 

masonry wallettes in compression along the direction perpendicular to the horizontal bed-

joints, according to BS EN 1052-1:1999 [BSI, 1998]. The initial shear strength (fv0) and the 

friction coefficient (Ǫ) were obtained according to BS EN 1052-3:2002 [BSI, 2002], while 

the masonry bond strength (fw) was obtained following BS EN 1052-5:2005 [BSI, 2005a]. 

The masonry density (ǯ) was 1837 kg/m3. 

Table 2.1 Masonry mechanical properties. 

 Bricks Mortar Masonry 

 fb fbt fc ft fm Em fw fv0 Ǫ r 

 [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] - [kg/m3] 

Tested 

specimens 
6 12 63 63 6 6 30 14 14 6 

Avg. 19.8 2.5 5.06 1.74 10.1 6593 0.28 0.62 0.71 1837 

C.o.V. [-] 0.18 0.09 0.24 0.28 0.06 0.09 0.32 - - 0.01 

 

2.2.3.2 Retrofit components 

Red solid fir (Picea abies), with a density of 517 kg/m3 and belonging to category S10/C24 

according to BS EN 14081- 1:2016 [BSI, 2016], was used to construct the timber frames. 

Its characteristic compressive strength parallel to the fibres (fc,0) was 21 MPa, its 

characteristic tensile strength parallel to the fibres (ft,0) was 14 MPa and its mean Young 

modulus (E0,mean) was 11000 MPa. The OSB boards had a density of 572 kg/m3 and 

belonged to category OSB/3 according to BS EN 300:2006 [BSI, 2006b]. Only the densities 

were determined at the DICAr laboratory; all the other properties were taken as specified 

by the mentioned codes. 
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The steel angles used for tie-down connections C1 had a characteristic tensile strength of 

11·6 kN, while those for the frame-to-masonry connections C3 had a characteristic shear 

strength of 3·3 kN [Rothoblaas, 2015]. The epoxy adhesive offered characteristic tensile 

and shear strengths of 41 kN and 20 kN respectively when applied to 10 mm dia. rods. 

These strengths increased to 59 kN and 30 kN respectively when used with 12 mm dia. 

rods. These values refer to embedment in uncracked concrete [Hilti, 2019]. 

2.3 TESTING PROCEDURE  

2.3.1 Tests setup 

The experimental setup used for the in-plane shear-compression cyclic tests on both 

specimens is illustrated in Figure 2.4. The RC footing was bolted to the laboratory strong 

floor. A steel beam was fastened to the top RC beam. To achieve continuous and uniform 

contact, a layer of self levelling high-strength shrinkage-controlled gypsum was placed 

between the RC footing and the strong floor and between the RC top beam and the steel 

beam. 

Two vertical servo-hydraulic actuators, reacting against a steel frame fixed to the laboratory 

strong wall, were connected to the steel top beam, providing double-curvature boundary 

conditions. A horizontal servo-hydraulic actuator reacted against 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 out-of-plane displacements of the pier, forcing an in-plane 

response up to severe damage conditions. 

 

Figure 2.4 In-plane shear-compression cyclic tests setup. Units of m. 
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2.3.2 Instrumentation and data acquisition 

The forces applied by the three actuators 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 parameters. In addition to load cells and potentiometers, an optical acquisition 

system with high-resolution cameras was used to monitor the three-dimensional 

trajectories of passive reflective markers, distributed over one surface of the specimens 

(grey dots visible in the photo of Figure 2.4). 

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 double-curvature, consistent with the boundary conditions of 

masonry piers located in the first storey of a typical Dutch two-storey terraced house 

[Miglietta et al., 2018]. The applied overburden stress represented an upper-bound scenario 

and was evaluated considering the axial-load 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 situations. Fastening 

operations were then completed after full application of the axial force. The horizontal 

loading history followed a force-controlled procedure for the firsts two sets of cycles, then 

continued in displacement-controlled mode Each set included three pushðpull cycles of 

equal amplitude; the duration of the cycles was kept almost constant, varying the 

displacement rate proportionally to the target displacement. The target forces (F), 

displacements (d) and drift ratios (q = d /  H) of each cycle set for both specimens are 

provided in Table 2.2. The positive loading direction was associated with the actuator 

pulling the specimen southward and the negative direction was associated with pushing 

northward. 

2.4 EXPERIMENTAL RESULTS  

2.4.1 Unstrenghtened specimen 

The bare specimen initially exhibited a rocking behaviour. The first horizontal crack was 

observed at the bottom of the pier (Figure 2.5a) at drift ratios qcr
+ = qcr

- = ±0.075% in both 

positive and negative directions, along the first and second bed-joints above the base of the 

wall. The damage pattern at the end of the cycles when the maximum positive shear was 

achieved, i.e. qVmax
+ = 0.20%, is shown in Figure 2.5b. 
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Table 2.2 Nominal lateral loading protocol. 

 Cycle set 
F  

[kN] 
d 

[mm] 
q  

[%] 

Velocity 
[mm/s] 

B
a

re
 a

n
d
 r

e
tr

o
fi
tt
e

d
 p

ie
rs 

1 15 - - - 

2 25 - - - 

3 - 0.50 0.02 0.01 

4 - 0.90 0.03 0.02 

5 - 1.30 0.05 0.03 

6 - 2.00 0.075 0.04 

7 - 2.70 0.10 0.05 

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 

R
e

tr
o

fi
tt
e

d
 p

ie
r 14 - 16.20 0.60 0.40 

15 - 21.50 0.80 0.50 

16 - 26.90 1.00 0.60 

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 32nd and 33rd brick courses above the base, allowing 
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 pushing, while it rocked 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 inducing out-of-plane displacements 

on the pier, probably due to 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 vertical load-bearing capacity. The pier failed 

at an ultimate drift qu
+ = 0.75% in the positive loading direction (Figure 2.5c). 
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The recorded hysteretic loops are displayed in Figure 2.6. The overall response of the 

specimen was characterised by rocking behaviour up to a drift ratio of 0.20%. The 

maximum negative shear, V max
- = 74.5 kN, was reached at qVmax

- = 0.15%, while the 

maximum positive shear, V max
+ = 77.9 kN, at qVmax

+ = 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 shear-sliding mechanism. In fact, the hysteretic cycles 

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 confirmed by the shape of the hysteretic 

cycles: wider, sliding-dominated cycles were obtained in the negative direction, as opposed 

to narrower, recentring, rocking-dominated cycles in the positive direction. 

 

Figure 2.5 Bare pier crack pattern corresponding to: a) first cracking; b) maximum recorded shear; c) 

ultimate conditions. 

 

Figure 2.6 Bare pier hysteretic response. 
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Figure 2.7 Displacement contributions: a) sub-elements with reference nodes; b) flexural and shear 

deformation modes. 

The total lateral displacement was decomposed into the contributions of flexural (qy) and 

shear deformations (g), following the procedure developed by Seible et al. [1991] as depicted 

in Figure 2.7. Because the test was performed under double-curvature conditions, the 

contributions were computed assuming the inflection point at mid-height of the specimen 

and analysing separately the top and bottom halves of the pier; accordingly, each half was 

characterised by height Z = H /  2. The displacements of six points (Figure 2.7), 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. 

Figure 2.8 shows the percentage of the lateral displacement contributed by flexural and 

shear deformations, recorded at maximum 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 and the total displacement (labelled òotheró in Figure 2.8), likely 

due to instrumentation tolerances and inflection point deviations from mid-height. The 

two components were comparable up to a drift ratio of 0.15%. After that, the flexural effect 

dropped significantly while the shear component, which included sliding over the 

horizontal crack at the top of the specimen, became dominant. 

 

Figure 2.8 Bare pier displacement contributions. 

2.4.2 Retrofitted specimen 

The first two cracks developed above the second brick layer (Figure 2.9a), at drift ratios 

qcr
+ = qcr

- = 0.075% in both positive and negative directions, as observed 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% (Figure 2.9b). 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 level of the lowermost timber post-to-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 characterised by toe 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 tie-down connections (C1 in Figure 2.3) at the top corners of the specimen 
buckled in compression. Figure 2.9c shows the damage pattern detected after the specimen 

reached its maximum shear strength at drift ratios qVmax
+ = qVmax

- = ±0.80%, which also 
corresponded to the ultimate drift ratio of the unretrofitted pier: extensive toe crushing 
was visible, with dislocation and loss of significant portions of masonry at the lower 
corners. The following cycles at a drift ratio of 1.00% resulted in buckling of the tie-down 
steel angles also at the base of the specimen. 

During the pulling phase at 1.50% a diagonal shear crack with 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 at qu
+ = qu

- = ±2.00% and caused extensive damage to the specimen. During 
the pushing and pulling phases, new diagonal, vertical and horizontal cracks developed 
throughout the wall (Figure 2.9d). Tie-down steel 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 of the pier top with the 
cycle maximum drift ratios. As shown in Figure 2.10, the downward (negative) 
displacements became significant after overcoming the experimental ultimate drift ratio of 
the bare pier, reaching 22 mm at the end of the test. 

 

Figure 2.9 Retrofitted pier crack pattern corresponding to: a) first cracking; b) maximum recorded 

shear on the bare pier; c) ultimate conditions of the bare pier and maximum recorded shear on the 

retrofitted pier; d) ultimate conditions. 
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Figure 2.10 Retrofitted pier: vertical displacement of the pier top at zero lateral force. 

The experimental hysteretic loops are represented in Figure 2.11. The specimen reached its 
maximum positive and negative shear strength, V max

+ = 104.7 kN and V max
- = -109.6 kN, 

respectively, at drift ratios qVmax
+ = qVmax

- = ±0.80% (Figure 2.9c). After these points, a 
progressive strength degradation was recorded when pulling, while the strength remained 
almost constant under pushing until it suddenly dropped during the second-last set of 
cycles upon diagonal shear cracking of the masonry. 

 

Figure 2.11 Retrofitted pier hysteretic response. 
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The total displacement was decomposed into flexural (qy) and shear (g) deformation 

contributions, as discussed for the bare pier. Figure 2.12 shows 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 slight 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 observed for the bare 

pier) partially inhibited by the stiffness of the timber retrofit. 

 

Figure 2.12 Retrofitted pier displacement contributions. 

Figure 2.13 shows the axial deformation of the bottom-North tie-down connection and 

the shear deformation of a portion of OSB sheathing against the horizontal displacement 

history. Tie-down connections showed a stable tension-compression 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 plates (Figure 2.13a). It is interesting to 

notice that the shortening of top and bottom tie-down 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 beam 22-mm downward displacement shown 

in Figure 2.10. The shear deformation of the OSB became significant at a drift ratio of 

1.50%, after reaching a value of 0.05% (Figure 2.13b): this corresponded to diagonal shear 
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cracking of the masonry and was consistent with the cracking shear deformation obtained 

for calcium-silicate squat piers by Graziotti et al., [2016]. 

 

Figure 2.13 Retrofit system response: a) elongation of the tie-down connection at the bottom-North 

corner; b) OSB shear deformation. 

2.4.3 Comparison of the test results 

The experimental backbone curves of both piers in the positive loading direction and their 
bilinear idealisations are compared in Figure 2.14. The backbone curves include the 
maximum-force points for all cycles, and the maximum-displacement point for the last 
cycle. Table 2.3 provides a summary of the main experimental results for the positive 
loading direction, in terms of secant stiffness at 33% of the maximum shear force (K33%

+), 

first-cracking drift ratio (qcr
+), maximum shear force (V max

+) with the corresponding drift 

ratio (qVmax
+), and ultimate drift ratio (qu

+) with the corresponding shear force (V u
+). 

The idealised bilinear relationships were defined according to Morandi et al. [2018]. The 

elastic stiffness (Kbl
+) was taken as the slope of the secant line through the experimental 

point at 70% of the maximum shear (V max
+), while the ultimate drift ratio (qu,bl

+) was set at 

a strength drop equal to 20% of V max
+. The yield point (qy,bl

+, V y,bl
+) was obtained 

intersecting the secant line with a horizontal one, and imposing the equivalence of the areas 

below the experimental envelope and the idealised bilinear curve up to qu,bl
+. The 

parameters defining the bilinear relationships are summarised in Table 2.4. 
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Figure 2.14 Bare and retrofitted pier backbone curves and bilinear idealisations, positive loading 

direction. 

Table 2.3 Backbone curve parameters, positive loading direction. 

Specimen 
K33%

+ qcr
+ qVmax

+ Vmax
+ qu

+ Vu
+ 

[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. 

Specimen 
Kbl

+ qy,bl
+ Vy,bl

+ qu,bl
+ 

[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 ratio (Figure 2.14). For smaller displacements, the initial 

stiffness of the two specimens was nearly identical, as typically observed in reinforced 

masonry and reinforced concrete elements. Both specimens exhibited a sudden drop of 

strength at drift ratios of 0.20%, when horizontal cracks extended continuously throughout 

the pier length (Figure 2.15). However, while the bare pier 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 shear-sliding along the cracks and allowed the specimen to reach higher 

displacements gaining additional strength. 

 

Figure 2.15 Hysteretic response up to 0.25% drift ratio: a) bare pier; b) retrofitted pier. 

Figure 2.16a and Figure 2.16b show the ultimate conditions reached by the two specimens. 
Both of them presented significant toe crushing, more pronounced on the retrofitted wall. 
In fact, the bare pier failed due to out-of-plane distortion, induced by deterioration at the 
rocking/sliding interfaces, which limited its in-plane drift capacity. Instead, the retrofitted 
specimen sustained more than twice the lateral displacement, as the timber system allowed 
exploiting its full flexural-rocking capacity and gradually took over the masonry 
compression resistance. 

At the end of the test, although the masonry was heavily damaged, the timber frame helped 
the retrofitted pier maintaining gravity load resistance, while the bare pier lost its vertical 
load-bearing capacity. Damage to the retrofit was localised within tie-down connections, 
where steel angles yielded in tension and buckled in compression (Figure 2.16c), and within 
top and bottom sill plates, where the posts transferred concentrated compressive forces. 

The cumulative dissipated energy for the two piers is shown in Figure 2.17. Although they 

were characterised by different failure mechanisms and hysteretic loop shapes, the 

dissipated energy was quite similar up to failure of the bare pier. Indeed, the latter exhibited 

wider cycles with lower strength, governed by the shear-sliding mechanism, while the 

retrofitted one showed slightly thinner cycles with higher strength. 
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Figure 2.16 Ultimate conditions: a) bare pier; b) retrofitted pier; c) buckled tie-down steel angle. 

 

Figure 2.17 Bare and retrofitted pier hysteretic energy dissipation. 
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Figure 2.18 Bare and retrofitted pier equivalent viscous damping. 

The dissipated energy was converted into equivalent viscous damping according to 

Jacobsen [1960], as shown in Figure 2.18 against the maximum drift ratio of each cycle. For 

each drift-ratio increment, the average area enclosed by the three cycles was first computed, 

then converted into equivalent viscous damping ratio. The bare pier offered higher 

equivalent viscous damping after the transition from rocking to shear-sliding behaviour at 

0.20% drift ratio, because sliding-governed response results in wider hysteretic loops. On 

the other hand, the flexure-controlled 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 section, simple equations are proposed to capture the elastic stiffness and 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 in Table 2.3. 

2.5.1 Unretrofitted specimen 

The masonry wall initial stiffness, for double-curvature boundary conditions, can be 

calculated as: 

 
ὑ

Ὄ

Ὁ ϽὒϽὸ
ρȢς

Ὄ

Ὃ ẗὒϽὸ
 (2.1) 

where Em is the masonry modulus of elasticity, Gm is the shear modulus assumed equal to 
0.35·Em according to MIT (2018), while H, L, and t are respectively height, length, and 
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thickness of the pier, respectively. Substituting the dimensions and material properties of 
the bare pier into Equation (2.1) yields Kmas = 95 kN/mm. Thus, compared with the 
experimental secant stiffness at 33% of the maximum shear force (94 kN/mm), Equation 
(2.1) results in a negligible overestimation of the order of 1%. 

The lateral strength associated with a flexural rocking mechanism can be obtained from the 

following equation [Magenes et al., 1997]: 
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with the bending moment resistance (MR,mas,f) of the end sections evaluated as: 
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where sv is the vertical compressive stress evaluated on the gross masonry section at mid-

height of the pier, t the wall thickness, and – the stress block magnitude parameter assumed 
equal to 0.85. For the tested pier, the vertical compressive stress of 0.524 MPa at mid-
height results in an rocking shear strength V R,mas,f = 74 kN. 

The estimated sliding-shear strength of the specimen, due to frictional (V R,m) and cohesive 

(V R,fv0) contributions, can be calculated as [Magenes et al., 1997; Eurocode 6, 2005]: 

 
ὠȟ ȟ ὠȟ ὠȟ ‘ Ͻ„ϽὸϽὒ Ὢ ϽὸϽὰ (2.4) 

with the contact length (lc) given by: 
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where m is the friction coefficient, sv the vertical compressive stress, fv0 the masonry initial 

shear strength, fm the masonry compressive strength, and av = H /  (2·L) = 0.67 the shear-

span ratio. The stress-block depth parameter l, generally ranging from 0.7 to 1, can be 
taken equal to 0.85. The estimated sliding shear strength of the specimen is then 
V R,mas,s = 84 kN.  

With the sliding-shear strength being slightly higher than the rocking lateral strength, the 
development of a flexural mechanism would be expected before the onset of sliding. In 
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fact, the minimum computed strength V R,mas,f = 74 kN provides a good estimation of the 
actual experimental strength of 78 kN, 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 a hybrid response of the 

specimen. This transition was caused by the opening of a full-length flexural crack at the 

top of the specimen, resulting in loss of cohesion and in an experimental residual strength 

of about 65 kN. Evaluating the frictional shear resistance only, V R,m = 75 kN, 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 act as springs in parallel, thus directly 

summing their individual contributions. Accordingly, the elastic stiffness of the timber 

retrofit system can be computed with the following expression [Countryman, 1952]: 
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where Ep is the timber post elastic modulus, Ap is the cross-sectional area of each outermost 
post, and KOSB is the shear stiffness of nailed OSB panels. For the case under examination, 
an elastic modulus Ep = E0,mean = 11000 MPa and a nominal cross-section area 
Ap = 4800 mm2 are adopted for the timber, while a nominal shear stiffness 
KOSB = 15500 N/mm is assigned to the OSB according to the American specifications for 
timber shear-walls [AWC, 2008]. The in-plane elastic stiffness of the timber retrofit system 
becomes Ktim = 9.8 kN/mm. The experimental counterpart of 12 kN/mm can be obtained 
from Table 2.3, subtracting the stiffness of the bare pier (94 kN/mm) from the one of the 
retrofitted specimen (106 kN/mm). This results in a 18% underestimation of the retrofit 
stiffness. However, the timber retrofit accounts for only about 10% of the total lateral 
stiffness. Comparing the total predicted stiffness Ktot = Kmas + Ktim = 105 kN/mm with the 
experimental one of the retrofitted pier (106 kN/mm), the error is only 1%. 

The flexural rocking-strength of the retrofit system is provided by the vertical forces acting 

on the timber posts. All posts are assumed to be stressed 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: 

 ὓ ȟ ȟ ВὝϽὦ  (2.7) 
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where Ti is the tensile axial force in the ith post and bi its distance from the compression 
post. The tensile forces are the minimum between the tensile strength of the timber post 
and the yield strength of the vertical leg of the steel angle in connection C1 in Figure 2.3. 
The lateral strength associated with flexural failure can then be calculated using Equation 
(2.8): 
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For the tested pier, the tensile strength of the posts is 1.5·Ap·ft,0 = 100.5 kN, while the 
mean yield capacity of the connection is 1.1·11.6 kN = 12.8 kN and controls the force on 
the posts. This results in V R,tim,f = 33 kN. Factors 1.5 and 1.1 account for mean-to-nominal 
(or mean-to-characteristic) strength ratio according to ASCE [2017]. 

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 shear-walls [AWC, 2008; ASCE, 2017], 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 strength V R,tim,s = 45 kN can be 
derived for the specific case. However, considering that such values are derived 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 that will develop, controlled 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 specific case, V R,tot,f = V R,mas,f + V R,tim,f = 107 kN 

and V R,tot,s = V R,mas,s + V R,tim,s = 129 kN: this anticipates a flexural failure mode, as observed 

experimentally, with an error of less than 2% on the actual strength of 105 kN (Table 2.3). 

The predicted strength of the retrofit system, V R,tim,f = 33 kN, is affected by a 22% error 

compared to the experimental value of 27 kN, obtained from Table 2.3 by difference 

between the retrofitted and bare pier strength. 

2.6 CONCLUSIONS  

A timber retrofit solution applied to a single-leaf unreinforced masonry pier built with 
calcium silicate bricks to enhance its in-plane seismic resistance was investigated. The 
proposed retrofit system consisted of a timber frame mechanically connected to the 
masonry pier, to the foundation and to the top beam, and OSB panels nailed to the frame. 

Two specimens with the same masonry dimensions and material properties one a bare 
masonry pier and the other completed with the retrofit were subjected to cyclic in-plane 
shearðcompression tests under the same level of axial compression and boundary 
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conditions. All the processed data and instrumentation schemes can be obtained elsewhere 
[Eucentre, 2020]. 

The unstrenghtened specimen showed a hybrid behaviour, developing first a flexural-
rocking mechanism which then evolved in a sliding-shear mode. The first cracks appeared 
at a drift ratio of 0.075%, while ultimate conditions were reached at a drift ratio of 0.75% 
with out-of-plane distortion of the severely damaged specimen. The maximum recorded 
lateral strength was approximately 78 kN. 

The retrofitted pier maintained a flexural behaviour up to 1.50% drift ratio, because the 
timber frame inhibited shear-sliding and allowed some flexural overstrength to develop. 
The first cracks appeared at a drift ratio of 0.075% as in the bare pier, while an ultimate 
drift ratio of 2.00% was reached when diagonal 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 system was localised within the tie-down 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 about 105 kN. 

Significant improvements of the seismic performance were achieved. Even though the 
timber retrofit did not delay first cracking, due to its high flexibility compared with the 
masonry pier, it allowed an increase in the specimenõs ultimate displacement (by 167%) and 
its lateral strength (by 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 the in-plane stiffness and strength of the two specimens resulted 
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 enhance the in-plane 

behaviour of the piers, but also improve their out-of-plane resistance, as it stems from 

previous studies where the timber posts acted as strong-backs for out-of-plane response. 

To demonstrate its global effectiveness, the system was applied to a full-scale building 

prototype tested on the shake-table of the EUCENTRE laboratories in Pavia, Italy. 

2.7 ACKNOWLEDGEMENTS  

This work is part of the EUCENTRE project òStudy of the vulnerability of masonry 

buildings in Groningenó, within the research programme framework on hazard and risk of 

induced seismicity in the Groningen province, sponsored by the Nederlandse Aardolie 

Maatschappij BV (NAM). The data post-processing was also partially funded by the DPC-

ReLUIS within the framework of the Work-Package-5 2019-2021: òInterventi di rapida 



An innovative timber retrofit for unreinforced masonry structures  

 

35 

esecuzione a basso impatto ed integratió. The authors would like to thank all parties 

involved in this project: the DICAr Laboratory of the University of Pavia and the 

EUCENTRE Laboratory, which performed the tests, and the partner NAM. The valuable 

advice of R. Pinho, G. Magenes, and A. Penna was essential to the project and is gratefully 

acknowledged. Thanks also go to J. Uilenreef, I. Giongo, D. Dizhur, S. Kallioras, L. 

Grottoli, A. Boneschi and I. Nasso. 

2.8 REFERENCES 

Alcaino, P., Santa-Maria, H. [2008] òExperimental response of externally retrofitted masonry walls 

subjected to shear loadingó. Journal of Composites for Construction, 12(5): 489ð498. 

ASCE [2017] ASCE/SEI 41-17: Seismic evaluation and retrofit of existing buildings. American Society of 

Civil Engineers, Reston, Virginia, USA. 

AWC [2008] ANSI/AF&PA SDPWS-2008: Special design provisions for wind and seismic. American 

Wood Council, Washington D.C., USA. 

Babaeidarabad, S., Arboleda, D., Loreto, G., Nanni, A. [2014] òShear strengthening of un-reinforced 

concrete masonry walls with fabric-reinforced-cementitious-matrixó. Construction and Building 

Materials, 65: 243-253. 

Bailey, S., Dizhur, D., Trowsdale, J., Griffith, M. [2014] òPerformance of posttensioned seismic 

retrofit of two stone masonry buildings during the Canterbury earthquakesó. Journal of 

Performance of Constructed Facilities, 29(4): 04014111. 

Borri, A., Castori, G. Corradi, M. [2011] òShear behavior of masonry panels strengthened by high 

strength steel cordsó. Construction and Building Materials, 25(2): 494-503. 

Bourne, S.J., Oates, S.J., Bommer, J.J., Dost, B., van Elk, J., Doornhof, D. [2015] òA Monte Carlo 

method for probabilistic hazard assessment of induced seismicity due to conventional natural 

gas productionó. Bulletin of the Seismological Society of America, 105(3): 1721ð1738. 

BSI [1998] BS EN 1052-1:1999: Methods of test for masonry. Determination of compressive strength. British 

standards institution, London, UK. 

BSI [2002] BS EN 1052-3:2002: Methods of test for masonry units. Determination of initial shear strength. 

British standards institution, London, UK. 

BSI [2005a] BS EN 1052-5:2005: Methods of test for masonry. Determination of bond strength by the bond 

wrench method. British standards institution, London, UK. 



Marco Miglietta 

 

36 

BSI [2005b] BS EN 1996: Eurocode 6: Design of masonry structures. Part 1-1: General rules for buildings. Rules 

for reinforced and unreinforced masonry. British standards institution, London, UK. 

BSI [2006a] BS EN 1015-11:2019: Methods of test for mortar for masonry. Determination of flexural and 

compressive strength of hardened mortar. British standards institution, London, UK. 

BSI [2006b] BS EN 300:2006: Oriented strand board (OSB). Definitions, classification and specifications. 

British standards institution, London, UK. 

BSI [2011] BS EN 772-1:2011: Methods of test for masonry units. Determination of compressive strength. British 

standards institution, London, UK. 

BSI [2016] BS EN 14081-1:2016: Timber structures. Strength graded structural timber with rectangular cross 

section. General requirements. British standards institution, London, UK. 

Calderini, C., Lagomarsino, S. Rossi, M. [2015] òShaking table tests of an arch-pillars system and 

design of strengthening by the use of tie-rodsó. Bulletin of Earthquake Engineering, 13(1): 279ð

297. 

Calderini, C., Piccardo, P. Vecchiattini, R. [2019] òExperimental characterization of ancient metal 

tie-rods in historic masonry buildingsó. International Journal of Architectural Heritage, 13(3): 425ð

437. 

Cardoso, R., Lopes, M., Bento, R. [2004] òEarthquake resistant structures of Portuguese old 

ôpombalinoõ buildingsó. Proceedings of the 13th WCEE, Vancouver, BC, Canada, Paper No. 918. 

Celik, O., Sesigur, H. Cili, F. [2009] òImportance of wood and iron tension members on seismic 

performance of historic masonry buildings: three case studies from Turkeyó. SEI Conference on 

Improving the Seismic Performance of Existing Buildings and Other Structures, San Francisco, CA, USA, 

pp. 1374ð1383. 

Countryman, D. [1952] òLateral Tests on Plywood Sheathed Diaphragmsó: Laboratory Report No. 55. 

Douglas Fir Plywood Association, Tacoma, WA, USA. 

Crowley, H., Pinho, R., van Elk, J, Uilenreef, J. [2018] òProbabilistic damage assessment of buildings 

due to induced seismicityó. Bulletin of Earthquake Engineering, 17(8): 4495ð4516. 

DõAmbrisi, A., Mezzi, M. Caporale, A. [2013] òExperimental investigation on polymeric net-RCM 

reinforced masonry panelsó. Composite Structures, 105: 207ð215. 



An innovative timber retrofit for unreinforced masonry structures  

 

37 

Damiani, N., Miglietta, M., Mazzella L., Grottoli, L., Guerrini, G., Graziotti, F. [2019] òFull-scale 

Shaking Table Test on A Dutch URM Cavity-Wall Terraced-House end Unit ð A Retrofit 

Solution with Strong-Backs and OSB Boards ð EUC-BUILD-7ó. Research report 

EUC052/2019U, Eucentre foundation, Pavia, Italy. 

Darbhanzi, A., Marefat, M.S., Khanmohammadi, M. [2014] òInvestigation of in-plane seismic 

retrofit of unreinforced masonry walls by means of vertical steel tiesó. Construction and Building 

Materials 52: 122ð129. 

Derakhshan, H., Lucas, W., Visintin, P., Griffith, M.C. [2018] òLaboratory testing of strengthened 

cavity unreinforced masonry wallsó. Journal of Structural Engineering, 144(3): 04018005. 

Dizhur, D., Giaretton, M., Giongo, I., Ingham, J.M. [2017] òSeismic retrofit of masonry walls using 

timber strong-backsó. SESOC Journal, 30(2): 1ð30. 

Eucentre (2022) See http://www.eucentre.it/nam-project. 

ElGawady, M.A., Lestuzzi, P., Badoux, M. [2007] òStatic cyclic response of masonry walls retrofitted 

with fiber-reinforced polymersó. Journal of Composites for Construction, 11(1): 50ð61. 

Damiani, N., Miglietta, M., Mazzella, L., Grottoli, L., Guerrini, G., Graziotti, F. [2019] òFull-scale 

shaking table test on a Dutch URM cavity-wall terraced-house end unit - a retrofit solution 

with strong-backs and OSB boards - EUC-BUILD-7ó. Research report EUC052/2019U, 

EUCENTRE foundation, Pavia, ITA,. www.eucentre.it/nam-project. 

Facconi, L., Conforti, A., Minelli, F. Plizzari, G.A. [2015] òImproving shear strength of unreinforced 

masonry walls by nano-reinforced fibrous mortar coatingó. Materials and Structures, 48(8): 2557ð

2574. 

Farooq, S.H., Ilyas, M., Ghaffar, A. [2006] òTechnique for strengthening of masonry wall panels 

using steel stripsó. Asian Journal of Civil Engineering (Building and Housing), 7(6): 621ð638. 

Galati, N., Tumialan, G., Nanni, A. [2006] òStrengthening with FRP bars of URM walls subject to 

out-of-plane loadsó. Construction and Building Materials 20(1ð2): 101ð110. 

Giaretton, M., Dizhur, D., Ingham, J.M. [2016] òShaking table testing of as-built and retrofitted clay 

brick URM cavity-wallsó. Engineering Structures, 125: 70ð79. 

Giaretton, M., Dizhur, D., Garbin, E., Ingham, J., da Porto, F. [2018] òIn-plane strengthening of 

clay brick and block masonry walls using textile-reinforced mortaró. Journal of Composites for 

Construction, 22(5): 04018028. 



Marco Miglietta 

 

38 

Giongo, I., Schiro, G., Piazza, M. [2017]ó On the use of timber-based panels for the seismic retrofit 

of masonry structuresó. Proceedings of Prohitech 3rd International Conference on Protection of Historical 

Constructions, Lisbon, Portugal. 

Graziotti, F., Penna, A., Magenes G [2014] òInfluence of timber lintels on the cyclic behaviour of 

stone masonry spandrelsó. Proceedings of International Masonry Conference, Guimarães, Portugal. 

Graziotti, F., Rossi, A., Mandirola, M., Penna, A., Magenes, G. [2016] òExperimental 

characterisation of calcium-silicate brick masonry for seismic assessmentó. Proceedings of the 16th 

International Brick and Block Masonry Conference, IBMAC, Padua, Italy, pp. 1619ð1628. 

Graziotti, F., Penna, A., Magenes G., [2018] òA comprehensive in situ and laboratory testing 

programme supporting seismic risk analysis of URM buildings subjected to induced 

earthquakesó. Bulletin of Earthquake Engineering, 17(8): 4575ð4599. 

Gülkan, P., Langenbach, R. [2004] òThe earthquake resistance of traditional timber and masonry 

dwellings in Turkeyó. Proceedings of 13th WCEE, Vancouver, BC, Canada, Paper No. 2297. 

Hilti (2019) Hilti Technical Datasheet: HIT-RE 500 V3 Injection Mortar. Hilti, Schaan, 

Liechtenstein. 

Horton Jr., J.W., Williams, R.A. (2012) òThe 2011 Virginia earthquake: What are scientists 

learning?ó. Eos, 93(33): 317ð318. 

Ismail, N., Ingham, J.M. [2012] òCyclic out-of-plane behavior of slender clay brick masonry walls 

seismically strengthened using posttensioningó. Journal of Structural Engineering, 138(10): 1255ð

1266. 

Ismail, N., Ingham, J.M. [2016] òIn-plane and out-of-plane testing of unreinforced masonry walls 

strengthened using polymer textile reinforced mortaró. Engineering Structures, 118: 167ð177. 

Jacobsen, L.S. [1960] òDamping in composite structuresó. Proceedings of the 2nd World Conference on 

Earthquake Engineering, Tokyo and Kyoto, Japan. vol. 2, pp. 1029ð1044. 

Kadam, S.B., Singh, Y., Li, B. [2015] òOut-of-plane behaviour of unreinforced masonry 

strengthened using ferrocement overlayó. Materials and Structures, 48(10): 3187ð3203. 

Kariou, F.A., Triantafyllou, S.P., Bournas, D.A., Koutas, J.N. [2018] òOut-of-plane response of 

masonry walls strengthened using textile-mortar systemó. Construction and Building Materials 165: 

769ð781. 



An innovative timber retrofit for unreinforced masonry structures  

 

39 

Kouris, L.A.S., Kappos, A.J. [2012] òDetailed and simplified non-linear models for timber-framed 

masonry structuresó. Journal of Cultural Heritage, 13(1): 47ð58. 

Laursen, P.T., Ingham, J.M. [2001] òStructural testing of single-storey post-tensioned concrete 

masonry walls. The Masonry Society Journal, 19(1): 69ð82. 

Luccioni, B., Rougier, V.C. [2011] òIn-plane retrofitting of masonry panels with fibre reinforced 

composite materialsó. Construction and Building Materials, 25(4): 1772-1788. 

Ma, R., Jiang, L., He, M. Fang, C., Liang, F. [2012] òExperimental investigations on masonry 

structures using external prestressing techniques for improving seismic performanceó. 

Engineering structures, 42: 297-307. 

Magenes, G., Calvi, GM. [1997] òIn plane seismic response of brick masonry wallsó. Earthquake 

engineering and structural dynamics, 26(11): 1091-1112. 

Mantegazza, G., Gatti, A., Barbieri, A. [2006]. Retrofitting concrete and masonry building: FRCM 

(fiber reinforced cementitious matrix) a new emerging technology. Proceeding of the 12th 

Konferencja Naukowo-Techniczna Problemy Remontowe W Budownictwie Ogólnym i Obiektach 

Zabytkowych. REMO, pp. 6-8. 

Marcari, G., Manfredi, G., Prota, A., Pecce, M. [2007] òIn-plane shear performance of masonry 

panels strengthened with FRPó. Composites Part B: Engineering, 38(7-8): 887-901. 

Meireles, H., Bento, R., Cattari, S., Lagomarsino, S. [2012] òA hysteretic model for "frontal" walls in 

pombalino buildingsó. Bulletin of Earthquake Engineering, 10(5): 1481-1502.  

Miglietta, M., Mazzella, L., Grottoli, L., Guerrini, G., Graziotti, F. [2018] òFull-scale shaking table 

test on a Dutch URM cavity-wall terraced-house end unit ð EUC-BUILD-6ó. Research report 

EUC160/2018U, Eucentre foundation, Pavia, Italy.. 

MIT [2018] Norme tecniche per le costruzioni. Ministero Infrastrutture e Trasporti, Italy. 

Morandi, P., Albanesi, L., Graziotti, F., Lipiani, T., Penna, A., Magenes, G. [2018] òDevelopment of 

a dataset on the in-plane experimental response of URM piers with bricks and blocksó. 

Construction and Building Materials, 190: 593-611. 

Moreira, S., Ramos, L.F., Oliveira, D.V., Lourenço P.B. [2014] òExperimental behavior of masonry 

wall-to-timber elements connections strengthened with injection anchorsó. Engineering 

Structures, 81, 98-109. 



Marco Miglietta 

 

40 

Moreira, S., Ramos, L.F., Oliveira, D.V., Lourenço P.B. [2016] òDesign parameters for seismically 

retrofitted masonry-to-timber connections: injection anchorsó. International Journal of 

Architectural Heritage, 10(2-3), 217-234. 

Mosallam, A., Banerjee, S. [2011] òEnhancement in in-plane shear capacity of unreinforced masonry 

(URM) walls strengthened with fiber reinforced polymer compositesó. Composites Part B: 

Engineering, 42(6): 1657-1670. 

Papanicolaou, C., Triantafillou, T., Lekka, M. [2011] òExternally bonded grids as strengthening and 

seismic retrofitting materials of masonry panelsó. Construction and Building Materials, 25(2): 504-

514. 

Podestà, S., Scandolo, L. [2019] òEarthquakes and Tie-Rods: Assessment, Design, and Ductility 

Issuesó. International Journal of Architectural Heritage, 13(3): 329ð339. 

Popehn, J.R.B., Schultz, A.E., Drake, C.R. [2007] òBehavior of slender, posttensioned masonry walls 

under transverse loadingó. Journal of Structural Engineering, 133(11): 1541-1550. 

Prota, A., Marcari, G., Fabbrocino, G., Manfredi, G., Aldea, C. [2006] òExperimental in-plane 

behavior of tuff masonry strengthened with cementitious matrixðgrid compositesó. Journal of 

Composites for Construction, 10(3): 223-233. 

Riccadonna, D., Giongo, I., Schiro, G., Rizzi, E., Parisi, M.A. [2019] òExperimental shear testing of 

timber-masonry dry connections for the seismic retrofit of unreinforced masonry shear wallsó. 

Construction and Building Materials, 211: 52-72. 

Rothoblaas [2015] Wood connectors and timber plates, Screws for wood. 

https://www.rothoblaas.com/catalogue-rothoblaas 

Seible, F., Igarashi, A. [1991] òFull scale testing of masonry structures under simulated seismic 
loadingsó. In: Experimental and numerical methods in earthquake engineering: Kluwer Academic 
Publishing, Dordrecht, the Netherlands, pp. 119ð148.. 

Senaldi, I., Guerrini, G., Caruso, M., Graziotti, F., Magenes, G., Beyer, K., Penna, A. [2019] 

òExperimental Seismic Response of a Half-Scale Stone Masonry Building Aggregate: Effects 

of Retrofit Strategiesó. In: Structural Analysis of Historical Constructions. Springer, Cham, 

Switzerland: 1372-1381. 

Sustersic, I., Dujic, B. [2014] òSeismic Shaking Table Testing of a Reinforced Concrete Frame with 

Masonry Infill Strengthened with Cross Laminated Timber Panelsó. Proceedings of the World 

Conference on Timber Engineering (WCTE 2014), Quebec City, Canada. 

https://www.rothoblaas.com/catalogue-rothoblaas


An innovative timber retrofit for unreinforced masonry structures  

 

41 

Taghdi, M., Bruneau, M. Saatcioglu, M. [2000] òSeismic retrofitting of low-rise masonry and concrete 

walls using steel stripsó. Journal of Structural Engineering, 126(9): 1017-1025. 

Tobriner, S. [1983] òLa casa baraccata: Earthquake-resistant construction in 18th̆Century Calabriaó. 

Journal of the Society of Architectural Historians, 42(2): 131-138.  

TomaĤeviĽ, M., Gams, M., Berset, T. [2015] òStrengthening of stone masonry walls with composite 

reinforced coatingsó. Bulletin of earthquake engineering, 13(7): 2003-2027. 

Valluzzi, MR. [2007] òOn the vulnerability of historical masonry structures: analysis and mitigationó. 

Materials and Structures, 40(7), 723-743. 

Vintzileouó Effect of timber ties on the behavior of historic masonryó. Journal of Structural Engineering, 

134(6): 961-972. 

Wight, G.D., Ingham, J.M., Kowalsky, M.J. [2006] òShake-table testing of rectangular post-tensioned 

concrete masonry wallsó. ACI Structural Journal, 103(4): 587. 

Willis, C.R., Seracino, R. Griffith, M.C. [2010] òOut-of-plane strength of brick masonry retrofitted 

with horizontal NSM CFRP stripsó. Engineering structures, 32(2): 547-555. 

Yardim, Y., Lalaj, O. [2016] òShear strengthening of unreinforced masonry wall with different fiber 

reinforced mortar jacketingó. Construction and Building Materials, 102: 149-154. 

 

 





 

 

3.FULL -SCALE SHAKE-TABLE TESTS ON TWO 
UNREINFORCED MASONRY CAVITY -WALL BUILDINGS: 
EFFECT OF AN INNOVATIVE TIMBER RETROFIT 
SYSTEM 

In Bulletin of Earthquake Engineering, 19(6), 2561-2596. 

ABSTRACT 

Two full-scale building specimens were tested on the shake-table at the EUCENTRE 

Foundation laboratories in Pavia (Italy), 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 represented the end-unit of 

a two-storey terraced house typical of the North-Eastern Netherlands, a region affected by 

induced seismicity over the last few decades. This building typology is particularly 

vulnerable to earthquake excitation due to lack of seismic details and irregular distribution 

of large openings in masonry walls. Both specimens were built with the same geometry. 

Their structural system consisted of cavity walls, with interior load-bearing calcium-silicate 

leaf and exterior clay veneer, and included a first-floor reinforced concrete slab, a second-

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 

sustainable, lightweight, reversible, and cost-effective 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 second-floor 

timber diaphragm was stiffened and strengthened by a layer of oriented-strand boards, 

nailed to the existing joists and to additional blocking elements through the existing planks. 

These interventions resulted also in improved wall-to-diaphragm connections with the 

inner leaf at both floors, while steel ties were added between the cavity-wall leaves. 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 bare and retrofitted 

specimens, compares the experimental results obtained through similar incremental 

dynamic shake-table test protocols up to near-collapse conditions, and identifies damage 

states and damage limits associated with displacements and deformations. 

Keywords: Brick masonry cavity walls, Flexible diaphragm; Timber retrofit; Seismic performance, 

Damage states, Full-scale shake-table test. 
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3.1 INTRODUCTION  

During the last few decades, gas extraction activities have exposed the region of Groningen, 
in the North-East area of The Netherlands, to induced seismicity. The affected area 
includes a stock of about 250.000 buildings, mainly consisting of unreinforced masonry 
(URM) structures not specifically designed for seismic resistance [Arup 2020]. Following a 
series of low-intensity earthquake events which caused minor, yet diffuse damage in the 
region, a comprehensive research project was conceived to assess and eventually mitigate 
the local seismic risk [Dost et al., 2012; Dost and Kraaijpoel, 2013; Bommer et al., 2016]. 
Within this framework, the seismic hazard [Bourne et al., 2015], the local building stock 
fragility and fatality models [Crowley et al., 2017, 2019] and the associated seismic risk [van 
Elk et al., 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 was not historically 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 development of the regional 
seismic risk model. The campaign included static or quasi-static tests on materials, masonry 
assemblies, and structural components, as well as dynamic shake-table tests on full-scale 
buildings and subsystems [Graziotti et al., 2019a, b], numerical simulations, and analytical 
formulations [Malomo et al., 2018; Kallioras et al., 2019; Tomassetti et al., 2018]. 
Experimental tests were also conducted in parallel at the Delft University of Technology 
[Jafari et al., 2017; Rots et al., 2017; Esposito et al., 2019]. 

Two-storey terraced houses built in the late ô70sðearly ô80s (Figure 3.1) constitute one of 
the most common and earthquake-vulnerable building typologies within the Groningen 
region. This residential typology combines structurally-independent adjacent units, with 
discontinuous floors and roofs usually supported by single-wythe calcium-silicate (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 dimensions of 5-to-6 m in 
the longitudinal direction, parallel to the front and back façades, and 7-to-9 m in the 
transverse one. The entire building is commonly enveloped by a continuous single-wythe 
clay (CL) veneer. The resulting cavity walls then consist of an inner CS leaf with load-
bearing function and an outer CL veneer with architectural and insulation purposes, 
separated by an 80-mm air gap and connected with each other by steel ties. Large openings 
are irregularly distributed on the front and back façades. The first floor is typically built 
with precast reinforced concrete (RC) panels, completed by a cast-in-place 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, supported by CS masonry gables extending up from 
the transverse walls. 
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After a series of shake-table tests on a full-scale prototype and on subassemblies of a two-
storey terraced-house end-unit with reinforced concrete slabs at both floors [Graziotti et 
al., 2017; Tomassetti et al., 2019a, b], information was still missing about the effects of 
highly irregular opening distributions and second-floor 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 identical full-scale specimens, 
representing the end-unit of a typical two-storey terraced house, with unfavorable 
construction details, were designed, built, and tested on the shake-table of the 
EUCENTRE Foundation. The first specimen was subjected to an incremental 
unidirectional ground-motion sequence up to its near-collapse limit state in June 2018, 
aiming to define its dynamic response and damage evolution without any retrofit 
intervention [Miglietta et al., 2019]. The second building was retrofitted with an innovative 
timber system while in pristine conditions, then tested starting with the same protocol and 
up to twice the input acceleration amplitude during December 2018 [Damiani et al., 2019]. 

This paper describes in detail the bare and retrofitted specimens, compares the two 
experimental dynamic responses up to near-collapse conditions, and identifies damage 
states and damage limits associated with displacements and deformations. All test results 
are available for free and can be downloaded upon request from 
http://www.eucentre.it/nam-project. Further details on the shared data can be found in 
Miglietta et al., [2019]. 

 

Figure 3.1 Typical terraced house of the Groningen area: (a) front façade; (b) lateral façade. 

3.2 CHARACTERISTICS OF THE SPECIMENS  

3.2.1 General Overview 

Both building specimens represented the end-unit of a Dutch two-storey URM cavity-wall 

terraced house of the late ô70sðearly ô80s (Figure 3.1). The transverse walls of terraced 

houses generally do not present openings, except for some end-unit gables (Figure 3.1b), 

and can resist significant in-plane lateral forces. Given the high amount of openings in the 

front and back façades, these buildings are therefore more flexible and vulnerable in the 

longitudinal direction. The horizontal structures of adjacent units are discontinuous and 
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rest only on CS party walls, consisting of two independent CS leaves, making each unit 

structurally separated from the other ones. For these reasons, an individual end-unit 

prototype (Figure 3.2) could be easily isolated from the terraced house and tested uniaxially 

in the North-South direction, with the East and West longitudinal walls excited in their 

planes and the North and South transverse walls out-of-plane. 

The plan dimensions were adapted to fit within the shake-table (Figure 3.3, Figure 3.4): in 

particular, the 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. The first-floor RC slab 

and the second-floor timber joists spanned in the North-South direction, supported by the 

two transverse CS walls. Staircase openings were obtained in both floor diaphragms next 

to the North wall (Figure 3.4b, c). Two gables extending above the transverse walls 

supported a 39°-pitch timber roof, with joists spanning in the North-South direction. The 

roof was finished by battens, counter-battens, and clay tiles. Some timber frames and 

shutters were also installed in window openings, to study the damage to non-structural 

elements. The specimens were built directly on a composite steel-concrete foundation, 

fastened to the shake-table. 

The experimental seismic behaviour of the 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 second-floor timber diaphragm sliding above the second-storey piers (see Sect. 4.2). 
The main objective of the proposed solution was to promote a box-type global response, 
by improving connections throughout the structure [Magenes et al., 2014; Guerrini et al., 
2019; Senaldi et al., 2020], enhancing in-plane and out-of-plane wall capacities, and 
stiffening the second-floor and roof flexible timber diaphragms [Senaldi et al., 2014]. 
Moreover, desired features of the retrofit system were: (1) its sustainability, which led to 
the choice of timber as the main retrofit material; (2) its limited weight, promoted by using 
timber frames and oriented-strand board (OSB) panels rather than solid hardwood or 
glulam panels; (3) its reversibility, pursued by adopting dry connections between timber 
elements and existing masonry; and (4) its cost-effectiveness, associated with its ease of 
construction. 
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Figure 3.2 Overall photos of the specimens: (a) North and West façades; (b) South and East façades; 

(c) North façade; (d) South façade. Shaking direction indicated by yellow arrows. 

3.2.2 Details of the bare structure 

The structural details replicated common features of the Dutch two-storey URM cavity-

wall terraced houses of the late ô70sðearly ô80s. The masonry consisted of a single-wythe, 

102-mm-thick CS inner leaf and a single-wythe, 100-mm-thick CL outer leaf, separated by 

a gap of approximately 80 mm (Figure 3.3, Figure 3.4). The CS bricks had dimensions of 

212 × 102 × 71 mm while the CL bricks of 210 × 100 × 50 mm; mortar joints had thickness 

of 10 mm in both leaves. Only the inner CS leaf was continuous along the entire perimeter 

of the house; the outer CL leaf was not present on the South side, as in reality the adjacent 

residential unit would border with it (Figure 3.2, Figure 3.4). Steel ties granted connection 

between inner and outer leaves, distributed as shown in Figure 3.3 with a density of 

approximately 1 tie/m2. This tie density was deemed representative of lower-bound 

conditions for the Groningen area, excluding cases of extreme and total corrosion. These 

ties had a diameter of 3.4 mm and a length of 200 mm. They were embedded in the 

horizontal mortar bed-joints during construction of the walls. The hooked end extended 

within the inner leaf for 60 mm, while the bent end was embedded in the CL veneers for 

60 mm (Figure 3.5a). 

Four pairs of precast reinforced concrete lintels were placed above the first-storey 

openings, supported for 100 mm on the masonry walls at each end (Figure 3.3a, b, Figure 

3.5b). The lintels for the CS leaf had cross-section dimensions of 100 × 150 mm, 

corresponding to the height of two brick courses and one mortar joint, while those for the 

CL leaf had dimensions of 100 × 170 mm, as the height of three brick courses and two 

mortar joints. 
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The first floor consisted of a 160-mm-thick RC slab, reproducing the mass contributed by 
a hollow-core RC floor structure and by superimposed dead and live loads. The thickness 
was locally reduced to 150 mm over a 140-mm-wide strip along the perimeter, to match 
the height of two CS bricks and a horizontal mortar 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 intended to load the transverse walls, without applying any direct 
overburden to the longitudinal ones in static conditions (Figure 3.5c). The gap was then 
filled with mortar, after exhaustion of concrete creep deformations. Four 0.45 × 0.55-m 
holes were created in the RC slab, to fit a steel frame with collapse-safety and displacement 
reference functions (Figure 3.4b). 

 

Figure 3.3 Elevations of the load-bearing CS inner leaves from the outside: (a) West façade, (b) East 

façade, (c) North façade, (d) South façade. Units of cm. 
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The second floor was made of 185 × 18-mm tongue-and-groove planks supported by eight 

100 × 240-mm timber joists, spanning continuously between the North and South CS walls 

with an average center-to-center spacing of 600 mm (Figure 3.4c). Two pairs of 100 × 240-

mm timber spreader beams were placed above the inner and outer leaves of the East and 

West façades, serving also as lintels for the second-storey openings (Figure 3.2, Figure 3.3, 

Figure 3.4). The planks were fastened to the joists by two 2-mm-diameter, 60-mm-long 

nails at each intersection. Four 0.45 × 0.75-m holes were provided to accommodate the 

safety and reference steel frame. 235 × 245-mm L-shape steel anchors, with a diameter of 

14 mm, were fastened to each joist end by three 5-mm-diameter timber screws, passed 

through the CS wall, and bore against the exterior surface of the CS leaf, enhancing the 

wall-to-diaphragm connection (Figure 3.3c, d, Figure 3.5d). 

 

Figure 3.4 Plan views of the bare structure: (a) ground floor; (b) first-floor RC slab; (c) second-floor 

timber framing. Units of cm. 

A 1.35 × 0.91-m staircase opening was provided on the North side of the RC slab (Figure 

3.4b). Similarly, a 1.67 × 0.94-m hole was provided in the timber floor, with a transverse 

100 × 240-mm timber beam supporting the joists interrupted by the opening (Figure 3.4c, 

Figure 3.5e); timber-to-timber connections were obtained with steel hangers fastened to 

the joists. The staircase holes left that region of the North CS wall locally unrestrained 

against out-of-plane actions and free from direct vertical loads except for those applied by 

the roof. The dimensions of these openings were chosen to allow continuity of the steel 

reinforcement or of the timber joists, while accommodating four additional holes in the 

diaphragms. 

Two gables extended above the transverse North and South façades, supporting a 39° 
pitched timber roof. Openings can be frequently observed in the end-unit gables of typical 
terraced house of the Groningen region (Figure 3.1b). For this reason, the building 
prototype  
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presented a trapezoidal window at the top of the North side (Figure 3.2c, Figure 3.3c). A 

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

the opening and was connected to them by the same steel hangers used for the staircase 

hole framing at the second floor (Figure 3.3c). 

 

Figure 3.5 Bare structure construction photos: (a) top view of the cavity-wall section; (b) first-storey 

inner-leaf lintel; (c) first-floor RC slab connection detail above longitudinal CS leaves; (d) L-shape 

steel anchors between second-floor joists and transverse; (e) second-floor framing at staircase hole; (f) 

roof finishes; (g) internal steel rigid frame. 

The timber roof structure consisted of a ridge-beam, two spreader beams above the 

longitudinal outer leaves (already mentioned in the second-floor description), and three 

intermediate joists on each side, with the same cross-section as the second-floor joists and 

spaced at approximately 0.9 m center-to-center (Figure 3.3c, d). Tongue-and-groove 185 × 

20-mm planks were fastened with two 2-mm-diameter, 60-mm-long nails at each 

intersection with the roof joists. The connection between CS leaves and roof joists was 
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further improved by the same L-shape steel anchors used for the second-floor joists (Figure 

3.3c, d, Figure 3.5d). The ridge beam and roof joists extended through the North façade 

CL outer leaf; two 20 × 240-mm timber cover plates hid their ends and were fastened to 

them by two 2-mmdiameter, 60-mm-long nails each (Figure 3.2c). However, two 6.5-mm-

diameter, 240-mm-long screws, connected the cover plates to the spreader beams through 

the masonry leaf. Battens and counter-battens were nailed above the planks, while clay tiles 

completed the roof (Figure 3.5f). 

Two window timber frames were installed in both building specimens: one in the large 3.23 

× 2.11-m first-storey opening of the West façade, the other one in the North gable 

trapezoidal opening, as shown in Figure 3.2a, c. A 6-mm-thick anti-burst glass was provided 

to the southern shutter of the first-storey window. In the retrofitted specimen, a window 

frame was mounted also in one of the second-storey openings of the East-façade, because 

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

bare prototype. 

A very stiff steel frame was firmly bolted to the shake-table, 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 with respect to the shake-table. The steel frame columns passed through 

four holes provided in both floor diaphragms (Figure 3.4, Figure 3.5g). Displacements 

allowances of ± 125 mm and ± 270 mm were left in the shaking direction 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 impacts. Loose steel cables connected 

the ridge-beam to the steel frame, preventing possible collapse of the roof which could 

severely damage the testing equipment. The cables allowed a maximum 200-mm 

displacement of the ridge-beam with respect to the steel frame in the North-South 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 out-of-plane strengthening of masonry piers investigated by Giaretton et al., 

[2016], Dizhur et al., [2017] and Cassol et al., [2021], which relies on vertical timber posts 

working as òstrong-backsó connected to the internal surface of the walls. The system was 

then extended to improve also the piers in-plane strength and displacement capacities, by 

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

panels to the resulting frame as done for timber shear-walls [AWC, 2008]. A preliminary 

study on the proposed system was carried out on two CS single-leaf piers, subjected to 

quasi-static in-plane shear-compression tests [Guerrini et al., 2020]. 
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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 lengths. Post-and-

noggin frames were then built along the longitudinal East and West walls. Only vertical  

 

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 elements had cross-sections of 80 × 60 

mm, with the 60-mm side oriented perpendicular to the masonry walls. Timber posts were 

installed on the transverse and longitudinal sides at approximately 600-mm spacing, except 

for shorter slender piers, to achieve an in-plane strength increment of about 35% on the 

longest first-storey pier according to Guerrini et al., [2020]. 

 

Figure 3.7 Retrofit system construction photos: a) longitudinal-wall timber frame, b) nailing of a OSB 

for in-plane strengthening of longitudinal walls, c) completed transverse walls retrofit not including 

OSB panels. 

Posts and nogging members were connected to each other by 70 × 70-mm steel angles 

with cross-section of 55 × 2-mm, fastened to each timber element by five 5-mm-diameter, 

70-mm-long screws (Figure 3.6a, Figure 3.7a). The frames were connected to the masonry 

through 90 × 50-mm steel angles, with cross-section of 50 × 3-mm, at 600-mm spacing for 

out-of-plane strengthening purposes [Giaretton et al., 2016; Dizhur et al., 2017]. The angles 

were fastened to timber by four 5-mm-diameter, 70-mm-long screws and to the masonry 

by M10 steel threaded bars of class 8.8 (Figure 3.6a, b, Figure 3.7a). These bars were 

anchored 50 mm inside the bricks with an epoxy adhesive. 

Along the longitudinal East and West walls, 18-mm-thick OSB panels were applied to the 

timber frames with 4-mm-diameter, 75-mm-long anker nails, spaced at 100 mm along all 

edge and intermediate overlapping (Figure 3.6c, Figure 3.7b). These panels were intended 

to increase the in-plane shear resistance of piers. Nogging elements and OSB panels were 

not mounted on the transverse North and South masonry walls, which offered a significant 

in-plane resistance to lateral loads and were strengthened only for out-of-plane action 

(Figure 3.6d, Figure 3.7c). Moreover, coupling between inner and outer leaves was 

improved by building the second specimen with a tie density of approximately 5 ties/m2 
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(Figure 3.6a); in real applications, ties can be added by drilling through the masonry leaves 

and fastening new connectors to them before installation of the timber elements. This 

operation aimed at a better exploitation of the outer CL leaf structural resistance. 

 

Figure 3.8 Second-floor diaphragm retrofit details: (a) OSB layout; (b) joists and blocking beams 

layout; (c) installation of OSB; (d) view from below of the connection between inner- and outer-leaf 

spreader beams. 

In addition to the masonry wall retrofit, the second-floor timber diaphragm was stiffened 

and strengthened to transfer 50% of the seismic storey shear while preventing first cracking 

of the second-storey East-wall piers. 18-mm-thick OSB panels were nailed to the existing 

planks using the same anker nails spaced at 50 mm along all board edges (Figure 3.8a, c) 

following the American requirements for timber diaphragms [AWC 2008]. 100 × 240-mm 

timber blocking beams were inserted between existing joists, to allow fastening along board 

edges perpendicular to the timber joists (Figure 3.8b). Connection between blocking 

elements and joists was ensured by 70 × 70-mm steel angles with cross-section of 55 × 2-

mm, fastened to each timber element by five 5-mm-diameter, 70-mm-long screws. Inner- 

and outer-leaf spreader beams were also connected to each other by pairs of diagonally 

crossing, 8-mm-diameter, 360-mm-long timber screws at 500-mm spacing (Figure 3.8d). 

This intervention promoted engagement of the outer CL leaf in the lateral resistance of the 

building. 



An innovative timber retrofit for unreinforced masonry structures  

 

55 

The roof diaphragm was not retrofitted from the beginning on purpose. A detailed study 

on the gable-roof subsystem dynamic behaviour [Tomassetti et al., 2019b] revealed that the 

displacement capacity of the timber roof is generally higher than the one associated with 

gable collapse. Therefore, only the masonry gables were initially retrofitted with timber 

posts for out-of-plane capacity, to investigate the response of the gable-roof system without 

the influence of a stiffened diaphragm. Loose diagonal steel cables, connecting the ridge 

beam to the second-floor joists, limited relative displacements to ± 200 mm. They were 

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 gable-roof system in two different retrofit conditions allowed 

the identification of a floor acceleration threshold that required roof stiffening. 

 

Figure 3.9 Retrofit system-to-floor connection details: (a, b) first-storey longitudinal-wall posts to RC 

slab; (c, d) transverse-wall sill plates to first-floor RC slab; (e, f) second-storey longitudinal-wall frame 

to inner-leaf spreader beam; (g, h) second-store 

The longitudinal wall posts were anchored to the concrete foundation and to the first-floor 

diaphragm by steel tie-downs, to enhance the pier flexural resistance by providing tensile 

strength. One 340 × 182-mm, with cross-section of 40 × 2-mm-thick angle was fastened 

to each post by twelve 5-mm-diameter, 70-mm-long screws and to the concrete elements 

by class 8.8 M12 threaded bars bearing against the top or bottom sill plates (Figure 3.6a, b, 

Figure 3.9a, b). These bars developed into the foundation for 70 mm, bonded by an epoxy 

adhesive, while passed through the RC slab and connected together the first- and second-

storey frames. In real applications, these connections can be installed independently above 

and below a given floor, as with the foundation. However, the dense reinforcement of the 

slab hampered the insertion of epoxy-bonded threaded bars. For this reason, holes were 

core-drilled through the slab, and passing bars were prestressed against the first-storey top 

and second-storey bottom sill plates. The applied prestressing force was capacity-designed 
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to prevent decompression at the interface between the sill plates and the slab, avoiding 

direct bending moment transfer between piers of different storeys. 

The transverse North and South wall posts, instead, were fastened only to the top and 

bottom sill plates by pairs 70 × 70-mm steel angles with cross-section of 55 × 2-mm, 

fastened to each timber element by five 5-mm-diameter, 70-mm-long screws per element. 

The sill plates along the transverse walls were in turn anchored to the concrete foundation 

and RC slab by class 8.8, M12 threaded bars, with similar details as specified for the tie-

down connections (Figure 3.6d, Figure 3.9c, d). 

At the second-storey, top steel tie-downs could not be properly anchored to the timber 

diaphragm. For this reason, the second-storey longitudinal piers were assumed to behave 

as cantilevers, fixed at their bottom but not at their top. The longitudinal East and West 

posts were connected to the top sill plates by pairs of steel brackets, with similar details as 

used for the transverse wall posts; the sill plates were in turn fastened to the second-floor 

spreader beams with 6-mm-diameter, 110-mm-long screws at 100- mm spacing (Figure 

3.9e, f). Along the transverse walls, the second-storey top sill plate and the gable bottom 

sill plate were connected to the timber diaphragm by 8-mm-diameter, 360-mm-long timber 

screws at 300-mm spacing; timber blocking beams were added between joists to 

accommodate these fasteners (Figure 3.9g, h). Gable posts were instead connected directly 

to the roof timber joists by 86 × 86-mm, 135°-bent steel angles, with cross-section of 40 

× 3 mm, with six 5-mm-diameter, 70-mm-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 improved wall-to-diaphragm connections, promoting a global 
box-type 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 and material cost of the masonry retrofit were estimated as 2.5 man-
hours and û78, respectively, per square meter of wall surface, considering the net CS 
masonry area and market prices for Northern Italy. These values do not include the 
connection improvement between 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 as 0.6 man-hours and û17, 
respectively, per square meter of floor surface, excluding hole areas. It is interesting to note 
that the estimation of the retrofit material cost per square meter of wall surface considering 
the full-building specimen returns a value 40% less than the one obtained considering the 
retrofit applied to a single CS pier (approximately û 130 per square meter of wall surface, 
see par. 2.2.2). This because the single pier (EUC-COMP-2) was retrofitted to increase both 
in-plane and out-of-plane capacities, while in the retrofitted full-scale building only the 
longitudinal sides were retrofitted to increase both capacities, solid transversal walls were 
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retrofitted only to increase their out-of-plane capacity. As it can be observed in Figure 3.6, 
when the proposed timber system is applied to increase both in-plane and out-of-plane 
capacities of piers (Figure 3.6b and c), horizontal timber nogging elements are necessary to 
form the timber frame on which OSB can be nailed, as well as, a big amount of steel angles 
are necessary to connect horizontal and vertical elements. Differently, the application of 
the retrofit system for the sole improvement of the out-of-plane capacity of piers requires 
only vertical post, top and bottom sill 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 the in-plane and out-of-plane strengthening, while the cost 
estimated on the full-scale building is an average result related to the specific case. It is also 
worth to note that the full-scale building specimen EUC-BUILD-7 presented a total 
transversal wall area approximately equal to twice the longitudinal ones, therefore, the 
influence of the sole out-of-plane retrofit on the total cost estimation is prominent.   

3.2.4 Masses 

The average densities of CS and CL masonries were 1836 kg/m3 and 1967 kg/m3, 
respectively, for the bare specimen and 1862 kg/m3 and 2072 kg/m3 for the retrofitted one. 
Timber frame elements and OSB panels had densities of 517 kg/m3 and 572 kg/m3 
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. These values include a 1.2-t additional mass 
on the second-floor timber diaphragm, consisting of forty-eight 25-kg mortar bags to 
simulate the contributions of non-structural components and live loads. The retrofit system 
total mass was approximately 1.6 t, corresponding to 3% of the bare structure mass. This 
resulted in a 50.2-t mass for the strengthened specimen. Table 3.1 summarizes all mass 
contributions of the bare and 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 

mechanical properties of bricks, mortar, and masonry [Miglietta et al., 2019]. 

Bending and compression tests were conducted on bricks and mortar samples according 

to EN 772-1 [CEN, 2015] and EN 1015-11 [CEN, 1999], to determine brick compressive 

(fb) and tensile (fbt) strengths, as well as mortar compressive (fc) and tensile (ft) strengths. Six 

masonry wallettes made of CS bricks and six made of CL bricks were tested in compression 

perpendicularly to the horizontal bed-joints, according to EN 1052-1 [CEN, 1998]; these 

tests allowed the determination of the masonry compressive strength (fm) and the masonry 

secant elastic modulus at 33% of its compressive strength (Em). Bond wrench tests on CS 

and CL masonry samples were performed in order to determine the bond strength of 

masonry (fw), according to EN 1052-5 [CEN, 2005]. Specimens of both types of masonry 

were subjected to direct shear tests for the determination of cohesion or initial shear 
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strength (fv0) and friction coefficient (Ǫ), according to the guidelines given by EN 1052-3 

[CEN, 2002]. 

Table 3.1 Prototype masses breakdown. 

Component 
Bare specimen 

[t]  

Retrofitted specimen 

[t]  

CS inner-leaf 

North façade 6.0 6.2 

South façade 6.2 6.3 

West façade 2.8 2.8 

East façade 2.7 2.8 

Clay veneers 

North façade 7.1 7.5 

South façade - - 

West façade 3.4 3.5 

East façade 3.4 3.5 

Floors 

1st floor RC slab 11.2 11.2 

2nd floor timber structure 0.8 0.8 

Additional mass 1.2 1.2 

Roof 
Timber structure 0.7 0.7 

Tiles 2.1 2.1 

 Total original structure 47.6 48.6 

Timber retrofit system 

North façade - 0.20 

South façade - 0.18 

West façade - 0.43 

East façade - 0.38 

2nd floor - 0.45 

 Total retrofit system - 1.64 

Total specimen 47.6 50.2 

All characterization tests for masonry materials were performed at, or after, 28 days of 

maturation. Table 3.2 compares these values with the results obtained from in-situ testing 

on buildings in the Groningen, The Netherlands [Tondelli et al., 2015]. It is worth noting 

that in-situ tests were conducted on different buildings; therefore, reported values of 

coefficient of variation (C.o.V.) are affected by both intra- and inter-building variability. 

Instead, the C.o.V. for the bare and retrofitted specimens include only intra-building 

variability. 

The tensile ultimate capacity of the steel ties was determined as approximately 4.1 kN by 

TU Delft researchers [Esposito et al., 2016; Messali et al., 2016]. Their pull-out and push-in 

behaviour has been extensively analyzed by Arslan et al. [2020]. 
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Concrete belonging to class C28/35 according to EN 206 [CEN, 2016a] and reinforcing 

steel with characteristic yield stress of 450 MPa formed the reinforced concrete first-floor 

slab and lintels. Glulam timber beams of class GL24h [CEN, 2013] and solid red fir planks 

were used to build the second floor and roof structures. 

The timber frames used for the retrofit consisted of red solid fir (Picea-abies), belonging 

to class S10/C24 according to EN 14081-1 [CEN, 2016b]. They had characteristic 

compressive strength parallel to the fibers fc,0 = 21 MPa, characteristic tensile strength 

parallel to the fibers ft,0 = 14 MPa, and characteristic Young modulus E0.05 = 7400 MPa. 

Oriented-strand-boards belonged to class OSB/3 according to EN 300 [CEN, 2006]. Only 

densities were determined at the DICAr laboratory. 

Tie-down connections between timber posts and RC foundation or slab had characteristic 
tensile strength of 11.6 kN [Rothoblaas, 2015]. The epoxy adhesive characteristic tensile 
and shear strengths were respectively 41 kN and 20 kN when applied to 10-mm-diameter 
rods, 59 kN and 30 kN when applied to 12-mm-diameter rods. These values refer to 
embedment in uncracked concrete [Hilti, 2019]. 

3.3 TESTING PROTOCOL AND INSTRUMENTATION  

3.3.1 Instrumentation 

Several accelerometers and displacement transducers, installed 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 shake-table, masonry walls, first- and 

second-floor diaphragms, roof ridges, and rigid steel frame. A set of 15 wire potentiometers 

recorded out-of-plane displacements of the North and South façades (CS and CL leaves) 

with respect to the rigid frame while 5 wire potentiometers monitored in-plane 

deformations of the first-storey CS squat wall of the East façade. 4 wire potentiometers 

were added to monitor in-plane deformations of the second-storey CS squat wall of the 

West façade of the retrofitted building. 44 linear potentiometers were installed on both 

specimens to monitor floor displacements with respect to the rigid frame, and to record 

relative motion between structural elements. 30 linear potentiometers were added in the 

retrofitted building to record relative displacements of the strengthening system. Moreover, 

a 3D optical motion acquisition system was employed: passive reflective markers were 

attached to the external surface of the North, South and West clay walls, while 16 high-

definition cameras recorded their trajectories. All recorded data are available for free and 

can be downloaded upon request at http://www.eucentre.it/nam-project. A detailed 

description of the sensor layout and of the data organization can be found in Miglietta et 

al., [2019]. 
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Table 3.2 Masonry mechanical properties of the bare and retrofitted prototype buildings. Comparison with estimates obtained from in-situ 

tests on buildings in the Groningen province [Tondelli et al., 2015]. 

Material property [units] 

Bare building  Retrofitted building  In-situ tests 

Calcium-silicate Clay Calcium-silicate Clay 
Calcium-
silicate 

(before 1985) 

Clay  
(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 bricks, ǯb [kg/m3] 1756 0.02 1994 0.01 Same batch - - - - 

Density of masonry, ǯ [kg/m3] 1836 0.01 1967 0.01 1862 0.02 2072 0.02 - - - - 

Brick compressive strength, fb [MPa] 19.8 0.18 50 0.1 Same batch 15.4 0.27 22.1 0.4 

Brick tensile strength, fbt [MPa] 2.5 0.09 8.8 0.08 Same batch 4.4 0.36 4.7 0.4 

Mortar compressive strength, fc [MPa] 5.1 0.24 2.4 0.47 4.0 0.41 3.0 0.38 - - - - 

Mortar tensile strength, ft [MPa] 1.7 0.28 0.7 0.5 1.39 0.38 0.9 0.43 - - - - 

Masonry compressive strength, fm [MPa] 10.1 0.06 11.6 0.29 10.0 0.11 17.6 0.21 10.8 0.37 15.1 0.47 

Masonry Youngõs modulus, Em [MPa] 6593 0.09 4436 0.44 7319 0.15 5686 0.31 7180 0.35 7140 0.48 

Masonry bond strength, fw [MPa] 0.28 0.32 0.24 0.52 0.33 0.37 0.14 0.59 0.18 0.33 0.43 0.51 

Masonry (bed-joint) cohesion, fv0 [MPa] 0.62 - 0.30 - 0.49 - 0.18 - 0.14Ā 0.71Ā 0.45Ā 0.57Ā 

Masonry (bed-joint) friction coeff., Ǫ [-] 0.71 - 0.62 - 0.39 - 0.71 - 0.65Ā 0.12Ā 0.72Ā 0.07Ā 

Ā Estimates from laboratory direct shear tests on triplets 
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3.3.2 Testing protocols 

The specimens were subjected to incremental dynamic test sequences, by applying to their 

bases an input acceleration history that was increasingly scaled in amplitude up to near-

collapse conditions of the buildings. In fact, the aim of the tests was to assess damage 

evolution, failure mode development, and ultimate capacity of the bare and retrofitted 

buildings. 

A single-component earthquake signal, termed EQ-NPR, was used for both specimens to 

facilitate comparing their experimental performances. This ground-motion record was 

selected upon compatibility with the uniform hazard spectrum (UHS) with 2475-years 

return period, for the area of Ten Boer, The Netherlands [Brunesi et al., 2019]. The selected 

record was characterized by a short significant duration Ds,5Ĭ75 = 1.37 s [Bommer and 

Martinez-Pereira, 1999; Kempton and Stewart, 2006] and a peak ground acceleration PGA 

= 0.30 g (Figure 3.10). 

Table 3.3 and Table 3.4 show the sequences of main earthquake simulations applied to the 

bare and retrofitted buildings, respectively, with nominal amplitude scale factors and some 

significant intensity measures: recorded peak ground acceleration, PGA; recorded peak 

ground velocity, PGV; pseudo-spectral accelerations, PSA, and spectral displacements, SD, 

for 5% viscous damping ratio at the fundamental period in undamaged (T1,und) and damaged 

(T1,i) state. The fundamental period T1,i was evaluated through dynamic identification 

procedures immediately before the ith main test. The PGA recorded for the bare building 

at 33% and 50% scale factors appear to be the same due to a shake-table overshoot for 

periods shorter than 0.3 s [Miglietta et al., 2019]. 

Moreover, these tables list additional intensity measures correlated to the structural 

response in several seismic risk studies: geometric mean of the pseudo-acceleration spectral 

ordinates, PSA ,avg [Bianchini et al., 2009], in the period window from T1,und (undamaged 

structure) to T1,dam (at the end of the test run); the cumulative absolute velocity, CAV  

[EPRI, 1988]; the Arias intensity, IA [Arias, 1970]; and the Housner intensity in its classical 

form, HI  [Housner, 1952], and modified definition for short-period URM structures, mHI 

[Magenes et al., 2014]. 

Between the main test runs listed in Table 3.3 and Table 3.4, low-amplitude random 
excitations covering a wide frequency band (0.1ð40 Hz) with consistent energy content 
were performed for dynamic identification purposes. Moreover, low-intensity applications 
of the EQ-NPR signal were necessary between the main jolts, to calibrate the shake-table 
controller with the updated dynamic properties of the specimens. 
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Figure 3.10 Input record EQ-NPR scaled at 100%: (a) acceleration time-series; (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 
factor 

PGA PGV PSA(T1,und) SD(T1,und) PSA(T1,i) SD(T1,i) PSA,avg I A CAV HI  mHI  

[g]  [m/s]  [g]  [mm]  [g]  [mm]  [g]  [mm/s]  [m/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 2.5 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 3.5 670 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 motion applied with reversed polarity 
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Table 3.4 Retrofitted building main testing sequence with intensity measures. 

Nominal scale 
factor 

PGA PGV PSA(T1,und) SD(T1,und) PSA(T1,i) SD(T1,i) PSA,avg I A CAV HI  mHI  

[g]  [m/s]  [g]  [mm]  [g]  [mm]  [g]  [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 1.2 240 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 5.5 1100 150 

200%-roof* 0.66 0.47 1.1 7.6 0.94 24 1.0 1300 6.7 1300 180 

266%-roof* 0.78 0.57 1.3 9.1 1.4 60 1.3 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 shake-table 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 second storey. In fact, the response of this prototype was mainly governed 

by a local mechanism: the second-floor timber diaphragm slid above the second-storey 

masonry piers, pushing the transverse walls out of their planes. Only minor structural 

damage was observed at the first storey at the end of the testing sequence. 

On the other hand, the retrofitted building exhibited a global box-type behaviour during 

the entire testing sequence, with improved in-plane and out-of-plane capacities of the 

masonry piers. Enhanced connections between masonry piers and timber floor granted a 

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 transverse walls 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) throughout the 

incremental dynamic tests. A qualitative description of five damage states was chosen in 

accordance with the EMS-98 macro-seismic intensity scale [Grünthal, 1998]: DS1, no 

structural damage or slight non-structural damage; DS2, minor structural damage or 

moderate non-structural damage; DS3, moderate structural damage or heavy non-structural 

damage; DS4, heavy structural damage or very heavy non-structural damage; and DS5, very 

heavy structural damage with partial or total collapse. 

Four damage limits were consequently defined as thresholds between damage states: DL1, 

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 was reported; DL4, the limit condition when heavy structural 

damage was detected, before entering the near-collapse field. In other words, DL(i) 

constitutes the threshold between DS(i) and DS(i+1). For the identification of DL4, a 

statically unstable recorded dynamic response was considered equivalent to near-collapse 

damage conditions. 

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 

maximum global drift-ratio (—) recorded during the corresponding test increment was 

selected, defined as the maximum average second-floor displacement divided by the 

second-floor height above the foundation (5.4 m). 

All processed data and videos of the tests are freely available and can be downloaded upon 
request at http://www.eucentre.it/nam-project. 

3.4.2 Bare specimen damage evolution 

Figure 3.11 illustrates the unretrofitted building damage evolution, relative to the CS inner 

leaf viewed 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 cracks were observed after test runs EQ-NPR-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 façades 

anticipated sliding between the timber diaphragm and the second-storey piers. However, 

these sliding cracks had not fully developed above all longitudinal piers, and the local 

mechanism was deemed not yet activated. For these reasons, the building was considered 

in DS1 up to run EQ-NPR-33% (PGA = 0.16 g), when damage limit DL1 was reached 

and associated with global drift ratio — = 0.037%. During the following run EQ-NPR-

50% (PGA = 0.16 g) existing cracks extended moderately and a few new ones developed 

at the top and base of slender piers, denoting the onset of in-plane flexural-rocking 

responses. From this stage on, structural damage was considered of DS2 type. 

During test run EQ-NPR-66% (PGA = 0.25 g), interface cracks extended completely 
between the second-storey longitudinal piers and the timber diaphragm, the local sliding 
mechanism of the second-floor diaphragm activated, and damage started concentrating at 
the upper storey. A full-length horizontal crack formed on the transverse South wall at the 
second-floor, due to relative displacement and pounding between the masonry wall and the 
timber diaphragm. This interaction accentuated the out-of-plane response of the transverse 
walls, which involved the corner piers of the longitudinal 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 stair-stepped 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 flexural-rocking behaviour. Only a few localized cracks could be 
observed on the first-storey 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 

http://www.eucentre.it/nam-project
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element had been compromised yet. Therefore, the specimen was still classified in DS2 
state, and damage limit DL2 was associated with this testing stage.  

 

Figure 3.11 Bare masonry building damage pattern evolution on the load-bearing CS inner leaves, 

viewed from inside. New cracks in red, existing cracks in black. 
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Figure 3.12 Bare masonry building final conditions: a, b second-storey North-West corner of the CS 

leaf, c, d second-storey North-East corner of the CS leaf, e brick dislocation on the North CS wall, f 

second-storey South-East 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 second-storey 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 rocking 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 North transverse 
wall; instead, the first-storey squat pier of the East side showed evidences of rocking but 
no damage at the interface with the South transverse wall. Several new cracks formed on 
the transverse walls at the second storey, due to out-of-plane flexural response amplified 
by pounding of the second-floor timber diaphragm. Each transverse wall developed a 
horizontal crack at about one third of the second-storey height, which extended diagonally 
towards the corners. Instead, no damage accumulated at the first-storey 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 corresponding maximum global drift ratio —  = 0.47%. 
The application of EQ-NPR-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 became extensive, the following test runs were 
performed reversing the ground motion polarity (Table 3.3), with the hope to allow 
conducting more tests before reaching a near-collapse state. Moreover, some 
accelerometers were removed from the clay outer-leaf as a safety measure [Miglietta et al., 
2019]. 

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

0.39 g), caused severe damage up to near-collapse conditions. Processed experimental data 

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 base shear became positive. For 

this reason, the incremental dynamic test was terminated, and the specimen was considered 

in DS5 state during EQ-NPR-133%-rev. Indeed, collapse was likely prevented by 

acceleration sign inversions of the table dynamic input. Accordingly, damage limit DL4 was 

associated with the maximum global drift ratio recorded during EQ-NPR-100%-rev, —  

= 1.4%, before losing static stability. 

The final conditions of the specimen are depicted in Figure 3.12, 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 cracks, loss of 
some portions of masonry, and large residual crack widths or out-of-plane 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 density of steel 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 local mechanism of the second-floor 
timber structure sliding above the masonry piers dominated the response. The window 
timber frames installed on the North gable and on the West façade at the first storey did 
not show any significant damage: all shutters were properly opening at the end of the test 
sequence. 

3.4.3 Retrofitted specimen damage evolution 

Figure 3.13 illustrates 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 EQ-NPR-20% (PGA = 0.06 g) and EQ-NPR-33% (PGA = 

0.10 g) did not reveal any damage to the building. A few localized hairline cracks at the 

interfaces between timber joists and load-bearing transverse walls formed during run EQ-
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NPR-50% (PGA = 0.17 g). The following test EQ-NPR-66% (PGA = 0.19 g) caused only 

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 

associated with it, resulting in maximum global drift ratio —  = 0.05%. 

 

Figure 3.13 Retrofitted building damage pattern evolution on the load-bearing CS inner leaves, viewed 

from inside. New cracks in red, existing cracks in black. 

The following runs EQ-NPR-85% (PGA = 0.25 g) and EQ-NPR-100% (PGA = 0.30 g) 

resulted in visible damage spreading only within the gable-roof subsystem, 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 gable-roof subsystem, characteristic of this 

building typology, became evident [Graziotti et al., 2017; Tomassetti et al., 2019b]. At this 

stage of the test, residual crack widths were less than 1 mm in the gables, while the first- 

and second-storey walls were still undamaged. During run EQ-NPR-100% (PGA = 0.30 

g) the building was deemed to have reached damage limit DL2, with corresponding 

maximum global drift ratio —  = 0.13%. Up to this level of shaking the roof diaphragm 

did not require any stiffening interventions. 

 

Figure 3.14 Retrofitted building final conditions: (a) first-storey North CS wall close to West corner; 

(b) brick dislocation on the North CS wall; (c) first-storey North CS wall close to East corner; (d) first-

storey South CS wall close to the centre; (e, f, g) So 

After test EQ-NPR-133% (PGA = 0.41 g), propagation of existing cracks in the gable-roof 

subsystem and formation of new ones in other structural elements were observed, leading 

to a DS3 damage condition. Minor cracks appeared at the edges of longitudinal CS piers, 

covered by the timber retrofit, probably due to in-plane flexural response: they were not 

localized only at the pier top and bottom, but spread away from the ends due to the 
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reinforcing effect of the timber posts. Two similar, long cracks were detected on both 

transverse walls at the first storey. They started as horizontal cracks at one edge of the wall, 

then continued following a stair-stepped path. These cracks were associated with the in-

plane shear response of the transverse walls, triggered by the overall building torsional 

response: in fact, the two longitudinal walls offered very different stiffness and strength. 

This run was also associated with the attainment of damage limit DL3, with maximum 

global drift ratio —  = 0.3%. 

At this stage of the incremental dynamic tests, due to extensive damage accumulated by the 

gables and large relative displacements between roof and second floor, the roof was 

stiffened by tightening the diagonal steel cables connecting the ridge-beam to the second-

floor joists. A second-floor peak acceleration of 0.53 g was reached before retrofitting the 

roof diaphragm. 

The test with the signal scaled at 133% of its amplitude was then repeated with the 
restrained roof (EQ-NPR-133%-roof, PGA = 0.43 g). The response of the building 
emphasized the first-storey damage due to torsional effects. The cracks propagated 
throughout the whole first-storey transverse walls, from edge to edge. 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 motion for test runs EQ-NPR-166%-roof (PGA = 
0.51 g) and EQ-NPR-200%-roof (PGA = 0.66 g) the first-storey damage due to torsional 
effects worsened, while only a few additional hairline cracks appeared at the second storey. 
The last run, EQ-NPR-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 drift ratio —  = 1.6%. 

At the end of the incremental dynamic test the building prototype was heavily damaged, 

especially at the first storey (Figure 3.14). Many cracks were detected at the edges of the 

first-storey piers, covered by the timber retrofit, of the 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 mm (Figure 3.14a-d), due to in-plane shear caused by the 

overall building torsional response. In particular, loss of masonry portions and significant 

residual dislocation of masonry units (up to 65 mm) were observed close to the East edge 

of the CS South wall, where it detached from the intersecting squat pier of the East wall 

(Figure 3.14e-i): uplift due to rocking of the longitudinal squat pier likely caused 

incompatible vertical displacements along the intersection with the transverse wall. 

Moreover, the overall building rotation about the vertical axis may have caused dislocations 

along this crack. The second-storey transverse walls presented lower levels of damage: a 

few horizontal cracks developed on the North wall at several heights, while two diagonal 

cracks formed on the South one, close to its top West corner. 
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Similarly to the case of the bare building, damage on the clay veneer 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 EQ-NPR-66% (PGA = 0.19 g), when the building was still in DS1 

conditions. Cracks, due to in-plane rocking and flange effect, started developing on the 

longitudinal East and West façades during EQ-NPR-85% (PGA = 0.25 g) and EQ-NPR-

100% (PGA = 0.30 g), compatibly with DS2 damage state. At the end of the incremental 

dynamic test, all clay veneers presented widespread damage throughout their surfaces. Also 

the windows were affected by the large first-storey drift: the shutter of the West-side 

window fell during the last run, pushed off its pins by the shear deformation imposed to 

the timber frame, 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, and cumulative energy dissipation. As already 

mentioned, the global drift-ratios (—) were obtained dividing the average second-floor 

displacements by the second-floor height above the foundation (5.40 m). 

The base shears of the hysteretic loops (Figure 3.15) were computed multiplying the mass 
associated with each accelerometer times the recorded acceleration. The mass of the 
bottom half of the first storey was considered fixed to the shake-table: consequently, its 
contribution was neglected. The base-shear 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 the bare and the retrofitted buildings, respectively). It is worth noting 
that the base-shear coefficient on Figure 3.15 (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 retrofitted one. 

Figure 15a compares the two hysteretic responses during test EQ-NPR-133%-rev (PGA = 

0.39 g, last run for the bare building) and EQ-NPR-133% (PGA = 0.41 g, retrofitted 

building). After these runs with nearly the same PGA, the specimens presented clearly 

different crack patterns (Figure 3.11, Figure 3.13): while the bare building was severely 

damaged, the retrofitted one showed the first evidences of the activation of a global 

torsional mechanism. Moreover, Figure 3.15a shows evident strength degradation for the 

bare specimen, as its base shear became positive while the second-floor displacement was 

increasing in the negative direction: this proves that the building had lost static stability 

during this run, and collapse was likely prevented only by acceleration sign inversions of 

the table dynamic input. For this reason, damage state DS5 was associated with this test 

run for the bare specimen. Instead, the retrofitted building hysteretic loops evidence a 

response initially almost elastic, with minor excursions in the nonlinear range, slight 
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stiffness degradation, and no strength degradation, compatible with a DS3 damage state. 

The retrofitted specimen developed a base-shear coefficient BSC = 0.41, significantly 

higher than BSC = 0.25 offered by the bare building, while it underwent a global drift ratio 

— = 0.3% in both directions, which is 15 of — = 2.0% reached by the bare building in the 

negative direction. 

 

Figure 3.15 Hysteretic responses comparison: (a) with EQ-NPR signal scaled at 133% of its amplitude; 

(b) during the final test runs. 

Figure 15b compares the experimental responses of the two specimens during the last test 

runs, EQ-NPR-133-rev (PGA = 0.39 g) for the bare building and EQ-NPR-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 

significant hysteretic energy dissipation, likely due to yielding of some steel connections. 

The retrofitted building sustained BSC = 0.55, more than twice the value of BSC = 0.25 

resisted by the bare one, while it accommodated —= 1.6% in both directions, without 

reaching the value 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 negative direction up 
to near-collapse 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 backbone curve is the 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 in-plane flexibility compared to the masonry walls. In light 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 with the small additional mass of the intervention, allows maintaining 

the initial dynamic properties of the bare masonry building nearly unchanged. One can 

observe from Figure 3.16a that the bare building could sustain its maximum BSC = 0.25 

only up to — = 0.57%; then it exhibited a fast strength degradation and finally lost static 

stability, as shown by the BSC sign inversion. The BSC of the bare specimen became zero 

around — = 1.5%, which is very close to —  = 1.4% (i.e., associated with damage limit 

DL4) recorded during the second-last test run. Moreover, between — = 0.28% and — = 

0.57%,  

 

Figure 3.16 Experimental responses comparison: (a) backbone curves; (b) evolution of the equivalent 

viscous damping ratio. 

the curve shows a local strength drop which is subsequently recovered (dashed black curve 

on Figure 3.16a). This apparent strength recovery was caused by reversing the input signal 

polarity after run EQ-NPR-100% (lowest point of the dashed line), to proceed with further 

testing in spite of extensive damage and residual displacements, as discussed earlier. 

Consequently, the solid black line represents the envelope of maximum recorded base shear 

for the bare building. Instead, the retrofit system allowed reaching a BSC å 0.5 and 

maintaining it almost constant up to — = 1.43% with negligible strength degradation, which 

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

Finally, the cumulative energy dissipated by the two specimens is associated with the 
maximum negative drift ratio (solid dots) experienced during each run in Figure 3.16b. 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 substantially different 
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  

Figure 3.17 and Figure 3.18 summarize the experimental response evolution throughout 
the incremental dynamic tests in terms of peak displacements (Ǣi,j,x) of both floors or roof 
i along both longitudinal walls j, peak interstorey drift ratios (Ǧi,j,x) of both storeys i along 
both longitudinal walls j, peak average shear deformation (ǡR,x) of the roof pitches, peak 
interstorey drift ratios (Ǧi,j,y) of both storeys i along both transverse walls j, longitudinal 
acceleration amplification factors (AMPi) of both floors or roof ridge i, and fundamental 
period of the damaged structure (T1) at the end of each run. 

Peak longitudinal displacements of the bare building (Figure 3.17) became significantly 

larger at the second floor than at the first floor, from test EQ-NPR-85% 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 than 100 mm, while the first one did 

not exceed 20 mm. Moreover, focusing on the displacement of the second-floor East and 

West sides, one can note some differences up to test EQ-NPR-66%: due to plan 

irregularity, the flexible timber diaphragm was initially deforming in shear as the building 

responded in DS1 and DS2 states. However, onset of the local second-floor mechanism 

during run EQ-NPR-85% prevented this distortion, as the diaphragm slid as a rigid body 

above the masonry 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 than 4%, as opposed to 
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 second-floor sliding mechanism affected also the peak 
transverse interstorey drift ratios: in fact, despite remaining always below 0.3%, they 
increased on both transverse walls when the building responded in DS3 and especially DS4 
damage states, most likely due to some rigid-body rotation of the whole timber diaphragm. 
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Figure 3.17 Evolution of the bare specimen response. 
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Figure 3.18 Evolution of the retrofitted specimen response. 

A substantially different behavior was observed for the retrofitted building, as confirmed 

by the recorded data (Figure 3.18). The high flexibility of the gable-roof subsystem 

compared to the first and second storeys became evident, as the local second-floor 
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mechanism was inhibited: its longitudinal displacement and shear deformation were almost 

one order of magnitude larger than those of the storey below when DL3 was achieved (test 

run EQNPR-133%), after which the diagonal steel cables were tied. The first- and second-

storey longitudinal displacements remained very close to each other also under high-

intensity input motions. This resulted in interstorey drift concentration at the first storey 

starting from run EQ-NPR-133%, corresponding to DS3 and DS4 conditions: at the end 

of the test, the first-storey 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 drift ratios confirmed a relevant torsional response of the building: the 

transverse North wall sustained a maximum in-plane interstorey drift ratio of about 1.4%, 

which is comparable with the one sustained on the longitudinal direction. 

The roof and second-floor acceleration amplification of the bare building (Figure 3.17) 

progressively decreased to about 30% and 45% of the initial values, respectively: reaching 

the strength of the second-floor sliding interface limited the acceleration transmitted to the 

timber floor and roof. Instead, the first-floor amplification decreased only to 75% of the 

initial one, as the first-storey walls were far from reaching their strength. The retrofitted 

building (Figure 3.18) displayed a different response also in terms of floor acceleration 

amplifications, which remained nearly constant up to DL2 (test run EQ-NPR-100%). The 

roof presented a sudden increment to 27% of the initial amplification when DL3 was 

reached (test run EQ-NPR-133%), requiring the activation of steel cables during 

subsequent runs. The amplifications of the first and second floors, instead, progressively 

reduced in DS3 and DS4 conditions, to 60% and 80% of the initial values at the first and 

second floors, respectively. These decrements, not very pronounced, indicate that the 

structure maintained some reserve of lateral resistance and ability to transfer accelerations 

to upper floors. 

Figure 3.17 and Figure 3.17 also compare the fundamental period evolution for both 

buildings. Both specimens were characterized by an initial fundamental period of 0.17 s in 

pristine conditions, because the retrofit system has negligible incidence on the overall mass 

and initial stiffness. Incidentally, they presented the same fundamental period of 0.62 s also 

at the end of the test sequences. Both specimens suffered the highest period elongation 

once entered in DS4 damage state, but the retrofitted building sustained a higher number 

of test runs and twice the ground acceleration amplitude to reach the same elongation. This 

finding can be extended considering the different number of runs sustained by the two 

buildings and the PGA associated with each DL (Figure 3.19): on average, the application 

of the retrofit system allowed increasing the PGA thresholds of each DL by factors of the 

order of 120ð260%, with larger factors for higher DLs. 

Table 3.5 shows the maximum interstorey drift-ratios (IDRs) recorded during the runs 
corresponding to each DL and compares them with those proposed by Tomassetti et al. 
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[2019a] for typical Dutch URM terraced 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 value proposed by Tomassetti et al. [2019a]. 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 
proposed by Tomassetti et al. [2019a] were 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 mechanism of the second 
floor, which governed the overall seismic response of the building starting from DS2 (see 
Sect. 4.2); as such, in this case the second-storey drift ratio is not the most appropriate 
engineering demand parameter to be correlated with damage states of masonry walls. 

 

Figure 3.19 Relationship between experimental damage states and input PGA. 

Table 3.5 Comparison of maximum longitudinal interstorey drift-ratios, corresponding to damage 

limits, with values proposed by Tomassetti et al. [2019a]. 

Specimen 
ǦDL 1 
[%]  

ǦDL2 
[%]  

ǦDL3 
[%]  

ǦDL4 
[%]  

Bare building 0.09 0.27* 0.90* 2.95* 

Retrofitted building 0.07 0.18 0.45 2.83 

Tomassetti et al., [2019a] 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 Tomassetti et al. [2019a]. While 

the one associated with the bare building cannot be compared, due to the local sliding 

mechanism of the second-floor diaphragm, the one recorded for the strengthened building 

proved that the proposed retrofit solution is effective at increasing the ultimate strength 

and displacement capacity. Moreover, one can notice that the retrofit system did not affect 

significantly the interstorey drift ratios associated with the first three DLs: in fact, the 

masonry walls are characterized by higher stiffness than the timber structure, which 

becomes effective only after masonry cracking. 

The in-plane response of the first-storey transverse walls of the retrofitted building, 

engaged by global torsional response, can be compared to that of a squat CS pier subjected 

to a quasi-static cyclic shear-compression test by Graziotti et al. [2016]. Similar double- fix 



An innovative timber retrofit for unreinforced masonry structures  

 

81 

boundary conditions and overburden normal stresses of about 0.3 MPa were applied 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 Graziotti et al. [2016]. 

Specimen 
Ǧcr 

[%]  
Ǧu 

[%]  

Retrofitted building, South wall 0.03 0.71 

Retrofitted building, North wall 0.05 1.38 

Graziotti et al., [2016] 0.05 0.30 

Table 3.6 shows good agreement on the first-cracking interstorey drift ratio, Ǧcr, recorded 
on both transverse walls during run EQ-NPR-133%, when overall DL3 was achieved. 
Graziotti et al. [2016] attained an ultimate drift ratio, Ǧu, of 0.30%, which was reached by 
the South transverse wall during test run EQ-NPR-200%-roof. However, the North wall 
sustained 460% of this value during run EQ-NPR-266%-roof, when DL4 was attained. 
This larger displacement capacity was likely due to the lower number of cycles imposed on 
the building specimen, compared to the isolated pier, as well as some effect of the out-of-
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 performance of two full-scale 

unreinforced masonry buildings with identical geometrical features, demonstrating the 

effectiveness of an innovative timber-based retrofit system applied to one of them. 

The building prototypes reproduced some relevant features of an end unit of common 
Dutch terraced houses of the late ô70sðearly ô80s, with perimeter cavity walls consisting of 
inner load-bearing calcium-silicate leaf and exterior clay veneer, 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 joist-and-plank structures. 

Both specimens were subjected to a unidirectional, incremental dynamic shake-table test 

with similar input protocols. A ground-motion record, representative of induced seismicity 

in the Groningen region of The Netherlands, was imposed progressively scaling its 

acceleration amplitude and bringing the specimens to near-collapse conditions. 

A sustainable, light-weight, reversible and cost-effective timber retrofit system was applied 

to the internal surface of the inner load-bearing masonry leaf of the second specimen to 

enhance out-of-plane and in-plane capacities of piers as well as wall-to-diaphragm 

connections. The proposed strengthening solution consists of timber frames mechanically 
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connected to the masonry and floor systems, with oriented-strand boards nailed to them. 

The cavity-wall retrofit was completed by 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 oriented-strand boards above the existing planks. 

The bare building behaviour was governed by a local mechanism, with the second-floor 

timber diaphragm sliding upon the supporting masonry piers, facilitated by lack of wall-to-

diaphragm connections. Displacement demand and structural damage concentrated at the 

second storey, preventing the development of a global building response. Despite the 

highly asymmetrical in-plan distribution of resisting piers, a global torsional response did 

not develop due to the activation of the local sliding mechanism. The incremental dynamic 

test was stopped after reaching a peak ground acceleration of 0.39 g, with the building in 

near-collapse conditions. Loss of static equilibrium was observed on the hysteretic response 

during the last test run, but collapse was inhibited by the dynamic nature of the base 

excitation. 

The retrofit was effective at enhancing the walls in-plane and out-of-plane capacities, 

improving also the connections between structural elements, and thus inducing a global 

box-type behaviour on the second building, with full exploitation of the in-plane capacities 

of all masonry piers. Damage recorded on the perpendicular walls proved the triggering of 

a torsional response, which resulted in full utilization of the in-plane resistances of the 

transverse walls as well. The building reached its near-collapse state after sustaining a peak 

ground acceleration of 0.78 g. At the end of the incremental dynamic test, damage was 

fairly distributed throughout the building, even though it was more pronounced at the first 

storey. The roof diaphragm needed to be stiffened only after reaching a peak attic floor 

acceleration of 0.53 g when applying the input motion with a 133% scale factor. 

Despite changing the failure mechanism and the overall lateral resistance of the building, 

the retrofit application did not affect the initial fundamental period of 0.17 s, thanks to its 

small mass and stiffness compared to those of the masonry structure. Both damaged 

specimens exhibited also the same period of 0.62 s at the end of the testing sequence, even 

though the retrofitted building sustained a larger number of test runs and twice the input 

intensity. 

Damage states and damage limits were defined for both specimens based on the observed 

damage patterns, and were associated with global and interstorey drift ratios. These values 

were then compared with the ones found in literature for similar unreinforced masonry 

structures. The near-collapse thresholds were found to be greater than expected for both 

specimens. In fact, both bare and retrofitted buildings were able to sustain similar lateral 

displacements, but the latter resisted twice the input intensity when undergoing the same 
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displacement demand, developed a global response rather than a local sliding mechanism, 

and retained static stability throughout the test. 

In light of these observations, the proposed retrofit solution effectively addresses and 

mitigates the main seismic deficiencies of unreinforced cavity-wall masonry buildings, 

typical of the Groningen region. Given the limited cost of the proposed interventions, they 

appear promising for a large-scale territorial application. 

The results of this experimental campaign will form the basis for future numerical studies, 

to generate large-scale vulnerability models, to extend the proposed retrofit technique to 

other unreinforced masonry building typologies, and to perform cost/benefit and 

sustainability analyses of possible applications. An upcoming article will address the design 

concept and assumptions of the proposed retrofit system, as well as simplified equations 

for the analytical prediction of its structural effects. 

All processed data and videos are freely available upon request at 
http://www.eucentre.it/nam-project. 
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4. SEISMIC VULNERABILITY OF IRREGULAR DUTCH 
URM TERRACED HOUSE UNITS EXPOSED TO 
INDUCED SEISMICITY CONSIDERING GLOBAL AND 
LOCAL MECHANISMS ð INFLUENCE OF THE NEW 
RETROFIT SYSTEM - A CASE-STUDY 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 Dutch unreinforced masonry (URM) 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 

case-study building, with typical dimensions and materials that can be found in-situ. 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 be calibrated 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 of URM buildings may not be completely evaluated if local failure mechanisms 

are not considered. Out-of-plane (OOP) collapse of masonry elements are well-known to 

be one of the most significant contributors to economic losses and injuries caused by past 

earthquake 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 

engineering 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 global and 

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 ground-motion intensities 

and nonlinear structural responses, a commonly used cost-effective methodology is the 

cloud method [Jalayer et al., 2015]. It consists in subjecting a particular system to a set of 
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seismic excitations through Non-Linear Time-History Analysis (NLTHA) to collect a 

ôcloudõ of intensity-response data points. These results can be then post-processed to 

provide the fraction of Ground Motions (GM) at each intensity level that caused collapse 

or exceedance a certain threshold. To this end, numerical models calibrated considering 

common practices and materials, capable to simulate the lateral response of the interested 

building typology, are the first requirements, together with a sufficiently large GM database 

representative of the area. Its extension is fundamental to take into account the 

uncertainties related to the record-to-record variability in the nonlinear response of the 

structures and has a great influence on the final results of the analysis [Crowley et al., 2017], 

hence, it needs to be carefully evaluated. For instance, multiple earthquakes characterized 

by the same intensity measure can 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 of the 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 the account 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 field [Miranda, 2000; Penna et al., 2015; Martinelli and Faella, 2015]. As a results, 

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 structures and/or different hazards. 

Numerous examples can be found in literature related to a wide variety of buildings 

typologies and seismic hazards [Rota et al., 2010, Maio and Tsionis 2016, FEMA 2017], all 

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

regions with tectonic activity. 

Simple numerical models that can guarantee an affordable computational load are essential 

to perform cloud analysis. The global seismic response of URM structures can be 

successfully modelled by means of the three-dimensional equivalent frame technique (e.g., 

Lagomarsino et 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 the 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 reduce 

real 3D structures into first-mode equivalent single-degree-of-freedom (SDOF) oscillators 

to perform NLTHA [Miranda, 2001]. 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 means of simplified hysteretic shapes and their very short structural periods, 

which do not allow to use the so-called ôôequal displacement ruleõõ [Kallioras et al., 2019]. 
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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 complex multi-degree-of-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 regular, low-rise, with 

sufficiently stiff diaphragms, efficient wall-to-diaphragm 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. Despite all, the 

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 safety point of views. 

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 retrofit system on the seismic vulnerability of typical irregular 

Dutch URM terraced houses of late õ70-early ô80s, considering both global and local 

mechanisms. The study is carried out through the seismic assessment of a case-study 

building, with the overall features of the prototypes EUC-BUILD-6 and EUC-BUILD-7, 

transversal sides with typical length (8 m against 5.6 m of the experimental full-scale 

specimens), and average material properties that can be found in-situ. SDOF oscillators 

proposed by Graziotti et al., [2016a] are used to assess the global vulnerability of the case-

study building through NLTHA, while the model proposed by Tomassetti et al., [2018] is 

used to perform OOP NLTHA of masonry piers. The capability of selected SDOF systems 

in reproducing the complex global behaviour of the interested buildings is firstly tested 

simulating the experimental responses of EUC-BUILD-6 and EUC-BUILD-7 [Miglietta et 

al., 2021a]. Once demonstrated the reliability of oscillators, 3D MDOF systems are 

modelled through the equivalent frame techniques with the software TREMURI 

[Lagomarsino et al., 2013], and calibrated on the experimental tests, aiming at extending 

transversal dimensions and generate the case-study building numerical models. These 

systems are then reduced to SDOF oscillators following the approach proposed by 

Casarotti and Pinho [2007] and subjected to NLTHA using the hysteretic models proposed 

by Graziotti et al., [2016a]. Numerical results are used to produce global damage state 

fragility functions conditional 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 are finally combined, and 

presented by means of single damage 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 tests (par. 4.3). They are followed by the 
description of the methodologies used to derive fragility functions (par. 4.4) and the case-
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study building. The seismic capacities of numerical models with typical and experimental 
features are discussed in par. 4.5 and 4.6, limit states and thresholds are defined in par. 4.7. 
The ground motions database used for NLTHA is presented in par. 4.8. Subsequently, the 
global seismic vulnerability assessments for bare and retrofitted conditions are discussed 
and followed by the local OOP ones (par. 4.9, par. 4.10). The integrated results for global 
and local vulnerability assessments are presented and discussed in terms of damage states 
fragility functions in par. 4.11 for the bare and retrofitted configurations. The conclusions 
of the study are reported in par. 4.12. 

4.2 MODELLING APPROACHES  

4.2.1 SDOF oscillators 

The idealization of MDOF systems into first-mode equivalent SDOF oscillators is 

performed following the approach proposed by Casarotti and Pinho [2007]. The real 

MDOF systems are reduced to two-horizontal 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 mid-second storey height is placed, the above-remaining mass is lumped at 

the second level, while the non-oscillatory mass at the base of the buildings is disregarded. 

The choice of producing simplified SDOF systems from two-horizontal degrees of 

freedom MDOF systems, rather than three for first-, second-floor and roof levels, as one 

may intuitively expect, is dictated by the need to neglect the influence of the roof-gable 

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 other ones, hence, 

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 parameters [Kallioras 2019]. Indeed, the 

gable-wall sub-system 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 to the second-floor level, the 

experimental response of the buildings could be assumed as dominated by a single global 

mode of vibration. The high vulnerability of the roof-gable system, with respect to the rest 

of the building, could be observed since the very first dynamic test performed on full-scale 

prototypes of Dutch URM terraced houses [Graziotti et al., 2017] and was specifically 

evaluated by Tomassetti et al., [2019a].  

The transformation factors Gj were computed as: 

ῲ
В ȟ

В ȟ

ᶻ

В ȟ
    (4.1) 

 

where mi is the mass associated to first- and second-floor levels and fi,j are floor 
displacements (normalised to the maximum one). They correspond either to the 
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experimental inelastic first-mode shape of a test run j, assumed constant within 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 
ǃ2,j-V b,j into ǃSDOF,j-aSDOF,j format), the following equations are used: 
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The drift-ratio response of the equivalent SDOF systems are computed as: 
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where: 
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The acceleration-displacement (AD) capacity curve is subsequently transformed into a 

bilinear relationship by preserving the energy below the curves, following the approach 

included in NPR-9998 [2020]. 

Another important aspect to be addressed in the SDOF idealization is the selection of the 

hysteretic model to be employed. The SDOF oscillators developed by Graziotti et al., [2013, 

2014, 2016a] were calibrated to match the elastic properties (i.e., initial stiffness and 

vibration period) and hysteretic responses of two benchmark MDOF systems, which in 

turn were calibrated on the experimental results of cyclic pushover tests [Magenes et al., 

1995]. The MDOF systems were able to match very well the cyclic response of two 

opposed building configurations: a structure with slender piers with flexure-dominated 

(FD) behaviour, and a case with squat piers and shear-dominated (SD) behaviour. Rayleigh 

viscous damping coefficients were appropriately set to maintain a viscous damping ratio 

nearly constant at 2% for periods ranging between the first-mode initial elastic period and 

the secant period at near-collapse conditions [Graziotti et al., 2016a]. Therefore, two SDOF 

oscillators were generated by calibrating their elastic properties (i.e. initial stiffness and 

vibration period) and matching the hysteretic and viscous responses of the two benchmark 

MDOF models. The equivalent viscous damping ratio Ǭhyst by Jacobsen [1960] was used as 

a measure of the per-cycle hysteretic dissipation capacity of the two systems, resulting in 

13.8% for the FD and 19.9% for the SD response. The viscous damping ratio Ǭvd associated 

with each SDOF oscillator was selected by maximising the correlation between the dynamic 

responses of the SDOF and corresponding MDOF systems, 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 

proportion of the responses of the two calibrated SD and FD SDOF systems. The 

procedure resulted in oscillators characterised by longer elastic periods T0 and smaller Ǭhyst 

while transitioning from SD to FD response. Viscous damping ratios Ǭvd within the range 

3-5% were assigned to each of the five intermediate models (Table 4.1). For example, the 

hysteretic acceleration-displacement response for the exact intermediate model between 

the two extreme cases is reported in Figure 4.1, together with the elastoplastic idealization 

of a monotonic AD response. The selected SDOF oscillators were used in literature for 

different studies, for instance by Mouyiannou et al., [2014], who produced a set of SDOF 

systems based on the same models to derive state-dependent fragility functions for masonry 

structures considering existing damage. More recently, Guerrini et al., [2017] performed a 

parametric study to compare different approximated methods to estimate the inelastic 

seismic displacement demands on short-period masonry structures. The same was carried 

out by Kallioras et al., [2019], who tested the predictive capability in estimating earthquake-

induced inelastic displacements on short-period masonry buildings of two well-established 

methods (the capacity-spectrum method included in the Dutch code NPR-9998 [2020], 

and the N2 method of Eurocode 8, [CEN, 2004]. The results of these studies evidenced 

the capability of the hysteretic behaviours to cover a broad range of low-rise masonry 

building typologies. 

Table 4.1 Properties of the reference hysteretic models (reproduced from Kallioras et al., [2019]). 

Model General properties Elastoplastic properties Viscous damping 

  T0 Ǭhyst T dy ay Ǭvd 

  [s]  [%]  [s]  [mm]  [m/s2]  [%]  

100% SD 0.150 19.9 0.165 2.1 3.03 5 

80% SD 0.157 18.5 0.172 2.2 2.96 4.7 

67% SD 0.162 17.7 0.177 2.3 2.91 4.4 

50% SD 0.170 17.1 0.185 2.5 2.86 4.1 

33% SD 0.179 15.4 0.195 2.7 2.80 3.8 

20% SD 0.187 14.9 0.202 2.8 2.75 3.3 

0% SD 0.202 13.8 0.212 3.1 2.68 3 
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Figure 4.1 Reference SDOF models: (a) hysteretic AD response of system with Ǭhyst = 17.1% (50%SD); 

(b) elastoplastic idealisation of monotonic AD response, reproduced from Kallioras et 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 [Lagomarsino et al., 2013], which is based on the Equivalent Frame (EF) 

modelling method. This approach disregards the OOP response of walls, assuming 

negligible their effects on 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 force [Penna et al., 2014]. The implemented flexural 

behaviour relies on a nonlinear degrading model for rocking damage, allowing 

consideration of finite masonry compressive strength and stiffness degradation due to toe-

crushing (Figure 4.2). The shear model is characterized by elastic, inelastic, and sliding 

ranges, with a post-peak softening branch that tends asymptotically to a residual static 

frictional strength. Parameters ‍ (softening parameter, Figure 4.2) and Gct, (nonlinear 

deformability parameter, Figure 4.2) control the transition from peak to residual shear 

strength and the displacement at peak strength, respectively. The macroelements shear 

resistance is implemented through an equivalent Coulomb-type criterion, with parameters 

(equivalent masonry cohesion, ceq, and equivalent friction coefficient, Ǫeq) properly calibrated 

to be macroscopically representative of different shear failure modes (i.e., diagonal 

cracking, shear sliding). Each macroelement is defined by: density, r; Young modulus, Em; 

shear modulus, Gm; compressive strength, fm; equivalent masonry cohesion, ceq; equivalent 

friction coefficient, Ǫeq; and, Ǡ and Gct. 
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To simulate the experimental lateral response of the full-scale bare and retrofitted building 

specimens only the internal CS leaf of cavity walls, floors, and roof diaphragms were 

explicitly modelled. The choice of using the EF method and to disregard the explicit 

modelling of the clay outer leaf is motivated by mechanical considerations and by the 

observed experimental responses of EUC-BUILD-6 and EUC-BUILD-7, as well as by the 

ones observed during the formers full-scale tests on buildings belonging to the same 

typology tested within the present experimental campaign (EUC-BUILD-1 [Graziotti et al., 

2017], LNEC-BUILD-1, [Tomassetti et al., 2019b]). At first, it is worth to recall that the 

cavity-wall 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 with no structural functions (self-standing), which are connected by a 

mesh of steel ties (see Figure 3.2b and d, Figure 3.5a to e and Figure 3.6a), which can be 

distributed with different densities, and are used to couple the two leaves. Throughout the 

present experimental campaign, the effect of different densities of steel ties were 

investigated, ranging from 1tie/m2 to 5 ties/m2. Regardless the configuration of the 

connection between inner and outer leaves, it was observed that the adopted steel ties are 

not able to offer a significant shear coupling effect for the in-plane response of cavity walls. 

Accordingly, the loadbearing CS internal structure of the tested building specimens moved 

independently from the clay outer leaves of the cavity walls excited in their plane. 

Conversely, it was observed that in case walls excited out-of-plane, all the configurations 

of steel ties offered an effective coupling between the two leaves, which mainly displaced 

simultaneously in all shake-table tests, as demonstrated by the experimental deformed 

shapes [Graziotti et al., 2017, Tomassetti et al., 2017a, Miglietta et al., 2019, Damiani et al., 

2019]. However, being the outer leaf unloaded, it is expected to add a negligeable 

contribution to the OOP resistance of the cavity wall. Besides, the OOP detachment of 

the clay veneer from the CS one or its partial or total overturning due to the failure of tie 

connectors was never experimentally observed. In light of these considerations, it is 

deemed reasonable to neglect the explicit modelling of the clay external veneer while 

considering its seismic mass of the North façade by adding it as nodal forces (with nullified 

vertical component to avoid increasing the resistance of CS piers). In this way, the 

contribution of longitudinal clay veneers was fully disregarded due to the non-effective 

shear coupling between the two cavity wall leaves, while the inertia of the North clay outer 

leaf  was not disregarded. 

The bare case-study building is discretized through two-nodes macroelements, representing 

piers and spandrels, connected by nodes with associated rigid areas. The masonry density 

(ǯ) and compressive strength (fm) obtained from characterization tests (par. 3.2.5) are 

assigned to the macroelements. The shear modulus (Gm) is conventionally taken as 0.35*Em. 

As the axial and flexural response of a standard 2-node macroelement is lumped at the top 

and bottom interfaces, the elastic modulus of spandrels (Em) was tripled to account for pier 

double-fixed boundary conditions, while the one of single piers was multiplied by 2.5 to 
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account for a non-perfect double-fixed condition [Penna et al., 2014]. Equivalent masonry 

initial shear strength (fv0,eq) and friction coefficient (meq) were calibrated simulating the lateral 

responses of the full-scale specimen EUC-COMP-1 (see sect. 2, [Miglietta et al., 2021b]). 

Since the experimental response was initially characterized by flexural rocking and followed 

by shear sliding failure (Figure 2.6, sect. 2, [Guerrini et al., 2021]), the equivalent friction 

coefficient  (meq) was selected as the ratio between the residual shear strength (65 kN) and 

the applied vertical load at mid-height of the pier (106 kN), while the equivalent cohesion 

(ceq) was evaluated as the ratio between the observed strength drop of 13 kN and the pier 

cross-sectional area. Finally, two parameters controlling the shape of the nonlinear shear 

model (b = 0.5 and Gct = 1.8) were selected to match the switch of governing behaviour 

from flexural to sliding at 0.20% drift ratio. The macroelement effective heights are selected 

using the methodology proposed by Dolce et al., [1991], which allows to define pier heights 

consistently with the observed experimental crack patterns (Figure 4.3). 

 

Figure 4.2 Nonlinear macroelement behaviour: nonlinear flexural degrading model; role of parameter 

b on the shear model; role of parameter Gct on the shear model. 

In retrofitted configurations, the macroelements are discretized into 6 two-nodes sub-

elements of equal height, as proposed by Bracchi et al., [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 steel reinforcement: it activates after 

masonry cracking and improve masonry strength and deformation capacities [Miglietta et 

al., 2021a]. As for bare conditions, masonry density (ǯ) and compressive strength (fm) 

obtained from characterization tests (par. 3.2.5) are assigned to the macroelements. 

Furthermore, the elastic moduli did not require any adjustment thanks to the macroelement 

discretisation. Equivalent masonry initial shear strength (fv0,eq) and friction coefficient (meq) 

were calibrated simulating the lateral responses of the full-scale pier specimen EUC-

COMP-2 (see sect. 2). As opposed to the bare pier, the strengthened one exhibited a 

flexural response with yielding of tie-downs, followed by diagonal shear failure of the 

masonry (sect. 2, [Guerrini et al., 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 toe-crushing. Equivalent cohesion (ceq) and friction 

coefficient (meq) were then calculated based on the diagonal shear criterion for regular 


























































































































































































































































































