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Abstract 

 

Several factors influence the behaviour of infilled frames, which has been studied in 

the last fifty years. One might assume that so many years of research in one theme 

might be enough to nearly fully understand it but this is not the case. The new 

generation of design standards, namely the Eurocode 8 (EC8), impose the use of 

reinforcement in these walls in order to prevent a brittle collapse and makes the 

structural engineer accountable for this requirement, yet it fails to provide enough 

information for the design. 

Motivated by the stated reasons, this thesis aims at understanding the seismic 

behaviour of infill walls when designed following the prescriptions of the EC8, 

therefore reinforced with bed joint and plaster reinforcement, and compares them to the 

seismic behaviour of the infill walls considered as a standard in the last three decades in 

Portugal, which is an unreinforced double leaf. For this purpose, three RC concrete 

buildings were constructed at a scale of 1:1.5 and tested on the shaking table of the 

National Laboratory for Civil Engineering, Portugal, each with a different infill solution 

but with the same geometry. Next, the experimental results were compared, in terms of 

demand and capacity, with the analytical solutions proposed by different authors and 

design standards. A numerical study was carried out, which includes model updating 

and non-linear static analysis. Finally, two novel design proposals are presented: one 

regarding the analytical computation of the natural frequency of infill walls; another 

regarding the reduction of the out-of-plane capacity of the infill wall due to the presence 

of openings. 

The experimental tests show that the double leaf unreinforced infill walls 

underperformed during a large earthquake, collapsing out-of-plane by rotating as a rigid 

body around the base line of the model. The infill walls with bed joint and plaster 

reinforcement did not collapse out-of-plane due their connection to the RC frame. The 

comparison done between the experimental results and analytical solutions of the design 

standards show that the formulation proposed by the EC8  presents acceptable results 

for most of the infill walls in the present work, as far as the out-of-plane demand is 



x 

concerned. As for the capacity, the EC6 and FEMA 306 provide acceptable results. 

Both design proposals present a good correlation with the experimental results. 
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Resumo 

 

São vários os factores que influenciam o comportamento de pórticos preenchidos 

por paredes de alvenaria e o seu estudo iniciou-se há cerca de cinquenta anos. Poder-se-

ia assumir que tantos anos de investigação num tema seriam suficientes para o 

considerar como fechado, no entanto não é esta a situação. A nova geração de 

regulamentos, nomeadamente o Eurocódigo 8 (EC8), impõe novas regras para estes 

elementos como o uso de armaduras, proibição de roturas frágeis e responsabilização do 

projectista pelo comportamento sísmico, no entanto o regulamento não detalha um 

método de dimensionamento. 

Tendo isto em mente, a presente tese tem por objectivo a compreensão do 

comportamento sísmico das paredes de enchimento quando dimensionadas com recurso 

ao EC8, nomeadamente, reforçadas com armadura de junta ou reboco armado, 

comparando-o com o comportamento sísmico das paredes de enchimento construídas 

em Portugal nas últimas três décadas, ou seja, as paredes duplas sem armadura. Com 

este propósito, construíram-se três edifícios porticados de betão armado à escala de 

1:1.5 e ensaiaram-se na mesa sísmica do Laboratório Nacional de Engenharia Civil. 

Cada edifício foi preenchido com uma solução diferente de paredes de enchimento mas 

todos partilhavam a mesma geometria. Os resultados experimentais são comparados 

com os resultados provenientes das soluções analíticas regulamentares, em termos de 

solicitação e resistência para fora-do-plano. Foi também efectuado um estudo numérico, 

incluindo a aplicação de técnicas de model updating e análises estáticas não lineares. 

Finalmente são propostas duas soluções analíticas novas com vista ao dimensionamento 

das paredes de enchimento: uma para calcular a frequência natural de vibração; outra 

para reduzir a resistência das paredes para fora-do-plano devido à presença de aberturas. 

Os resultados experimentais demonstraram que as paredes duplas sem armadura 

tiveram um comportamento não desejável no caso de um sismo extremo, pois 

colapsaram para fora-do-plano rodando como um corpo rígido em torno de um eixo na 

base do modelo. As paredes de enchimento com armadura de junta e reboco armado não 

colapsaram para fora-do-plano devido à sua conexão ao pórtico. A comparação dos 

resultados experimentais com os resultados analíticos dos regulamentos demonstrou que 
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a formulação do EC8 apresenta resultados aceitáveis para a maioria dos enchimentos 

presentes no ensaio, no que respeita à determinação da acção para fora-do-plano. 

Relativamente à determinação da resistência para fora-do-plano, o EC6 e a FEMA 306 

apresentam resultados aceitáveis. Ambas as propostas de dimensionamento apresentam 

também uma boa correlação com os resultados experimentais. 
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1.1 MOTIVATION 

Several factors influence the behaviour of infilled frames and their study started 

fifty years ago. One might assume that so many years of research regarding one theme 

would be enough to nearly fully understand it. However, this is not the case. Taking into 

account the great number of factors that influence infilled frames (mechanical properties 

of the materials, aspect ratio, boundary conditions, presence of reinforcement, presence 

of openings, etc.) and their interaction, further studies are clearly needed, even though 

the role of the infill walls on the global performance of framed structures subjected to 

seismic action is clear at this point, as well as the design situations that need to be 

avoided, so that the influence of the infill is either positive or neutral (Lourenço 2006). 

The proof that further studies are still needed is the seismic behaviour observed during 

recent earthquakes and that should be analysed under two different perspectives: i) a 

lifesaving perspective (Ultimate Limit State), since the infills walls often collapse out-

of-plane, see Figure 1, even in recent structures designed using the last generation of 

design codes; an economic point of view (Serviceability Limit State), since it is 

estimated that around 45 to 60 billion euros are invested in infill walls in Europe and 

around 60% of the total repair costs in an earthquake situation are associated to damage 

in masonry infills, associated finishings and installations (water, electricity, gas, etc.) 

(Parnitha 1999, Greece) (Lourenço 2006). 

 

   

Figure 1: Partial and complete out-of-plane collapses of infill walls during the L’Aquila earthquake 

(2009), Italy. 
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1.2 FOCUS OF THE THESIS 

This thesis addresses the seismic behaviour of unreinforced and reinforced clay 

brick masonry infills, built within reinforced concrete frames when subjected to seismic 

actions. A state of the art about the seismic behaviour of infill walls is presented, 

highlighting the main experimental works, either in-plane, out-of-plane and combined 

actions, as well as a review of the design standards from Europe, New Zealand and the 

United States of America. This state of the art intends to demonstrate the lack of 

agreement between the standards, even though the first experimental works date from 

the 1960’s. 

In order to test the infill solutions, three buildings were tested on the shaking table 

of the National Laboratory for Civil Engineering, Portugal, at a scale of 1:1.5. One 

building represents the standard Portuguese construction in the last three decades, 

designed using the previous generation of standards (R.E.B.A.P. 1983; R.S.A. 1983) 

and with unreinforced double leaf enclosure infill walls. The other two buildings 

represent the present and future constructions, with a RC structure designed using the 

Eurocodes (Eurocode 2 2002; Eurocode 8 2004) and with two reinforced enclosure 

infill solutions, namely a single leaf with bed joint reinforcement and a single leaf with 

plaster reinforcement. The three test specimens were subjected to several stages of 

horizontal accelerations, in the two orthogonal main directions, with increasing 

amplitude. The variation of the dynamic properties of the buildings was obtained 

through dynamic identifications between the stages, while accelerations and 

displacements in the RC structure and infill walls were recorded using accelerometers. 

These tests allowed evaluating not only the seismic performance of the infill walls, but 

also the seismic performance of the RC structure and the interaction of the different 

infill solutions with the RC structure. 

The comparison between the experimental results and the analytical proposals of 

the design standards was performed under two different perspectives, namely the 

demand and the capacity. This allowed relevant conclusions regarding one of the main 

changes in the new generation of design standards (Eurocode 8 2004), which is the 

accountability of the structural engineer in the non-collapse imposition on these 

construction elements. 
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Numerical simulation techniques are also addressed, since the test specimen with 

bed joint reinforcement was modelled using FEM, calibrated using a model updating 

algorithm based on the dynamic properties obtained experimentally and then subject to 

non-linear static analysis. 

Furthermore, two new design proposals are presented: one regarding the 

computation of the natural frequency of infill walls, a parameter needed for the 

computation of the demand when using the EC8 (2004) but without an analytical 

solution proposed, and another regarding the reduction of the out-of-plane capacity of 

the infill walls due to the presence of openings. 

 

1.3 OUTLINE OF THESIS 

In order to address the issue of the seismic behaviour of infill walls and the search 

for innovative construction solutions, this thesis is divided in seven Chapters as follows: 

 Chapter 1 addresses the motivation to the work, the focus of the thesis, as 

well as the outline; 

 Chapter 2 presents a state of the art on masonry infilled frames, divided in 

in-plane, out-of-plane and combined actions, with the goal of demonstrating 

that the subject at hand, despite the initial works dated from the 1960’s, 

there is no agreement between authors and standards. 

 Chapter 3 presents the details of the experimental campaign carried out, 

namely the application of the similitude law, based on the capacity of the 

shaking table in terms of payload, acceleration capacity and geometry. The 

design procedure and construction of the buildings are also presented, 

followed by the material characterization. The definition of the test stages, 

based on generated artificial accelerograms from the EC8 (2004), and 

instrumentation setup, as well as its objective in terms of measurements, is 

also presented. 

 Chapter 4 presents the experimental results of the three tested models, and 

the re-test performed in model 3 (plaster reinforced infill walls). The results 

include the variation of the dynamic properties, obtained from the dynamic 
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identification tests and associated to a damage indicator, of the RC structure 

and each infill wall, and the results from the seismic tests, such as the 

interstorey displacements, drifts, maximum acceleration and overall damage 

and crack patterns. General remarks from each model are also presented. 

 Chapter 5 can be divided into three main parts, namely: a comparison 

between the experimental results of the tested models, based on the MAC’s, 

damage factors, displacements, drifts and accelerations; a comparison 

between the experimental results and the analytical solutions proposed by 

the design standards for the demand and capacity; two design proposals, 

being one associated to the computation of the natural frequency of the infill 

wall and the other associated to the reduction of the out-of-plane capacity of 

the infill due to the presence of openings; 

 Chapter 6 presents the numerical study, starting with the structural 

approach and subsequent simplifications, and followed by the model 

updating technique applied. Since the algorithm used is fairly complex, and 

its application was done using a MATLAB routine which interacts with the 

FEM software chosen, DIANA, the background is also explained. Finally, 

the results of the non-linear static analysis performed are presented and 

compared with the experimental results, followed by the application of the 

N2 Method (Dolšek and Fajfar 2002) proposed by the EC8 to the building 

(2004) and the comparison with experimental results. 

 Chapter 7 presents the main conclusions of the present work and a proposal 

for future works. 
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CHAPTER 2 

2 State of the art on masonry infilled 

frames 

Scope of the chapter 

In this chapter a state of the art about the seismic behaviour of infill walls is presented. 

First, the main experimental campaigns are presented. Then, if applicable, the 

subsequent analytical proposals for the computation of the in-plane and out-of-plane 

capacity, followed by a review of the design standards from Europe, North America and 

New Zealand are shown. Finally, a review of the design standards is focused on the 

analytical solutions to compute the demand and capacity of the infills, and intends to 

present the lack of agreement on the subject at hand. 
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2.1 PREVIOUS RESEARCH 

Next, a brief review of the most relevant research regarding the behaviour of 

masonry infills is presented. For a clearer understanding, the review is separated in three 

parts: (i) in-plane behaviour; (ii) out-of-plane and combined in-plane/out-of-plane 

behaviour; (iii) shaking table tests. 

 

2.1.1 IN-PLANE RESPONSE 

In the literature, several authors proposed methods to compute the capacity of the 

composite structural system of the structural frame and masonry infill based on closed 

form elasticity solutions, on numerical approximations with finite elements or on limit 

analysis solutions, among other approaches. The non-linear behaviour observed 

experimentally is typically taken into consideration in analytical solutions 

phenomenologically. Replacing the infill wall by a diagonal strut (Holmes 1961; 

Stafford Smith 1966) when the frame is subjected to a horizontal load, see Figure 2, 

proved to be an efficient solution and the base for analytical computations of the lateral 

capacity of the system. 

 

 

Figure 2: Diagonal strut idealization (Holmes 1961; Stafford Smith 1966). 

 

One of the first analytical proposals (Stafford Smith 1968), based on experimental 

tests and this concept of the diagonal strut, aimed at determining the height of the 

idealized strut based on the lateral stiffness of the structural system.  

Force

contact zone

contact zone

idealized

compression strut
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 Equation 1 

 

Here,   is the length of the columns,    is the elasticity modulus of the frame,    is the 

elasticity modulus of the masonry infilling the frame,    is the inertia of the uncracked 

section of the column,   is the thickness of the masonry infill wall and diagonal strut 

and   is the diagonal angle of the strut with respect to the horizontal axis. Holmes 

(1961) considers that the area of the diagonal strut should be equal to: 

 

    
 

 
 Equation 2 

 

where   is the length of the main diagonal of the frame.  

Mainstone (1971) defines that the strut should have the same thickness of the infill 

wall and a height equal to: 

 

       (      )(  )   Equation 3 

 

Here,    is the length of the wall,    is the angle of the strut,   is computed using 

Equation 6 and   is the length of the columns.  

A recent work from Klingner et al. (1996) proposes an area of the diagonal strut 

equal to: 

 

       Equation 4 
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Here,   is equal to thickness of the infill wall and   is a parameter dependant on the 

height to length ratio of the infill wall. This parameter is far from consensual, and Fardis 

(1996) and Safina (2002) proposed that the height of the diagonal strut should be equal 

to 20% of the length of the main diagonal of the frame, while Dolšek and Fajfar (2002) 

proposed it to be equal to: 

 

       (  )    √      Equation 5 

 

Here,   and   are the height and length of the infill wall, respectively, and   is equal to: 

 

  √
      (  )

      

 

 Equation 6 

 

Here,    is the elasticity modulus of concrete,   is the height of the cross section of the 

columns, and the other parameters have been already introduced. 

The replacement of the infill wall by a diagonal strut has some clear limitations. 

Different collapse modes can be achieved when the frame-infill structural system is 

subjected to horizontal in-plane loads, depending on the mechanical and geometrical 

properties of the masonry and the frame, and not all can be replicated by means of this 

simplification. More recent works (Mehrabi et al. 1996; Shing and Mehrabi 2002) have 

identified the different collapse mechanisms and related them to the properties of the 

constituent materials, see Figure 3. Five mechanisms, see Figure 4, were considered the 

most likely ones, namely: (1) horizontal shear crack of the infill and subsequent 

formation of  plastic hinges at one end and mid-height of each column; (2) similar to the 

first collapse mode, but with shear failure in more locations, followed by the plastic 

hinges on the frame; (3) and (4) assumed that the formation of a diagonal strut will lead 

to the crushing of masonry along the wall-frame interface, followed by the formation of 

plastic hinges in the frame; (5) when the infill wall and the frame have compatible 



Seismic behaviour of masonry infill walls: test and design 

 

11 

displacements the compression corner and the shear crack load is controlled by a Mohr-

Coulomb criterion, leading to plastic hinges in all corners of the frame. A simple 

analytical solution is not able to take into consideration all collapse mechanisms, i.e. 

mechanisms (1) and (2) are associated to the shear capacity of the infill walls, while 

mechanisms (3) and (4) are associated to the compressive strength of the infill wall, and 

hence the authors proposed a different verification for each of the five mechanisms. 

Mehrabi et al. (1996) and Shing and Mehrabi (2002) performed an extensive 

experimental work which included the test of a six storey and three bays frame and 

twelve one storey and one bay frames, all in RC and designed according to standards, 

filled with masonry using perforated and solid units. Resorting to different material 

properties, the authors were able to build weak and strong frames and weak and strong 

infills. By combing them all, it was possible to associate properties of each component 

to the collapse mechanism: crushing of the diagonal strut was associated to a strong 

frame and weak masonry, while a diagonal shear crack was associated to a weak frame 

and strong masonry. 

 

 

Figure 3: Collapse mechanisms identified in RC frames with infill walls, varying the compressive 

strength of the infill and concrete (Mehrabi et al. 1996). 
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(1) (2) (3) (4) (5) 

Figure 4: Most likely collapse mechanisms (Shing and Mehrabi 2002). 

 

Usually in the literature, the proposed analytical methods to compute the maximum 

capacity of infilled frames H either consider the collapse to be associated to a horizontal 

shear crack or to the corner crushing of the infills. Some authors consider the type C 

collapse mode shown in Figure 3, while others consider that such damage does not lead 

to collapse and should therefore be considered a serviceability limit state instead 

(Flanagan and Bennett 2001). 

The first proposal for the capacity of the system (Holmes 1961), pioneer given its 

publication date, includes in the formulation the maximum strain of the diagonal strut 

and the length reduction of the main diagonal of the frame, taking into consideration the 

crushing of masonry as the collapse mechanism: 

 

  
        

  

  [  (
  
  

)     ]
          

      
Equation 7 

 

Here,    is the elasticity modulus of the material of the frame,   and   are the angle and 

length of the main diagonal of the frame, respectively,    and    are the flexural inertia 

of the column and beam, respectively,   
  is the maximum strain of masonry,   is the 

height of the frame and   
  is the compressive strength of masonry. 

A decade after the first work, Mainstone and Weeks (1970) proposed Equation 8 to 

compute the capacity of the infill walls when the corners crushes due to compression, 

which does not take into account the frame’s capacity and has to be added to the infill 

contribution. This empirical formula is based on experimental tests with brick infill 
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masonry. Another expression was proposed by Stafford Smith and Coull (1991), see 

Equation 9, although the contribution of the frame is taken into account. 

 

         (  )        
        Equation 8 

    
  

 

 
√

      
 

   

 

 Equation 9 

 

In these formulas,   is the area of the diagonal strut,   is the height of the frame,   
  is 

the compressive strength of masonry,   is the angle of the main diagonal of the frame, 

   is the elasticity modulus of concrete,    is the flexural inertia of the columns,    is the 

height of the infill wall,    is the elasticity modulus of masonry and   is the thickness 

of the infill wall. 

By means of large scale experimental testing in steel frames with clay masonry 

infill walls, Flanagan and Bennet (1999a) validated the proposals of Mainstone and 

Weeks (1970) and Stafford Smith and Coull (1991), as analytical proposals with higher 

complexity (therefore excluded from the present review), and provided a new proposal 

for the capacity: 

 

         
  Equation 10 

 

Here,   is the thickness of the infill wall,   
  is the compressive strength of masonry and 

     is an empiric parameter. The authors, after analysing several analytical methods 

and comparing them with experimental values, concluded that the analytical solutions 

are excessively influenced by the geometrical parameters. Hence, they excluded the 

geometrical parameters from their proposal and, by means of a statistical study 

(Flanagan and Bennett 2001), defined values for       for different combinations of the 

frame and infill wall materials, see Table 1. 
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Table 1: Values for      in (Flanagan and Bennett 2001). 

Specimen Characteristics Statistical Results of      

Infill masonry type Frame Number of tests Mean (mm) Coefficient of variation (%) 

Clay tile Steel 18 246 23.5 

Brick (with outlier removed) Steel 12 (11) 191 (201) 17.1 (4.6) 

Concrete Steel 19 259 17.3 

Concrete Concrete 10 257 23.3 

Clay tile and concrete 

combined 

Steel and 

concrete 

47 253 20.7 

All All 58 243 21.2 

 

Equation 11 presents the analytical solution proposed by Dolšek and Fajfar (2002), 

which assumes the replacement of the infill wall by a diagonal strut but considers a 

shear crack collapse mechanism for the system: 
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 Equation 11 

 

Here,  ,   and   are the length, thickness and height of the infill, respectively, and     is 

the shear resistance of masonry. 

In order to achieve multiple collapse mechanisms with one model, Lourenço et al. 

(2006) proposed the replacement of the infill wall by a slightly more complex strut-tie 

model, instead of a single strut, see Figure 5. The capacity of the tie represents the 

horizontal shear crack collapse mechanism, and can be computed using Equation 12 and 

Equation 14. The capacity of the strut represents the masonry crush collapse mode, and 

can be computed using Equation 15, Equation 16 and Equation 17. The authors 

validated this analytical proposal using available experimental data, as well as with 

other analytical proposals, with satisfactory results. 
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(a) (b) 

 

(c) 

Figure 5: Design model for masonry infill subjected to a horizontal load: (a) composite frame-panel; 

(b) proposed strut-and-tie model; (c) equivalent tensile strength for a typical diagonal step crack 

(Lourenço et al. 2006). 
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(      ) 
   Equation 17 

 

Here,    is the masonry tensile strength,   is the length of the infill wall,   is the 

thickness of the infill wall,   
  is the equivalent tensile strength along the direction of the 

tie,    is the shear strength of the units,   is the length of the masonry unit,   is the 

height of the masonry unit,   is the angle strut,   is the contact length between the 

frame and the panel,   is the maximum horizontal force,   
  is the effective stress and    

is the uniaxial compressive strength . 

Not all studies have the objective of proposing an analytical solution to obtain the 

maximum capacity of the infill walls, as the objective is also to more thoroughly 

understand their global and local behaviour. Early studies, as Jorquera (1964) and 

Bonvalet (1970) tested experimentally full scale frames and concluded that the presence 

of infills in the frames increased the lateral stiffness and that the lateral load capacity 

could also increase from ten to twenty times, when compared to the bare frame, 

depending on the characteristics of the masonry. The presence and value of vertical load 

was also an object of study (Stafford Smith 1968), since complete framed structures can 

have high vertical loads due to self-weight of the higher storeys. The author concluded 

that for very low values, the vertical load does not influence the capacity of the frame, 

while loads higher than half of the vertical capacity of the system would decrease the 

lateral capacity. If the vertical load was high, but lower than half of the vertical 

capacity, the lateral capacity of the system was increased. In order to prevent the 

separation of the infill wall from the frame, some authors (Mallick and Garg 1971; 

Liauw 1980; Liauw and Kwan 1985) studied the influence of metal ties between frame 

and infill, and concluded that the use of ties increases the lateral stiffness and lateral 

load capacity of the system, even for large displacement values. 

The use of reinforced masonry was also studied by several authors. Leuchars and 

Scrivener (1976) studied RC frames with masonry infills reinforced in both directions, 

and connected to the frame, subjected to cyclic in-plane loading, concluding that the 

frame with infill presented a capacity three times higher than the bare frame. Other 

authors (Klingner and Bertero 1976; Klingner and Bertero 1978) tested high seismic 
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capacity RC frames filled with clay brick masonry reinforced in both directions, also 

connected to the frame. It was concluded that the presence of reinforced masonry 

increases not only the energy dissipation capacity of the system but it also increases the 

lateral stiffness, which can increase the seismic loads. The authors concluded that the 

upside compensates the downside of its application. A similar conclusion was obtained 

by Jurina (1977), as his frames with horizontal and vertical reinforced masonry 

connected to the beams presented the highest lateral capacity, under cyclic in-plane 

testing, when compared to unreinforced masonry frames. The presence of horizontal 

reinforcement may not influence the behaviour or capacity, as it was concluded by 

Zarnic and Tomazevic (1985), which tested frames with infill walls reinforced in both 

directions and reinforced only in the horizontal direction. 

The presence of openings was experimentally studied by Fiorato et al. (1970) and 

Mosalam et al. (1997). The first authors concluded that the reduction in the lateral load 

capacity of the system is not proportional to the opening, as an opening that leads to a 

cross-sectional area reduction of 50% leads to a strength reduction between 20% and 

28%. The second authors agreed with these observations, as reductions of the horizontal 

cross-section area of the infill of about 17% led to a lower lateral initial stiffness of the 

system and higher ductility, but nearly the same maximum load when compared to 

similar systems without any openings. Mosalam et al. (1997) also concluded that the 

crack pattern is influenced by the presence of openings, with cracks starting at the 

corners of the openings and propagating towards loaded corners, while on the frame 

without openings the cracks started at the centre and moved towards the loaded corners. 

In their experimental work, Govindan (1986a and 1986b) tested RC frames with clay 

brick masonry, with and without openings, with cyclic loads and concluded that the 

presence of openings led to a lateral capacity reduction of 11%, a decrease in the energy 

dissipation of 10% and an increase in ductility of 10%. The authors also concluded that 

the presence of openings did not influence the collapse mechanism. 

 

2.1.2 OUT-OF-PLANE AND COMBINED IN-PLANE/OUT-OF-PLANE RESPONSE 

The out-of-plane behaviour of an infill wall is highly dependent on the arching 

effect described by McDowell et al. (1956) and Hendry (1973), due to the confinement 
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provided by the frame. Hence, the out-of-plane capacity is much affected by the 

compressive strength of masonry and stiffness of the RC elements. The first analytical 

models proposed the computation of the out-of-plane capacity of infill walls (Hendry 

1973; Anderson 1984) taking only into consideration this effect in one of the main 

directions. This might not be realistic since the infill walls can be connected to the 

frame in all four sides and if so, the arch effect can be developed in the horizontal and 

vertical directions. Given this, Dawe and Seah (1989) proposed an analytical solution to 

compute the out-of-plane capacity of infill walls which assumed a bi-directional arch 

effect. These authors tested nine frames with concrete blocks, by applying a uniform 

load on the surface of the infill wall using airbags, see Figure 6, with the objective of 

understanding the out-of-plane behaviour and the maximum load capacity of the infill 

walls. The authors concluded that the out-of-plane behaviour could be divided in four 

different stages, see Figure 6 (c): i) linear elastic until the first crack; ii) propagation of 

cracks and definition of a collapse line; iii) increment in the load capacity due to the 

arch effect; iv) crushing of masonry due to compression and collapse. The authors 

proposed the analytical expressions described in Equation 18, Equation 19 and Equation 

20: 

 

 

(a) 

 

(b) 
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(c) 

Figure 6: Experimental program: (a) geometry of tested frames; (b) test setup; (c) out-of-plane behaviour 

of the tested specimens (Dawe and Seah 1989). 
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Here,   
  is the compressive strength of masonry,  ,   and   are the thickness, height and 

length of the infill wall, respectively,   is the elasticity modulus of concrete,    and    

are the inertia moments of the column and beam sections, respectively, and    and    are 

the torsion constants of the columns and beams, respectively.  

In a later work, Flanagan and Bennett (1999b and 1999c) proposed changing the 

value 4.50 to 4.10 in Equation 18 and eliminating the second term in Equation 19 and 

Equation 20, related to the torsion, due to its very low influence and unnecessary 

complexity. 

The in-plane damage has a considerable influence on the out-of-plane resistance of 

the infill wall, as it was shown by Angel (1994), which tested eight full scale one storey 

one bay RC frames, with brick and concrete masonry, first in-plane and then out-of-

plane, see Figure 7. The in-plane test consisted of the application of load, 
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monotonically, until a displacement value equal to twice the value needed for the first 

crack to appear. Then, the walls were loaded out-of-plane using airbags until the 

collapse of the specimen. The authors concluded that: i) the out-of-plane capacity 

depends on the slenderness and compressive strength of masonry; ii) the in-plane 

damage does not affect the out-of-plane cracking pattern; iii) for high slenderness 

infills, the in-plane cracks lower the maximum out-of-plane capacity; iv) vertical 

loading increases the stiffness but does not affect the out-of-plane capacity. 

 

  

(a) (b) 

Figure 7: Testing setup used by Angel (1994): (a) in-plane test; (b) out-of-plane test. 

 

Angel (1994) also proposed an analytical solution to compute the out-of-plane 

capacity of the infill walls, see Equation 21, with or without in-plane damage. The 

reduction of the out-of-plane capacity is made using a parameter,   , which can be 

obtained in two separate ways: i) estimating the in-plane displacement due to cracking, 

using the uncracked stiffness of the system; ii) by visual inspection and classification of 

the damage in the infill wall into moderate or significant, see Figure 8, and then 

associating it to the height to thickness ratio using Table 2. If the infill wall is 

undamaged,    assumes a unitary value. The value of    is related to the stiffness of the 

most flexible frame element, see Equation 22, and   depends on the height to thickness 

ratio of the infill wall, see Equation 23. 
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Figure 8: In-plane damage classification Angel (1994). 

 

Table 2: Values of    for different height to thickness ratios (Angel 1994). 

 
 ⁄  

   value equivalent to      
⁄  ratio 

 
   

⁄     
   

⁄    

5 0.997 0.994 

10 0.946 0.894 

15 0.888 0.789 

20 0.829 0.688 

25 0.776 0.602 

30 0.735 0.540 

35 0.716 0.512 

40 0.727 0.528 

 

Another analytical solution based on the bi-directional arch effect allowed by the 

surrounding frame was proposed by Klingner et al. (1996). This is in fact an extension 

of the analytical solution by Cohen and Laing (1956), which considered only the arch 

effect in one of the main directions of the frame, see Equation 24: 
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Equation 26 

 

Here,   
  is the compressive strength of masonry,  ,   and   are the height, length and 

thickness of the infill wall, respectively, and     is the maximum displacement of the 

infill wall in the vertical direction.     is obtained by replacing     by     in Equation 

25 and   by   in Equation 26. 

With the objective of comparing the influence of reinforcement in the in-plane 

damage of masonry infill walls and their out-plane-capacity, after initial in-plane 

damage, Calvi et al. (2004 and 2007) tested three full scale RC frames with different 

infills, see Figure 9: i) unreinforced; ii) with bed joint reinforcement; iii) with reinforced 

plaster. The frames were subjected to an in-plane cyclic load with constant vertical load, 

and then subjected to out-of-plane loads applied in four points of the infill wall. The 

authors concluded that: i) the presence of reinforcement lowers the damage in the infill 

wall but only the reinforced plaster increases the in-plane stiffness, energy dissipation 

capacity and maximum load; ii) the in-plane damage reduces drastically the acceleration 

needed for the out-plane collapse; iii) both reinforced solutions improve the out-of-

plane behaviour of the infill walls, specially the reinforced plaster one. The authors also 

proposed two analytical solutions, being the first one to compute the out-of-plane 

fundamental vibration period of the infill wall, see Equation 27, and the second one to 

compute the in-plane capacity of infill masonry walls reinforced with bed joint 

reinforcement, see Equation 28. 
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(a) (b) 

Figure 9: Tested models (Calvi et al. 2004; Calvi et al. 2007): (a) infill walls; (b) detail of the 

reinforcement at the infills. 
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Here,  ,   and   are the height, length and thickness of the infill wall, respectively, and 

 ,   and     are the specific mass, elasticity modulus and shear resistance of masonry, 

respectively,    is the length of the compressed zone of the wall,    is the yield strength 

of steel,     is the area of reinforcement applied in the bed joint,   is the horizontal 

spacing of the reinforcement and    is the lowest between    and  . 

In order to develop a non-linear analysis model, see Figure 10, Griffith (2007) 

tested eight full scale frames out-of-plane with airbags in two phase: i) until the first 

crack appears; ii) after the first crack in alternate directions. The authors concluded that 

the presence of vertical load increases the out-of-plane capacity and that the infill wall 

can reach out-of-plane displacements higher than their thickness. 
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Figure 10: Experimental pressure vs out-plane-displacement Griffith (2007). 

 

An extensive work on the out-of-plane behaviour of reinforced and unreinforced 

infill walls, with previous in-plane damage, see Figure 11, was performed by Pereira 

(2013), which tested RC frames with the same reinforcement solutions as Calvi et al. 

(2004 and 2007). This author compared the experimental results, in-plane and out-of-

plane, with the available analytical solutions using an extensive bibliographic review. 

The results were also compared with the prescriptions of several standards, and the 

conclusion was that the  analytical proposal for the out-of-plane capacity of Angel 

(1994) was the most suitable, if modified as shown in Equation 29: 

 

 

Figure 11: Out-of-plane test setup (Pereira 2013). 
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Here,      is the compressive strength of masonry,  ,   and    are the height, length 

and thickness of the infill wall,   ,    and   are defined in Equation 22, Equation 23 

and Table 2 by Angel (1994),    
  is the flexural strength in the direction parallel to the 

bed joints and    (      ) is the flexural strength in the direction parallel to the bed joints 

of the wall to be taken as a reference, i.e. the unreinforced solution. 

 

2.1.3 SHAKING TABLE TESTS 

The objective of Hashemi and Mosalam (2006) was to test the dynamic behaviour 

of RC frames with infill walls subjected to seismic actions. For this purpose, they built a 

set of frames that represent the first floor of a building with five storeys, at a scale of 

3:4, and tested the frames on a unidirectional shaking table, see Figure 12. The authors 

concluded that the presence of the infill wall increased the capacity in the RC frame by 

around 30%, increased the stiffness almost four times and reduced the fundamental 

period of the structure by 50%. 

With the objective of understanding the dynamic behaviour of the infill walls when 

subjected to combined in-plane and out-of-plane loads, and using a different approach, 

Komaraneni (2009) tested three RC frames at 1:2 scale by imposing in-plane cyclic 

displacements and then by subjecting the damaged frame to out-of-plane accelerations 

using a unidirectional shaking table, see Figure 13 (a) and (b). The first two frames 

tested had a higher slenderness, when compared to the third frame. The second frame 

had an intermediate concrete lintel and column, see Figure 13 (c), (d) and (e). The 

author concluded that the inertia forces were highest at mid-height in the slender frames 

and uniform along the height in the less slender model. The use of concrete lintels and 

columns at mid span of the infill wall improves the seismic behaviour by delaying the 
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in-plane cracking process and by reducing the out-of-plane displacements, so that the 

out-of-plane collapse is not exclusively associated to the inertia forces but also to the 

excessive out-of-plane displacements. 

 

  

(a) (b) 

Figure 12: Experimental test by Hashemi and Mosalam (2006): (a) tested specimen; (b) collapse of the 

infill wall at the end of the test. 

 

  

(a) (b) 

  
 

(c) (d) (e) 

Figure 13: Testing setup and models (Komaraneni 2009): (a) in-plane test; (b) out-of-plane test; (c) model 

1; (d) model 2; (e) model 3. 
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In order to test the effect of slenderness / thickness in the out-of-plane capacity of 

confined unreinforced masonry infill walls, Yi-Hsuan Tu et al. (2010) tested four full 

scale RC frames in a unidirectional shaking table, see Figure 14, and proposed an 

analytical solution to compute their resistance based on a rocking mechanism. The 

authors concluded that the toothed edge walls exhibited a considerable out-of-plane 

capacity through the developed arching mechanism and that the out-of-plane 

deformation capacity is proportional to the thickness. 

 

  

(a) (b) 

Figure 14: Experimental program (Yi-Hsuan Tu et al. 2010): (a) construction of a confined masonry 

panel; (b) test specimen on the shaking table. 

 

In order to test the influence of different boundary conditions between the infill 

walls and the top beam of the frame, Ming et al. (2011) tested two two-storey single bay 

RC frames, see Figure 15, with two different solutions: one where the gap was filled 

with inclined bricks, hammered in, and another where a 3 mm gap was left, but 

reinforcement bars were used as ties between infill and frame. The authors concluded 

that the walls with a gap and tie bars performed better than the ones with inclined 

bricks, that the height influences the out-of-plane stability and that the safety of infill 

walls during earthquakes can be guaranteed if they are built with proper connections. 
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(a) (b) 

Figure 15: Experimental program (Ming et al. 2011): (a) connection between the column and the infill 

wall; (b) shaking table test setup. 

 

2.2 DESIGN STANDARDS 

Next, a review of design standards from three different countries and continents is 

briefly presented. The review is focuses on the proposed analytical solutions to compute 

the out-of-plane seismic load, and the in-plane and out-of-plane capacity of infill walls. 

This review also intends to present the lack of consensus regarding infills from a 

standards perspective, as Kaushik et al. (2006) also highlight in their study. 

 

2.2.1 NORTH AMERICAN 

The concept of standard, and even the simultaneous existence of guidelines, is 

peculiar in the United States of America (USA), as there is no document applied to all 

the territory, since the Constitution empowers each State to choose its own standards. 

Each State subsequently delegates this definition to municipalities and governmental 

agencies. The complex process of producing a masonry standard, see Figure 16, 

involves technicians, industry representatives, standard users and building officials. A 

proposal is made by technical organizations (American Concrete Institute, American 

Society of Civil Engineers, etc.), which is then analysed by the Masonry Standard Joint 

Committee, in a process that involves public consultation. During this process the initial 

proposal is progressively altered until consensus is obtained. Afterwards, model-code 
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organizations publish the standards, but they are only considered legislation after being 

adopted by the governmental agencies of each State. At the same time, the Federal 

Emergency Management Agency (FEMA) produces periodically recommendations for 

seismic design and behaviour, developed through the National Earthquake Hazard 

Reduction Program, with the objective of hastening the development of new and 

innovative solutions, as well as commentaries to existing legislation. 

 

 

Figure 16: Schematic of the process of developing a standard in the USA (Klingner 2009). 

 

Three North American Standards (U.B.C. 1997; M.S.J.C. 2011; I.B.C. 2012) 

propose analytical solutions to compute the out-of-plane capacity of infill walls due to 

wind and seismic actions. Even though the last edition of the Uniform Building Code 

(U.B.C. 1997) was published a long time ago, and there are new codes, its constant 

reference in modern bibliography make it unavoidable in the present work. The 

International Building Code (I.B.C. 2012) is the most adopted code in all of North 

America and, as far as masonry is concerned, it is complemented by the Specification 

for Masonry Structures from the Masonry Standard Joint Committee (M.S.J.C. 2011), 

which refers to (I.B.C. 2012) in selected areas and proposes changes. It is important to 

highlight that the methodology, the base of theoretical analysis and structural design 
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methodology of masonry structures is common to the three standards. Three design 

possibilities are envisaged: i) working stress design, computed considering only the 

linear elastic resistance of the materials and no increasing behaviour factors; ii) strength 

design, where the design loads are obtained through combinations and cannot exceed 

the nominal capacity of the materials, which are decreased using behaviour factors; 

iii) empirical design, which can only be used in exceptional situations, when there are 

no seismic loads and wind loads are very low. 

The M.S.J.C. (2011) considers that there are two types of infill walls: non-

participating, which are designed so that in-plane loads are not imparted from the 

bounding frame, and participating, where the infills are designed to resist in-plane loads 

imparted to it by the bounding frame. This allows the structural designer to exclude the 

infill walls from structural design, considering them as nonparticipating elements, by 

isolating the infill walls from the lateral-force-resisting system, or to consider them 

participating elements and take into account their in-plane stiffness in the analysis. Infill 

walls with openings cannot be considered as part of the lateral resisting system, but their 

effect in the surrounding frame has to be considered. Nonetheless, the M.S.J.C. (2011) 

considers that nonparticipating elements need to have structural integrity and all 

masonry walls are required to be designed to resist out-of-plane forces. Masonry infills 

should be designed following Annex B of the standard. 

As far as in-plane design is concerned, Annex B of M.S.J.C. (2011) defines that, if a 

more comprehensive analysis is not performed, the infills have to be replaced by an 

equivalent diagonal strut capable of resisting only to compression, and the design forces 

are obtained from the elastic analysis of the frames braced with these equivalent struts, 

considering they have the elasticity modulus of masonry. The width of the strut is 

computed using Equation 31, where   is computed using Equation 6, and the capacity of 

the strut is computed using the smallest of the three conditions in Equation 32 taken 

from Flanagan and Bennet (1999a): 

 

     
   

               
 Equation 31 
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Here,          is the thickness of the infill wall,     is the compressive strength of 

masonry and    is the smallest nominal shear strength given in the M.S.J.C. (2011).  

For the out-of-plane design of participating infill walls, the use of connectors 

spaced at a maximum of 1.22 m along the supported perimeter of the infill is 

mandatory, and the out-of-plane capacity of the walls has to be computed using 

Equation 33 from Dawe and Seah (1989), similar to Equation 18 from the same authors: 
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The out-of-plane action to be applied in the masonry infill is defined in I.B.C. 

(2012) as: 
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Here,    is the seismic coefficient,    is the seismic importance factor,    is the weight 

of the infill wall,    e    are the horizontal force factors,    is the height of the wall 

and    is the total height of the building. 

As mentioned above, the Federal Emergency Management Agency (FEMA) is 

responsible for producing guidelines and recommendations related with seismic 

behaviour, design and rehabilitation. A structural analysis based on displacements 

considers that a given seismic action deforms the structure until a maximum value, 

which can be associated to the deformation of each component (beams, columns, slabs 

and walls). The elastic deformation indicates the damage of each component, hence the 

damage limits associated to a given seismic performance, specified by the designer, can 

be assessed through the components. The documents published by FEMA consider two 

types of components: primary, if they contribute to lateral deformation capacity of the 

structure during a seismic action; secondary, if they do not contribute. The damage 

classification of the structure is highly dependent on the ductility capacity of the 

elements, see Figure 17. With the experimental hysteretic behaviour of a structure or 

component, through a force versus displacement graph, it is possible to obtain the 

capacity curve, see Figure 18, and conclude about the ductile behaviour and its 

adequacy to the design objectives. The use of these recommendations to design or to 

assess the seismic performance of structures implies a previous definition of a 

performance level within three categories, that establishes global and local deformation 

limits for the design seismic action, see Figure 19: i) Immediate Occupancy (IO); 

ii) Life Safety, (LS); iii) Collapse Prevention (CP). Table 3 presents the allowable drifts 

in the infill walls for each performance level, as well as the acceptable visual damage, 

following the prescriptions in FEMA 273 (1997). The drift values are not intended to be 

used as acceptance criteria for evaluating the acceptability of the rehabilitation design, 

but rather indicative of the range within the performance level. 
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(a) (b) (c) 

Figure 17: Component force-deformation behaviour, ductility and severity of damage: (a) high ductility 

behaviour; (b) moderate ductility behaviour (mixed mode); (c) low ductility behaviour (FEMA 306 

1998). 

 

(a) 

   

(b) (c) (d) 

Figure 18: Idealized force-deformation relationship: (a) backbone curve from actual hysteretic behaviour; 

(b) idealized component behaviour from backbone curves for a ductile component (deformation 

controlled); (c) idealized component behaviour from backbone curves for a semi-ductile component;     

(d) idealized component behaviour from backbone curves for a brittle component (force controlled) 

(FEMA 306 1998). 

 

Figure 19: Global displacement limits and component acceptability (FEMA 273 1997). 
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Table 3: Structural performance levels and damage for masonry infill walls (Table 2-4 of FEMA 273 

(1997)). 

Elements Type 

Structural Performance Levels 

Collapse 

Prevention 
Life Safety 

Immediate 

Occupancy 

Unreinforced 

Masonry Infill 

Walls 

Primary 

Extensive 

cracking and 

crushing; portion 

of face course 

shred. 

Extensive 

cracking and some 

crushing but wall 

remains in place. 

No falling units 

and spalling of 
veneers at corner 

openings. 

Minor (<1/8’’ 

width) cracking of 

masonry infills 

and veneers at a 

few corner 

openings. 

Secondary 
Extensive 

crushing and 

shattering; some 

walls dislodge. 

Same as primary. Same as primary. 

Drift 0.6% transient or 

permanent 

0.5% transient; 

0.3% permanent 

0.1% transient; 

negligible 

permanent 

Reinforced 

Masonry Walls 

Primary 

Crushing; 

extensive 

cracking. Damage 

around openings 

and at corners. 

Some fallen units. 

Extensive 

cracking (<1/4’’) 

distributed 

throughout the 

wall. Some 

isolated crushing. 

Minor (<1/8’’ 

width) cracking. 

No out-of-plane 

offsets. 

Secondary 

Panels shattered 
and virtually 

disintegrated. 

Crushing; 
extensive 

cracking; damage 

around openings 

and at corners; 

some fallen units. 

Same as primary. 

Drift 1.5% transient or 

permanent 

0.6% transient: 

0.6% permanent 

1% transient; 

0.25% permanent 

 

Regarding the design of masonry infill walls, FEMA 273 (1997) considers that the 

in-plane stiffness should be computed using Mainstone and Weeks (1970) and 

Mainstone (1971) and that the in-plane capacity should include three verifications: i) 

shear resistance of the infill wall using Equation 37, in the case of new buildings; ii) 

flexural and shear resistance of the frame columns; iii) flexural and shear resistance of 

the frame beams. 
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 Equation 37 

 

Here,     is the compressive strength of masonry and     is the horizontal shear area of 

the infill wall. 

As for the out-of-plane design, FEMA 273 (1997) defines the maximum slenderness 

values in Table 4, while the capacity should be computed using Equation 38, if the arch 

effect can be taken into account, otherwise the out-of-plane capacity is assumed as the 

maximum flexural capacity of the wall. 

 

Table 4: Maximum slenderness values for each seismic zone (FEMA 273 1997). 

Performance level 

Maximum slenderness for each seismic zone 

Low seismicity 

           

Moderate seismicity 

                

High seismicity 

         

Immediate Occupancy (IO) 14 13 8 

Life Safety (LS) 15 14 9 

Collapse Prevention (CP) 16 15 10 
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 Equation 39 
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Table 5:    values for the computation of the out-of-plane capacity of infill walls (FEMA 273 1997). 

Slenderness 5 10 15 35 

   0.129 0.030 0.034 0.013 

 

If the design of the infill walls is carried out following FEMA 306 (1998), the in-

plane criterion for stiffness is the same as in FEMA 273 (1997), while the in-plane 

capacity has to fulfil three different types of collapse mechanism: shear failure, using 

Equation 40 based on a Mohr-Coulomb criterion; crushing, using Equation 41 based on  

a modified method from Stafford Smith and Carter (1969); and diagonal tension, using 

Equation 42 based on the work of Saneinejad and Hobbs (1995). 
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Equation 42 

 

Here,     ,      and      are the length, height and thickness of the infill wall,    is the 

cohesion in the joint,    is the axial stress in the infill wall,   is the friction angle of 

masonry,   is the width of the compression strut,       is the horizontal strength of 

masonry which can be considered as 50% of the vertical compressive strength,   is the 

angle of the diagonal strut and     is the cracking strength of masonry.  

As for the out-of-plane design, FEMA 306 (1998) does no impose a limit drift, 

nonetheless it mentions that the limit is around 1.5% for clay brick masonry, and 

assumes the analytical proposal of Angel (1994) and Angel and Abrams (1994), see 

Equation 21, for out-of-plane capacity of the infills. 

Regarding the seismic loads to be used in the out-of-plane design, which cannot be 

higher than the capacity computed using any of the methods above mentioned, FEMA 
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302 (1997) prescribes Equation 43 in the case of new buildings with rigid diaphragms, 

within the limits obtained by Equation 44 and Equation 45: 

 

   
          

  

  

(   
 

 
) 

Equation 43  

              Equation 44  

              Equation 45  

 

Here,    is the amplification factor,     is the spectral acceleration,    is the weight of 

the wall,   is the height of the highest point of the infill wall,   is the height of the 

building,    is the response modification factor and    is the importance factor.  

Another possibility is provided by FEMA 356 (2000), see Equation 46, in which the 

performance level is taken into consideration through a specific parameter that varies 

according to the desired performance level, see Table 6. Here,     is the spectral 

acceleration and   the weight of the wall. 

 

         Equation 46 

 

Table 6:   values for the computation of the out-of-plane load (FEMA 356 2000). 
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2.2.2 NEW ZEALAND 

The NZS 1170.5 (2004) standard provides all the verifications related to the seismic 

design of buildings within New Zealand’s territory, including infill masonry walls for 

which the code prescribes a design methodology identical to the North American 

guidelines. The NZS 1170.5 (2004) considers that the infill walls have a considerable 

contribution to the lateral load resistant structure, except in situations where the infill 

wall is separated from the frame, the infill wall is constructed in a flexible and light 

material or has a fragile behaviour to the point where it will collapse in the event of a 

very low seismic action (in this situation the out-of-plane collapse needs to be 

addressed). The code assumes that the infill walls will be damaged during a seismic 

event, and that their influence in the surrounding frame needs to be addressed and could 

influence the global collapse mechanism. In order to address this, the connection 

between the infill and the frame needs to be detailed, as well as the relation between the 

stiffness and capacity of the frame and of the infill wall. 

Regarding the in-plane behaviour, the NZS 1170.5 (2004) assumes the same 

methodology of FEMA 273 (1997) and FEMA 306 (1998), substituting the infill wall 

by an equivalent diagonal strut, while the capacity is obtained by considering the 

collapse mechanisms of FEMA 306 (1998), see Equation 40, Equation 41 and Equation 

42. The presence of infills is also covered in the code, following Dawe and Seah (1988) 

which considers that the in-plane stiffness and capacity of the infill with an opening 

should be reduced by a factor computed using Equation 47: 

 

           
           

    
 Equation 47 

 

Here,          is the length of the opening and      is the length of the infill. The code 

also considers that the maximum lateral drift for the frames infilled with clay brick 

walls should be 1.5%. The out-of-plane capacity follows the FEMA 306 (1998), which 

considers the recommendations from Angel (1994) and Angel and Abrams (1994), see 

Equation 21. 
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The NZS 1170.5 (2004) considers the seismic force to be used in the seismic design 

of non-structural elements, as infill walls, should be computed using Equation 48,  

which includes the influence of the vertical position of the element in the structure as 

well as an amplification of the acceleration, when compared to the maximum 

acceleration at the floor height: 

 

      (  )              Equation 48 
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  (  )  {

                                             
                                                       

    (       )                         
 Equation 51 

 

Here,    (  ) is the horizontal design coefficient,     is the part horizontal response 

factor,    is the risk factor,    is the weight of the element,  ( ) is the site hazard 

coefficient for    ,     is the floor height coefficient for level  ,    is the period of 

the element,   (  ) is the spectral shape factor at level  ,    is the height of the element 

and    is the height from the base of the structure to the uppermost seismic weight or 

mass. 

 

2.2.3 EUROCODES 6 AND 8 

In EC8 (2004) the infills walls have to be taken into consideration if their presence 

influences the lateral stiffness of the structure, otherwise the adopted construction 

technique has to mitigate their presence and they will only be taken into consideration 

as dead load. Independently of their influence on the lateral resistance system, EC8 
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(2004) imposes in article 4.3.6.4 that appropriate measures should be taken to avoid 

brittle failure and premature disintegration of the infill walls, as well as the partial or 

total out-of-plane collapse. The code also defines that the in-plane and out-of-plane 

integrity and behaviour improvement should be obtained using light wire meshes well 

anchored on one face of the wall, wall ties fixed to the columns and cast into the 

bedding planes of the masonry, and concrete posts and belts across the panels and 

through the full thickness of the wall. The code does not provide any detailing or design 

process for any of these imposed construction solutions. 

In order to compute the out-of-plane design load, the EC8 (2004) proposes Equation 

52: 
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 Equation 53 

 

where    is the seismic coefficient applicable to non-structural elements,    is the 

weight of the element,    is the importance factor of the element,    is the behaviour 

factor,   is the ratio of the design ground acceleration on type A ground,    is the 

acceleration of gravity,   is the soil factor,    is the fundamental vibration period of the 

non-structural element,    is the fundamental vibration period of the building in the 

relevant direction,   is the height of the non-structural element above the level of 

application of the seismic action and   is the building height measured from the 

foundation or from the top of a rigid basement. The EC8 (2004) does not provide any 

analytical solution for the computation of the fundamental vibration period of an infill 

wall, but some authors have proposed solutions, see Calvi et al. (2004 and 2007) and 

Equation 27. 
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The EC6 (2006) proposes two methods for the design of masonry walls subjected to 

out-of-plane loads: i) based on the assumption that the wall is supported along the 

boundaries; ii) based on the arch effect between the supports. The first method considers 

that the wall is supported along three or four edges, and assumes that the failure is 

parallel to the bed joints, see Equation 54, or perpendicular to the bed joints, see 

Equation 55: 

 

             Equation 54 

             Equation 55 

 

where    and    are bending moment coefficients taking into account of the degree of 

fixidity at the edges of the walls, the height to length ratio of the walls and their values, 

as described in Annex E of EC6 (2006),   is the length of the wall and     is the design 

lateral load per unit area. The load needs to be equal or smaller than the capacity of the 

wall, which is computed using: 

 

         Equation 56 

 

where     is the flexural capacity of the infill wall in the desired direction and   is the 

flexural modulus of the wall. 

The second method is applicable when the wall is constructed between supports 

capable of inducing an arch effect horizontally or vertically when the wall is subjected 

to out-of-plane loads. The analysis may be based on a three-pin arch, see Figure 20, 

when the bearing of the arch thrust at the supports and at the central hinge should be 

assumed as 0.1 times the thickness of the wall. The capacity of the infill is computed 

using Equation 57.  
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Figure 20: Arch assumed for resisting lateral loads (from EC6 (Eurocode 6 2006)). 

 

         (
 

  
)

 

 Equation 57 

 

Here,    is the design compressive strength of the masonry in the direction of the arch 

thrust,   is the thickness of the wall and    is the length or height of the wall between 

supports capable of resisting the arch thrust. 
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CHAPTER 3 

3 Shaking table tests: setup 

Scope of the chapter 

In this chapter the aspects related to the definition, design and construction of the 

models are detailed and are linked to the objectives of the experimental program. The 

application of the similitude law in order to scale the models is also explained, as well 

as its implications on the construction of the models. The seismic tests were performed 

by providing an input of artificial accelerograms generated using stochastic tools, in 

different stages and increasing amplitude. Each stage is associated to a response 

spectrum from EC8, and the inputs and spectra are presented and compared. Finally, the 

instrumentation setup of the infill walls and reinforced concrete structure are presented. 
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3.1 PROTOTYPE GEOMETRY AND SIMILITUDE LAW 

The first step in the experimental program was the definition of the geometry and 

the building solutions of the prototypes. Taking into consideration that one of the 

objectives of the present work is to assess the seismic performance of RC (reinforced 

concrete) frame structures, and their infill walls, built using the pre-Eurocode 

normative, RSA (1983) and REBAP (1983), a geometry survey was done elsewhere to 

define the average height and length of the frames Pereira (2013). The resulting 

geometry, a building with a two storey single bay frame in one direction and a two 

storey double bay frame in the other direction, can be seen in Figure 21. Another 

objective of the present work is to assess the performance of modern RC frame 

structures, designed according to the most recent standards, EC2 (NP EN 1992-1-1 

2010) and EC8 (NP EN 1998-1 2010), including reinforced solutions for the infill walls. 

In conclusion, three different buildings were idealized and designed, all sharing the 

geometry shown in Figure 21. 

 

 

Figure 21: Prototype geometry (in meters). 

 

Given the objectives of the present work, testing the complete structure and not only 

the RC frames with infills seems a more reasonable option as the interplay of the 

response of all components can be captured. Ideally, the test should be performed at full 

scale but the physical limitations (maximum dimensions and payload capacity) of the 
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testing equipment and laboratories impose, in most cases, the use of scaled models in 

shaking table tests. This is an important drawback of this type of facility. 

Scaled models are obtained using similitude laws, which add complexity to the 

construction and test setup in order to fulfil their requirements. In order to test a RC 

model to its ultimate capacity the following need to be correctly simulated: i) the 

geometry; ii) the stress-strain relationship of the materials; iii) the mass and gravity 

forces; iv) the initial conditions and the boundary conditions (Carvalho 1998).  

The first condition is easily fulfilled by direct application of a geometric scale, 

although some pre-fabricated construction elements may have a limited range of 

dimensions, as infill clay units. Very small scales may also represent higher 

construction challenges. Obtaining adequate stress-strain relationships of the materials 

can be a much more complex task (Bedell and Abrams 1983) since such a relationship 

has to be fulfilled throughout different stress or strain levels, rates, gradients, etc. For 

very small scales it is not uncommon to use different materials in the models. The mass 

and gravity forces are addressed, respectively, by the Cauchy and Froude similitude 

laws (Carvalho 1998). The first one is adequate for phenomena in which the restoring 

forces are derived from the stress-strain constitutive relationships and the elastic 

restoring forces, see Equation 58. Froude similitude is adequate for phenomena in 

which the gravity forces are important, being the Froude value the ratio between inertia 

forces and gravity forces, see Equation 59. The use of both laws simultaneously is the 

obvious choice in order to replicate more accurately the dynamic behaviour of 

structures, particularly when strongly non-linear behaviour is expected. In the present 

work both laws were taken into consideration in the model definition, following the 

relations described in Table 7. As for the boundary conditions, the soil-structure 

interaction is not considered as the model is fixed to the shaking table using bolts, 

meaning that the input signal is directly transferred to the structure. 
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Equation 59 

 

Table 7: Cauchy-Froude similitude law. 

Parameter Scale Factor Parameter Scale Factor 

Length (L) 

  
  

⁄    
Mass (m)    

Modulus of elasticity ( E ) 

  
  

⁄    
Weight (w)    

Specific mass (ρ) 
  

  
⁄      Force (F)    

Area (A)    Moment (M)    

Volume (V)    Stress (τ) 1 

Displacement (d)   Strain (ε) 1 

Velocity (v)  
 

 ⁄  Time (t)  
 

 ⁄  

Acceleration (a) 1 Frequency (f)    
 ⁄  

 

3.2 MODELS’ DEFINITION AND CONSTRUCTION 

Three different models, see Table 8, were idealized and designed using the 

geometry of the prototype and the relations of the chosen similitude law. As indicated 

above two different standards were used for the design of the RC structure of the three 

tested models, meaning that model 1 represents the built heritage in the last three 

decades, while models 2 and 3 represent likely future solutions. The chosen class for 

concrete and rebar reflects this distinction between the models, as lower resistant classes 

were used in model 1 (C20/25 and S400, respectively) and higher classes in models 2 

and 3 (C30/37 and S500, respectively).  The scale factor was chosen taking into account 

the physical limitations of the shaking table of the Earthquake Engineering and 
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Structural Dynamics Division (NESDE) of the National Laboratory for Civil 

Engineering (LNEC) where the tests were performed, see Figure 22.  The triaxial 

shaking table allows the input of three signals, two horizontal in orthogonal directions 

and another one in the vertical direction. The system is composed by a 4.6 (transversal) 

x 5.6 (longitudinal) m
2
 table where the models are placed, a guidance system so that the 

model is only subjected to the desired degrees of freedom, and the actuators. The latter 

are divided in the actuators connected to the table, see Table 9, and a control system that 

injects the desired movement input to the models (Coelho and Carvalho 2005). The 

table was built in 1995 and subsequently subjected to two upgrades: in 2003 with the 

objective of increasing the maximum velocity; in 2011 addressing the control and video 

recording system. The current characteristics of the shaking table are given in Table 10.  

 

Table 8: Description of the tested models. 

Model 

number 

Design 

standards 

Concrete 

class 

Rebar 

class 
Infill solution 

1 RSA/REBAP C20/25 S400 
Double leaf clay brick                             

unreinforced wall 

2 EC2/EC8 C30/37 S500 
Single leaf clay brick wall with bed joint 

reinforcement every two joints 

3 EC2/EC8 C30/37 S500 
Single leaf clay brick wall with reinforced 

plaster on both sides 
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Figure 22: Schematic representation of the triaxial shaking table of LNEC. 

 

Table 9: Characteristics of the hydraulic actuators (L.N.E.C. 2010). 

 Manufacturer Total Force (KN) Units per axis 

Longitudinal INSTRON 1250 1 

Transversal INSTRON 750 2 

Vertical INSTRON 375 1 

 

Table 10: Characteristics of the triaxial shaking table (L.N.E.C. 2010). 

Frequency Range Hz 0.1 - 40.0 

Stroke 

(effective/maximum) 

Horizontal mmpp 290/400 

Vertical mmpp 290/400 

Maximum velocity 

(nominal/limit) 

Horizontal 
Transversal cm/s 70.1/121.5 

Longitudinal cm/s 41.9/72.6 

Vertical cm/s 42.4/73.5 

Maximum acceleration 

(bare platform) 

Horizontal 
Transversal m/s2 18.75 

Longitudinal m/s2 9.38 

Vertical m/s2 31.25 

Maximum weight of the testing model kN 392 
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3.2.1 LOADS 

The models were designed at a reduced scale of 1:1.5, meaning that reduced loads 

were applied to a model with the geometry also reduced, see Figure 23, using the 

similitude law, see Table 7 (     ). The design loads used in all three models, were 

reduced using the similitude law relations described in Table 7, can be seen in Table 11, 

and further mechanical properties can be found in Pereira (2013). 

 

 

Figure 23: Geometry of the tested models reduced to a scale of 1:1.5. 

 

Table 11: Design loads of the models already reduced at scale of 1:1.5. 

Load Description Load value Model 

Self-weight    

Partition walls 
mortar (1.5 cm) + clay masonry units (11cm) + 

gypsum (1.5cm) 
1.11 KN/m2 All 

Floor slab storey 1 reinforced concrete slab (thickness = 0.12 m) 1.07 KN/m2 All 

Roof slab reinforced concrete slab (thickness = 0.12 m) 1.07 KN/m2 All 

Infill walls 
mortar (1.5cm) + clay masonry unit (9cm) + clay 

masonry unit (7cm) + gypsum (1.5cm) 
3.74 KN/m 1 
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Infill wall 
mortar (1.5cm) + clay masonry unit  (15 cm) + 

mortar (1.5cm) 
3.00 KN/m 2 and 3 

Imposed Load    

Storey 1 domestic and residential 
1.33 KN/m2 All 

Roof accessible 
0.67 KN/m2 All 

 

Both RSA (1983) and EC8 (NP EN 1998-1 2010) contemplate seismic design using 

response spectra for near-field and far-field earthquakes. In order to define these 

spectra, one must know the geographical location of the building and the soil type of the 

building. In article 28, RSA (1983) divides continental Portugal in four zones (A to D). 

The EC8 (NP EN 1998-1 2010), as an international standard, refers specific parameters 

to the National Annex. Therefore, in article NA-3.2.1(2) of the National Annex of EC8 

(NP EN 1998-1 2010), continental Portugal is divided in a local council-based zoning, 

considering 6 magnitudes for Type 1 far-field seismic actions (1 to 6) and 5 magnitudes 

for Type 2 near-field seismic actions (1 to 5). 

As for the soil type, article 29 of RSA (1983) defines three types of soil, from rock 

and over consolidated cohesive soil (type I) to loose and uncohesive soils (type III). 

Likewise, EC8 (NP EN 1998-1 2010) defines in its Table 3.1 seven types of soil, from 

rock (type A) to soils with liquefaction characteristics (type S2). The specific 

parameters associated to each soil type needed to compute the response spectra can be 

found in the National Annex of EC8 (NP EN 1998-1 2010), more specifically in its 

Tables NA-3.2 and NA-3.3. Here, it is assumed that the models would be built in 

Lisbon, zone A in  RSA (1983), and zones 1.3 and 2.3 in EC8 (NP EN 1998-1 2010), 

and in a rocky soil (type I in RSA (1983) and type A in EC8 (NP EN 1998-1 2010). The 

obtained spectra, reduced following the similitude law, can be seen in Figure 24. 
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(a) 

 

(b) 

Figure 24: Response spectra after the application of the similitude law, see Table 7, according to: (a) RSA 

(1983); (b) EC8 (NP EN 1998-1 2010). 

 

All four facades of the models had infill walls. The South facades were blind while 

the others had openings in around 20% of the surface area, see Figure 25, and all three 

models shared this geometry. The clay brick units used were only scaled in the 

thickness, while height and length were the same for all three models and kept at a 1:1 

scale.  
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(c) (d) 

Figure 25: Geometry of the openings in each facade: (a) North facade; (b) West facade; (c) East facade; 

(d) South facade. 

 

The chosen similitude law implies that the specific mass of the prototype and the 

model are different, see Table 7, as    /   =   . This problem was solved using two 

types of additional steel masses: one applied to the RC structure; and another to the 

infill walls. The masses of the RC structure had 82x82x26 cm
3
, weighted around 12 KN 

each and were bolted to the slab of the first floor and the slab of the roof. A total of 

twelve masses were used, six in each slab, see Figure 26 (a). The masses applied to the 

infill walls had 15x15x4 cm
3
 and weighted around 0.072 KN each. These masses were 

applied to both sides of the wall, evenly distributed and bolted in two edges of the plate, 

see Figure 26 (b). Each mass was bolted to the surface of a single unit, in order not to 

increase the strength of the masonry joints or influence the crack pattern. A total 

number of three hundred and thirty four masses were used in each model. 
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(a) 

 

(b) 

Figure 26: Additional steel masses for: (a) RC concrete structure, bolted to the slabs of the 1st floor and 

roof with 82x82x26 cm
3
 and 12KN each; (b) Infill walls, bolted to both sides of the wall with 15x15x4 

cm3 and 0.072KN each. 

 

3.2.2 CONSTRUCTION 

The models to be tested in the shaking table were built inside the NESDE building 

and then were transported to the shaking table using the existing crane. In the present 

work, the models were built by a construction company hired specifically for this 

project using techniques and workers accustomed to RC and masonry construction. 

Given these conditions two aspects had to be considered: the foundation of each model 

had to be plane, otherwise the model could be damaged when bolted to the shaking 

table; lifting eye bolts had to be provided for the transportation of the model. The first 

issue was solved by constructing the model on top of a horizontally aligned platform, 

see Figure 27 (a). The second issue was solved by designing the models with a RC ring 

beam with four steel plates with a lifting eye at its corners, see Figure 27 (b). This ring 

beam was also perforated in order to bolt the model to the shaking table. The first two 

models were built simultaneously, see Figure 27 (c), while the third model was built 

independently due to the space limitations of the NESDE. Figure 27 (d) shows model 1 

already on top of the shaking table, ready for testing. The mortar used for the bed joints 

of masonry and plaster was pre-batched and with a M5 class, therefore with a 

compressive strength of 5 MPa. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 27: Construction of the models: (a) horizontally aligned surface on which the models were 

constructed; (b) RC ring beam with steel connector with an eye in lift and transport the model to the 

shaking table; (c) construction of the first two models inside the NESDE building; (d) model 1 on the 

shaking table before the test. 

 

3.3 INFILL DETAILS 

3.3.1 MODEL 1 

The infills of model 1 represent the most common infill walls built in Portugal for 

the past three decades, which is an unreinforced double leaf clay brick wall with a 

cavity between the leafs, see Figure 28, with horizontally perforated units and the outer 

leaf partially hanging from the RC frame. The outer surface of the RC frame was 

covered with a thin clay brick unit to avoid thermal bridges. The inner leaf had a 
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gypsum plaster while the outer leaf had a mortar rendering. The construction details can 

be seen in Figure 29. 

 

 

 

(a) (b) 

Figure 28: Double leaf clay brick unreinforced infill walls of Model 1 already scaled: (a) detail at the RC 

beam; (b) detail at the RC column. 

 

 

(a) 

 

(b) 
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(c) 

Figure 29: Construction of the infills of model 1: (a) at a corner column; (b) cavity between the leaves;        

(c) opening. 

 

3.3.2 MODEL 2 

The infills of model 2 represent one of the likely future possibilities when the 

design follows EC2 (NP EN 1992-1-1 2010) and EC8 (NP EN 1998-1 2010), a single 

leaf clay brick wall with bed joint reinforcement every two bed joints, see Figure 30 (a) 

and (b). The leaf was completely within the RC frame plane (as an external thermal 

insulation system will be required) with a gypsum plaster on the inside and mortar 

rendering on the outside.  

The bed joint reinforcement chosen, Bekaert Murfor RND.4/100, was truss shaped 

with longitudinal bars 100 mm apart and a 4 mm diameter see Figure 31 (a). The bed 

joint reinforcement was connected to the RC frame through steel connectors on both 

ends, see Figure 30 (c). These connectors are 30 cm long bars with 6 mm diameter and 

inserted in the RC columns, see Figure 31 (b) and (c), and assembled during the 

formwork constructions. The height of the connectors is the same as the bed joint 

reinforcement (every two bed joints) and holes were drilled in the formwork to 

accommodate the bars, see Figure 31 (d). Finally, the bed joint reinforcement 

overlapped the connector in the mortar connecting them. There was no need to increase 

the thickness of the mortar joint when compared to model 1. 

 



Seismic behaviour of masonry infill walls: test and design 

 

63 

 

 

(b) 

 

(a) (c) 

Figure 30: Single leaf clay brick infill walls with bed joint reinforcement from Model 2 already scaled:   

(a) every two bed joints spacing; (b) detail at the RC beam; (c) detail at the RC column. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 31: Construction of the infills of model 2: (a) Bekaert Murfor RND.4/100; (b) corner column with 

connectors during formwork construction; (c) connectors attached to the longitudinal reinforcement of the 

columns, (d) closed formwork before pouring concrete; (e) intermediate column after removal of 

formwork; (f) application of bed joint reinforcement. 
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3.3.3 MODEL 3 

The infills of model 3 represent another future possibility when the design follows 

EC2 (NP EN 1992-1-1 2010) and EC8 (NP EN 1998-1 2010), a single leaf clay brick 

wall with reinforced rendering nailed to the RC frame and infill wall on both sides, see 

Figure 32. Again, the leaf was completely within the RC from plane, mortar rendering 

was used on both sides of the infill and the units were horizontally perforated. As the 

previous models, the mortar used for the bed joints and plaster was pre-batched and 

with a M5 class. 

The reinforcement grid chosen, Bekaert Armanet ϕ1.05mm 12.7x12.7mm, see 

Figure 33 (a), was nailed to the RC frame using a Hilti X-M8H10-37-P8, see Figure 33 

(b) and (c), using a gun and Hilti shot powder actuated tools. Similar nails should have 

been used to nail the grid to the infill wall but were substituted by the additional masses 

above mentioned, see Figure 26 (b), as these had to be used already due to the 

similitude law chosen. Figure 33 (d) shows the application of the grid in the inner 

surface of an infill. In order to simulate the attachment of the grid to the infill wall with 

nails, a ring was installed between the mass and the wall, in each bolt, with a contact 

area similar to the Hilti X-M8H10-37-P8 nail applied in the RC frame, see Figure 33 

(e). 
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(b) 

 

(a) (c) 

Figure 32: Single leaf clay brick infill walls with reinforced plaster from Model 3 already scaled: 

(a) spacing of the Hilti X-M8H10-37-P8 connectors along the height of the RC column; (b) detail at the 

RC column; (c) detail of the Hilti X-M8H10-37-P8 connectors. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 33: Construction of the infills of model 3: (a) Bekaert Armanet ϕ1.05mm 12.7x12.7mm; (b) Hilti 

X-M8H10-37-P8; (c) application of the grid in the outer surface at a corner column; (d) application of the 

grid in the inner surface; (e) additional masses with steel rings attached to the infill walls. 
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3.4 MATERIAL CHARACTERIZATION 

Compressive tests according to NP EN 12390-3 (2009) and flexural tests according 

to NP EN 12390-5 (2009) were carried out at LNEC for each model and concrete batch, 

see Table 12 and Table 13 respectively, while the masonry characterization can be 

found in Pereira (2013). The presented parameters are the average of the three results 

obtained from each test. With the exception of the average maximum load at failure and 

compressive strength of the third batch of model 1, which are higher than the previous, 

the other values are as expected and with small variations since the concrete was 

produced in a ready-mix plant (the average coefficient of variation in the compressive 

strength is 4.9% and in the flexural strength is 1.6%).  

 

Table 12: Results of the compressive tests (NP EN 12390-3 2009) on concrete. 

Model 
Average density 

(Kg/m
3
) 

Average maximum 

load at failure 

(KN) 

Average 

compressive 

strength (MPa) 

1 

Batch 1 2190 596 26.5 

Batch 2 2200 638 28.4 

Batch 3 2220 760 33.7 

2 
Batch 1 2263 837 37.2 

Batch 2 2250 816 36.3 

3 
Batch 1 2227 974 43.3 

Batch 2 2283 1039 46.2 

 

Table 13: Results of the flexural tests (NP EN 12390-5 2009) on concrete. 

Model 

Average maximum 

load at fracture 

(KN) 

Average flexural 

strength (MPa) 

1 

Batch 1 29.3 3.9 

Batch 2 31 4.1 

Batch 3 30.7 4.1 

2 
Batch 1 32.8 4.4 

Batch 2 31.6 4.2 

3 
Batch 1 38.8 4.9 

Batch 2 36.5 4.9 
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3.5 INPUT SIGNALS 

Shaking table tests can be performed by introducing an earthquake accelerogram 

recorded from past events, usually scaled, or an artificial accelerogram. Given the 

unique and randomness character of a seismic event, it is difficult to find a suitable 

earthquake record as far as duration, accelerations and frequency content are concerned 

but by using stochastic tools, it is possible to generate artificial accelerograms adapted 

to the code spectra. 

In the present experimental work, eight artificial accelerograms were generated 

using LNEC-SPA (Mendes 2008) in order to obtain four stages of the shaking table 

tests, with increasing amplitude, see Table 14. The accelerograms of the first three 

stages were adapted to the response spectra (damping ratio equal to 5%) of each damage 

state described in part 3 of EC8 (2005), see Figure 34: Damage Limitation (DL 225 

YRP); Significant Damage (SD 475 YRP); Near Collapse (NC 2475 YRP). Here, YRP 

is the years of return period. The response spectra for each damage state is obtained by 

multiplying the accelerations of the elastic response spectra, which corresponds to the 

SD state, by the factor    described in EC8 (NP EN 1998-1 2010).  

The last stage was defined as the maximum capacity of the table in terms of 

velocity, given the size and mass of the model, and its YRP computed assuming 

       and a reference YRP of 2475. As described in Table 10, the maximum weight 

supported by the table is 392 KN in order to achieve the maximum velocity and 

acceleration, also described in Table 10. The weight of the tested models in the present 

experimental work (model, foundation RC ring beam and additional masses) was nearly 

434 KN. But this excess of mass did not influence the capacity of the shaking table to 

fulfil the input of any of the stages. 

It should be noted that this procedure leads to damage accumulation, meaning that 

the recorded damage of a given stage is the sum of all stages until that point. This is not 

the ideal situation but the alternative, which would be a model for each stage, is hardly 

feasible. This issue will be addressed again in the next chapter of the present work. 
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Table 14: Shaking table test procedure of all the tested models. 

Stage Identification Description 

1 

DI 0 Initial dynamic identification test 

DL Seismic test based on Damage Limitation - 225 YRP 

DI1 Dynamic identification test after first stage 

2 
SD Seismic test based on Significant Damage – 475 YRP 

DI2 Dynamic identification test after second stage 

3 
NC Seismic test based on Near Collapse – 2475 YRP 

DI 3 Dynamic identification test after third stage 

4 
1.5xNC Seismic test with an amplitude of 1.5 times the previous stage – 4574 YRP 

DI 4 Dynamic identification test after fourth stage 

 

            Transversal direction 

           (East-West) 

            Longitudinal direction 

          (North-South) 

  

Figure 34: Comparison between pseudo-acceleration response spectra of the accelerograms generated and 

the response spectra, already scaled following the similitude law of Cauchy-Froud, obtained from EC8 

(2005; NP EN 1998-1 2010).  

 

Given the geographical situation of continental Portugal, in any design situation one 

obtains two response spectra as seen in Figure 24: (i) type one corresponding to a 

scenario of a far-field seismic action; (ii) type two corresponding to a scenario of a near-

field seismic action. This is valid for EC8 (NP EN 1998-1 2010), while in RSA (1983) 

the types are inverted. In design, the envelope of the response using both spectra is used 

in order to obtain the seismic design internal forces. Here, the input signals generated 

for each stage were adapted only to type one (far-field seismic action) response 
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spectrum since it provides higher accelerations in the expected natural frequencies of 

the models. 

One signal was introduced in each horizontal direction regarding the shaking table 

(N-S or longitudinal and E-W or transversal, see Figure 22). The signals were 

uncorrelated, with approximately the same PGA (peak ground acceleration), PGV (peak 

ground velocity) and PGD (peak ground displacement) and duration of around 30 

seconds in the intense phase, see Figure 35. Given the Cauchy-Froude similitude law, 

see Table 7, the acceleration was not scaled (             for seismic area 1.3) and 

the frequency, or time, was. Therefore, the generated accelerograms were adapted to a 

response spectra with the duration reduced by  
 

 ⁄     
 

 ⁄ . 
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Figure 35: Time histories of the input signal of stage 2 (SD 475 YRP) reduced at 1:1.5 scale using 

Cauchy-Froude’s similitude law (see Table 7). 

 

Before the first stage and after each stage, the model is subjected to two inputs, 

again orthogonally horizontal and uncorrelated, specially generated with the purpose of 

obtaining the dynamic properties of the model (natural frequencies, mode shapes and 

damping ratios) and their evolution along the experimental test, see Figure 36. As these 

properties are directly related to the stiffness, the damage state of the structure can be 

characterized. Dynamic identification tests under these conditions are normally referred 

to as forced vibration tests, in opposition of the usual ambient vibration tests. When 

compared to the seismic tests, see Figure 35, these accelerograms have lower 

accelerations and higher frequency range and duration, and are not adapted to a 

particular response spectrum but generated with white noise. Obviously, the dynamic 

identifications should not introduce additional damage to the structure, and the 

maximum amplitude remains relatively low. There is also a difference in the amplitude 

of the transversal and longitudinal signals, with a PGA of 0.44 m/s
2
 and 0.80 m/s

2
 

respectively, due to the different stiffness of the RC structure in each direction, see 

Figure 23, which has single bays in the transversal direction and double bays in the 

longitudinal direction. Hence, the longitudinal direction has a higher stiffness and 

requires higher amplitudes of the input signal. 

 

 

0 5 10 15 20 25 30 35
-25

-20

-15

-10

-5

0

5

10

15

20

25
D

is
p
la

ce
m

en
t 

(m
m

)

Time (s)

PGD=22.09 mm

0 5 10 15 20 25 30 35
-30

-25

-20

-15

-10

-5

0

5

10

15

20

25

30

D
is

p
la

ce
m

en
t 

(m
m

)

Time (s)

PGD=26.73 mm



Seismic behaviour of masonry infill walls: test and design 

 

73 

         Transversal direction 

         (East-West) 

              Longitudinal direction 

              (North-South) 

  

Figure 36: Time histories of the acceleration input in the dynamic identification tests. 

 

The scale and destructive nature of a shaking table experimental program implies 

the non-repeatability of any test stage. One possibility to calibrate shaking table tests is 

to characterize its behaviour with masses in order to define an adequate input, see 

Figure 37. The main issue of using these masses is their low centre of gravity and 

incorrect frequencies, different from the tested models. Another issue in the present 

experimental program was that the total weight available for the calibration of the input 

signals (312 KN) was lower than the total weight of the models to be tested (434 KN). 

 

 

Figure 37: Calibration of the input signals with masses attached to the shaking table. 
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3.6 TEST SETUP AND INSTRUMENTATION 

The results of a shaking table test can be obtained in two different ways: (a) visual 

record of the damage, immediately after the test or at a later stage through video and 

photographic data; (b) data acquisition equipment attached to specific points of the 

model.  

The first two tests, model 1 and model 2, were performed before the last update to 

the shaking table when, among other changes, a high frequency video recording system 

was installed in three points. This system was used in the test of model 3, while on the 

first two models regular high definition video recording systems were used. All three 

models were photographed before the first stage and after each different stage, in order 

to produce damage maps and their evolution along the experimental test. All cracks 

were painted along the test using different colours to clearly record their evolution. 

The acquisition equipment uses sensors to transform physical quantities 

(displacements, velocities and accelerations) in electric signals and the most commonly 

used sensor in shaking table tests are accelerometers (ACC). In the present case, these 

are SDOF (single degree of freedom) systems having an inertial mass that moves 

proportionally to the amplitude of the acceleration of a moving body, which is 

converted into an electrical signal in the form of voltage (He and Fu 2001). 

Displacement transducers (LVDT and infrared cameras) are frequently used as well, 

although velocities and displacements can be obtained from the integration and double 

integration, respectively, of the acceleration signals. There are several types of ACC and 

two different ACC were used here: piezoelectric and capacitive, see Figure 38. The 

main differences between both systems are the power supply, (piezoelectric ACC need 

an external power source), and a limited range of 1000 Hz in the capacitive ACC. 

Piezoelectric ACC are also capable of measuring uniform acceleration signals. 
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(a) (b) (c) 

Figure 38: Accelerometers used in the shaking table tests: (a) piezoelectric from PCB (PCB Piezotronics 

2013); (b) piezoelectric from Wilcoxon (Wilcoxon 2013); (c) capacitive from ENDEVCO (2013).  

 

Regarding the piezoelectric type, three different models from two different 

manufacturers were attached to the structure, all sharing the same sensitivity (1000 

mV/g±5%) and measurement range (±5g). NESDE has also ACC with a lower 

measurement range and higher sensitivity that could provide more accurate results 

during the dynamic identification tests, see Table 14, but due to their limited range these 

ACC could not be used during the seismic tests. Switching ACC between dynamic 

identifications and seismic tests is not recommended in such a complex test that 

involves several kilometres of cables to connect all the ACC to the acquisition 

equipment, over forty ACC, all the laboratory technicians and at least one full day. 

Switching potentiates mistakes and malfunctions of the highly sensitive equipment in 

use, and increases exponentially the time needed to perform the test. The capacitive 

ACC were pre-installed in the shaking table in each direction (longitudinal, transversal 

and vertical). 

The definition of the instrumentation setup is based on the expected response of the 

model to the input, obtained from preliminary studies (Leite 2009), and the objectives of 

the test, meaning that the instrumentation can be divided in two groups: (i) setup to 

acquire the out-of-plane behaviour of the infill walls; (ii) setup to acquire the global 

behaviour of the RC concrete structure. The out-of-plane behaviour of the infill walls 

was captured by a set of ACC distributed in the surface of the wall. In model 1, due to 

the existence of two leaves, see Figure 28, ACC had to be placed in the inner and outer 

leaves at the same position. In the blind walls of the South facade three ACC were 

placed at mid-height, one in the centre and the other two at half distance to the RC 
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columns. The West facade has one ACC in each infill of the lower storey, under the 

midpoint of the opening. The same occurs in the lower storey of the East facade. The 

North facade has three ACC in each infill, below the openings at the centre. This 

scheme can be seen in Figure 39 at the outer leaf and repeats itself in the inner leaf at 

the exact same position, totalizing thirty-eight ACC. 

Models 2 and 3 follow the scheme in Figure 40, which does not repeat itself in the 

inside since the model has single leaf infill walls. With the exception of the infill wall 

on the upper storey of the North facade, all the positions for the ACC in the outer leaf of 

model 1 are repeated in model 2 and 3, with the objective of comparing the same 

measurement points. The extra ACC not used inside the model were also applied in the 

outside increasing the measurement points considerably. Each blind wall in the South 

facade received two extra lines of ACC, directly above and below the one in model 1, at 

the upper and lower third of the height. The West facade has the same setup in all three 

models and the East facade received four extra ACC. The lower infill of the North 

facade received two extra ACC totalizing thirty-four ACC in all infill walls. 

 

 
 

(a) (b) 

Figure 39: Accelerometers setup in Model 1: (a) North and East facades; (b) South and West facades. 
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(a) (b) 

Figure 40: Accelerometers setup in Model 2 and 3: (a) North and East facades; (b) South and West 

facades. 

 

To avoid damaging the infill wall, all the ACC were bolted to a wooden surface and 

then glued to surface of the infill wall, see Figure 41 (a). The global behaviour of the 

RC structure was captured using: (i) two Piezotronics ACC orthogonally placed in the 

Northeast and Southwest corners of each RC slab, see Figure 39, Figure 40 and Figure 

41 (b); (ii) motion detecting cameras placed in the Northwest and Southeast corners of 

the RC slab of the first storey and Northeast and Southwest corners of the RC slab of 

the roof, see Figure 42 (a) and (b). Four motion detection cameras were used, 

Hamamatsu Photonics C5949 (Hamamatsu 2013), see Figure 42 (c), capable of 

determining the position of an infrared led each, see Figure 42 (d). Both components, 

camera and infrared led, are connected to a controller that conditions the acquired 

electrical signal, see Figure 42 (e). The camera only detects the planar movement of the 

infrared led, and each infrared led was connected to the above mentioned corners of the 

slabs through steel lever supports, see Figure 42 (c). 
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(a) 

 

(b) 

Figure 41: PCB Piezotronics accelerometers: (a) at the infill walls; (b) at the corners of the RC slabs. 

 

It may seem redundant to use ACC and motion detection cameras at the corners of 

the tested models since the ACC can provide both accelerations and displacements, but 

the acquired data is used for different purposes due to the different sensitivity and 

resolution of the sensors. As an example, the ACC are used during the dynamic 

identifications to obtain dynamic properties of the model and their evolution during the 

test, while the motion detection cameras define the inter-storey drifts more accurately 

during the seismic tests. 

Two extra piezotronics ACC were placed in the RC foundation ring beam, one in 

each main direction, in order to compare the acquisitions recorded by the ACC pre-

installed in the shaking table and the base of the model. These two sets of recordings 

have to be the same, excluding possible differences due to intrinsic characteristics of the 

acquisition equipment, since the foundation of the model cannot have relative 

displacements with respect to the shaking table. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 42: Hamamatsu photonics c5949 (Hamamatsu 2013): (a) position of the Hamamatsu leds in the 

first storey; (b) position of the Hamamatsu leds in the roof; (c) camera and led at the corner of the 

structure; (d) infrared led; (e) controller. 

 

The acquisition of the above mentioned equipment (model 1: 44 ACC on the model, 

2 ACC and 2 LVDT on the shaking table and 4 motion displacement cameras; models 2 

and 3: 40 ACC on the model, 2 ACC and 2 LVDT on the shaking table and 4 motion 

displacement cameras) was carried out using one SCXI chassis connected to a PXI-
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1001, both from National Instruments. The ACC channels were conditioned using 

SCXI-1500 series from National Instruments and a 481A02 module from PCB 

Piezotronics, see Figure 43 (a). The acquisition equipment is located in the control room 

of the laboratory, along with the control system of the shaking table, see Figure 43 (b). 

 

 

(a) 

 

(b) 

Figure 43: Acquisition and control room: (a) from top to bottom: NI-SCXI-1001, PCB Piezotronics 

481A02 and NI PXI-1052; (b) control room with the shaking table’s controls and the model’s acquisition 

system. 
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CHAPTER 4 

4 Shaking table tests: results 

Scope of the chapter 

In this chapter the results of the shaking table tests of each model are presented and 

discussed. Model 1 and model 2 were subjected to the four test stages, with the first 

model collapsing during the last stage. Model 2 did not collapse but was heavily 

damaged during the last stage. As for the infill walls, in model 1 all the ground floor 

walls collapsed out-of-plane while on model 2 no infill walls collapsed. Model 3 was 

subjected to the first three test stages but the shaking table underperformed due to 

technical problems and the fourth test stage was aborted. Due to the light damage 

presented by the structure and infill walls, the model was later subjected to the first 

three test stages again, and renamed Model 3B. At the end of retesting with the first 

three test stages, the model presented less damage than model 2, but still severe damage 

and, for safety reasons, stage 4 was not carried out. None of the infill walls collapsed 

and they presented lighter damage at the final stage, in comparison to model 2. 
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4.1 TARGET/ACQUIRED COMPARISON AND SHAKING TABLE 

PERFORMANCE 

The comparison between the target (input), presented in the previous chapter, and 

the data acquired (output) by the accelerometers placed in the shaking table, also 

described in the previous chapter, was done using the Peak Ground Acceleration (PGA) 

and a set of five integral parameters (Root Mean Square Acceleration (RMSA), Arias 

Intensity (AI) and Input Energy (IE) (Kramer 1996; Cosenza and Manfredi 2000)) in 

each of the two main horizontal directions (longitudinal or North-South, and transversal 

or East-West), as follows: 
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 Equation 63 

 

Here,   ( ) is the time history acceleration,    is the duration of the signal or 

earthquake,   is the gravity acceleration,   is the mass of the model and   ( ) is the 

time history of velocity. 

This comparison is needed despite the calibration tests performed with inert masses 

(see Chapter 3) since the models are not inert and, therefore, they influence the 

behaviour of the shaking table. The parameters used for the comparison were chosen 

due to their importance in seismic engineering and structural dynamics. The PGA is 

commonly used in standards for design purposes, even if associated to a response 

spectrum. A single peak value cannot accurately represent a seismic action, as seismic 

actions with the same PGA can result in different damage scenarios, hence the use of 

integral parameters. All integral computations depend on the duration of the seismic 
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action, a parameter with more importance regarding the level of destruction than the 

amplitude of the accelerations, particularly for unreinforced masonry structures. A 

seismic action with shorter duration and higher accelerations (e.g. Ancona, Italy in 

1972) is likely to be less destructive than a seismic action with longer duration and 

lower accelerations (e.g. Mexico City, Mexico in 1985) (Decanini and Mollaioli 1998). 

As far as the PGA is concerned, see Figure 44 (a) and Figure 45 (a), and analysing 

all models simultaneously, the transversal direction of the shaking table outperformed 

the longitudinal direction, since smaller differences were recorded with respect to the 

target. In the longitudinal direction the acquired PGA of the models was, on average, 

42% higher in respect to the target, and on the transversal direction the acquired PGA 

was only 20% higher than the target value. These computations were done considering 

all four stages for models 1 and 2 and only the first three stages for models 3 and 3B. 

Model 3 was subjected to the fourth stage, but as it can be seen in Figure 44 (a) and 

Figure 45 (a), the acquired PGA was 62% lower in respect to the target in the 

longitudinal direction and 4% higher in the transversal direction. This was due to a 

technical problem in the shaking table and therefore this stage was not considered. 

Model 3B was not subjected to the fourth stage due its extensive damage and possible 

collapse. But technical problems remained since the recorded PGA in the transversal 

direction of stage 3 was twice the value of the target, thus larger than the other models 

for this direction. 

If the comparison between the target and the acquired response is done using the 

RMSA, see Figure 44 (b) and Figure 45 (b), the deviations are considerably lower as the 

RMSA is not so dependent on peak values. The average deviation of all models was the 

same for the longitudinal and transversal directions and equal to 2%. The AI, see Figure 

44(c) and Figure 45 (c), is a measure of the earthquake destructiveness based on the 

RMSA but more dependent on peak values therefore the deviations increase to 34% and 

32% in the longitudinal and transversal directions, respectively. The IE, see Figure 44 

(d) and Figure 45 (d), is the only parameter in which the deviation is negative, meaning 

the acquired response was lower than the target. The average deviation for the models 

was 10% and 2% in the longitudinal and transversal directions, respectively. The 

integral parameters confirmed the technical problems above referred during the fourth 

stage of model 3, excluding it from the present analysis. 
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In conclusion, the differences between the acquired and target data is within 

acceptable limits in parameters dependant on peak values and good considering 

parameters more dependent on the duration of the motion. The better results are in the 

transversal direction, when compared to the longitudinal one, due to the characteristics 

of the shaking table, already presented in the previous chapter, which has two actuators 

in the transversal direction and only one actuator in the longitudinal direction. 

Therefore, the transversal direction is more sensitive and able to better replicate the 

target. Further data related to the target/acquired comparison can be found in  the Annex 

of this thesis. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 44: Longitudinal direction target/acquired comparison (Fourier filter: 1-40 Hz): (a) PGA; (b) Root 

Mean Square Acceleration; (c) Arias Intensity: (d) Input Energy. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 45: Transversal direction target/acquired comparison (Fourier filter: 1-40 Hz): (a) PGA; (b) Root 

Mean Square Acceleration; (c) Arias Intensity: (d) Input Energy. 

 

4.2 RESULTS OF MODEL 1 

Model 1 was designed following the pre-Eurocode normative, R.S.A (1983) and 

R.E.B.A.P. (1983), using the most used concrete and steel for rebars (C20/25 and S400, 

respectively), together with double leaf, unreinforced, clay brick infill walls. Hence, 

model 1 represents the built heritage in Portugal for the last three decades. 

The following results were obtained using the acquisition equipment described in 

Chapter 3: data recordings of the tests (quantitative results) and damage maps drawn 

between each of the test stages (qualitative results). Figure 46 presents the position and 

label of the accelerometers in model 1. Since the clay brick infills have two leaves, a set 

of accelerometers was placed in the interior leaf at the exact same position of the 
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exterior accelerometers seen in Figure 46, for comparison purposes. The label of the 

interior accelerometers was obtained by replacing the E with an I.  

 

    

North South East West 

Figure 46: Position and label of the accelerometers in model 1. 

 

4.2.1 OVERALL DAMAGE AND CRACK PATTERNS 

The test procedure followed in the present work, which is the input of four seismic 

actions of increasing amplitude, leads to damage accumulation. The evolution of the 

damage can be a strong indicator of the collapse mechanism developed by the structure, 

especially in model 1 due to its collapse during the last stage of the shaking table test. 

Furthermore, the analysis and relation of the crack patterns with the quantitative results, 

obtained from the data acquisition equipment as accelerometers and displacement 

measurement cameras, will increase the reliability of conclusions. 

Even though the model was transported to the shaking table using a crane, the 

model did not present any noticeable damage before the first stage of the shaking table 

test. After the first two stages (225 and 475 YRP), model 1 did not present any visible 

damage, which is not in agreement with the dynamic data that shows a small decrease in 

the model frequencies. This loss of stiffness can be related to two aspects: i) the 

separation of the infill walls from the reinforced concrete (RC) frame, a damage that is 

difficult to detect and is camouflaged by the mortar rendering of the infill walls; 

ii) cracks and micro cracks in the RC frame that remain undetected due to the clay 

bricks applied externally to avoid thermal bridges. As expected, after the third stage 

(2475 YRP), the model presented clear cracks on both leaves of the infill walls, see 

Figure 47 and Figure 48, mainly at the ground storey of the North, East and West 
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facades. The infill wall at the first storey of the North facade also presented some 

cracks. The cracks appeared mainly at the connection between the infill wall and the RC 

frame, and at the corners of the openings and moving towards the RC frame. In the infill 

walls at the ground floor in the East and West facade, and on both leaves, the crack 

pattern around several opening jambs is clear, separating them from the RC frame and 

the section of the infill wall below the openings. This damage is related to the in-plane 

displacements of the RC frames in the North-South (longitudinal) direction. Associated 

with this damage, the frequencies of the first three mode shapes decreased 13.6%, 

28.4% and 20.2%, respectively, in comparison to the undamaged state. 

 

  

North South 

  

East West 

Figure 47: Crack patterns of the exterior leaf of model 1 after stage 3 (2475 YRP) (Note: the drawn lines 

on the RC frame represent damage on the clay bricks applied to the RC frame to avoid thermal bridges). 
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North South 

  

East West 

Figure 48: Crack patterns of the interior leaf of model 1 after stage 3 (2475 YRP) (Note: the drawn lines 

on the RC frame represent damage on the clay cricks applied to the RC frame to avoid thermal bridges). 

 

Model 1 collapsed during the fourth and last stage (4574 YRP), after losing the 

infill walls, see Figure 49 (a) to (d), with subsequent failure of the three RC columns at 

the ground storey of the West facade, see Figure 49 (e) to (h). The collapse mechanism 

developed, designated here by soft storey, is characterized by the concentration of 

plastic hinges at the columns of a given storey, while the upper part remains rather stiff, 

Figure 49 (i), is very undesirable during a seismic action since it commonly leads to the 

partial or total collapse of the structure, as it was the case in the present test. A beam 

sway mechanism, where the plastic hinges are developed at the beams and not at the 

columns, is more desirable since it dissipates the energy transferred by the earthquake 

without compromising its stability (Baker and Heyman 1969). The collapse of the 

columns occurred at their top, in the RC node, see Figure 49 (e) and (f) which were 

captured instants before collapse, followed by disintegration of the concrete and 

instability of the steel down to the mid-height of the column, see Figure 49 (h). This 

failure further stresses the need to adequately confine concrete in the nodes and the need 
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to add more stirrups to avoid shear failure. It seems that the concentration of damage 

and deformation of the columns in the nodes is also forced by the stiff behaviour of the 

first storey and, possibly, the presence of the masonry infills in the ground storey, 

before collapse. 

Before the collapse of the structure, the central jambs at the first storey of the East 

facade collapsed out-of-plane, see Figure 49 (c), followed by the infill wall at the 

ground storey of the North facade, see Figure 49 (d). The exterior leaf of the infill wall 

at the ground floor of the South facade and the infill walls at the ground floor of the 

East and West facade collapsed out-of-plane simultaneously, see Figure 49 (a). All these 

infills, collapse with a rotation mechanism with a hinge line at their bottom support or at 

the first masonry joint (as a cantilever). The interior leaf of the infill wall at the ground 

floor of the South facade was the last infill to collapse, see Figure 49 (b). This infill 

collapsed with three hinge lines (top, centre and bottom). Immediately after, the 

structure collapsed. The jambs around the windows collapsed usually by rotating out-of-

plane as a rigid body with a hinge line close to the connection to the spandrel (either the 

support or the first masonry joint), or the rest of the masonry, again as a cantilever. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 



Chapter 5: Shaking table tests: results 

 

92 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

 

(j) 

Figure 49: Stage 4 (4574 YRP) of the shaking table test of model 1: (a) out-of-plane collapse of the 

exterior leaf of the infill wall at the ground floor of the South facade; (b) out-of-plane collapse of the 

interior leaf of the infill wall at the ground floor of the South façade; (c) out-of-plane collapse of the 

exterior jambs of the infill walls at the first storey of the East facade; (d) out-of-plane collapse of both 

leaves of the infill wall at the ground storey of the North facade; (e) and (f) hinges at the top of the RC 

columns captured instants before the collapse of the structure; (g) model 1 after the fourth stage, collapsed 

and without all the infill walls of the ground floor; (h) ground floor column of the Northwest after 

collapsing at the top and disintegration up to mid-height; (i) plastic hinge developed on the top of the 

ground RC column of the Northeast corner; (j) barely damaged infill wall at the first storey of the South 

facade. 
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4.2.2 MODAL FREQUENCIES OF THE RC STRUCTURE 

Model 1 was subjected to four dynamic identification tests, from DI0 (undamaged 

state) to DI3 (after stage 3). The model collapsed during stage 4, therefore it was not 

possible to perform the last dynamic identification test. The quality of the obtained 

results can be measured by the coherence between the input and output signals, which 

should be close to 1, and this was the case in all the DI tests. Clear peaks could also be 

identified in the FRF’s (Frequency Response Functions). 

Five mode shapes were identified in DI0, see Figure 50, namely: the first and 

second transversal modes; the first and second longitudinal modes; the (first) torsional 

mode. As expected, the first mode is transversal (East-West) at a frequency of 7.71 Hz, 

as the RC frames in that direction are single-bay and the total length of the model is 

smaller than in the longitudinal direction. The second mode is longitudinal (North-

South) at the frequency of 9.62 Hz since the RC frames are double bay and the total 

length of the model is higher than the transversal one. Due to influence of the infill 

walls, and the fact that the percentage of openings is not the same in all facades, the first 

transversal and longitudinal modes have a very small component in the longitudinal and 

transversal directions, respectively. As it can be seen in Figure 51 (a), the first mode 

shape was clearly identified in the FRF.  

The torsional mode has a frequency of 26.95 Hz, considerably higher than the 

previous identified modes. This increment in the global torsional stiffness is due to the 

infill walls, otherwise a frequency closer to the previous modes would be expectable. 

The frequency of the mode was not as clear as the previous two modes in the FRF but 

still visible, while the mode shape presents some incoherence. As it was stated above, 

the openings in the infills are not symmetric, which leads to a deviation of the centre of 

mass from the centre of stiffness (Drysdale et al. 2008), and in the present case it would 

be expectable that the centre of stiffness would be closer to the Southeast corner. The 

mode experimentally detected presents a rotation around a point closer to the Southwest 

corner. Similar problems were found in the detected torsional modes of Models 2 and 3, 

and, hence, the problem can be associated to an undesirable interaction between the 

model and the shaking table, as discussed later in Chapter 6. The interaction between 

the shaking table and the model is due to the construction process adopted, see Chapter 

3, the transportation method and the manual bolting of the model to the table. This 
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means that it is impossible to control possible geometric irregularities of the foundation 

RC ring beam and the connection of the building with the shaking table is made with a 

series of springs (steel bars), with the adjustment in the bolts allowing for small 

movements and closing gaps in compression. 

The fourth and fifth detected modes were, respectively, the second longitudinal at 

32.84 Hz and the second transversal at 39.43 Hz. These mode shapes are characterized 

by the movement of the first floor and roof slabs in the same direction but in opposite 

ways, with inversion of curvature. Once again, the influence of the infills can be noted 

by a small component in the perpendicular direction of the mode. The change in order 

of these two second modes, when compared to the first ones, is possibly due to the large 

stiffness of infill walls of the South facade (without openings). The FRF functions also 

present clear peaks for these last two modes.  

The repetition of the dynamic identification tests after each test stage, DI1 to DI3, 

allowed detecting the decrease of the frequency of all peaks in the FRF that represent 

the above mentioned mode shapes, see  Figure 51 (a). The increase or decrease of the 

gain factor along the dynamic identifications can overlap nearby peaks of other mode 

shapes, hence the changes in the FRF need to be tracked in more than one output signal. 

The damage in the structure does not only affect the value of the frequency but the 

shape of the mode as well, and it is possible, with a considerable amount of damage, for 

the mode shapes to disappear, merge or change order. In order to track the evolution of 

the mode, ensuring a correct comparison along the loading stages, the Model Assurance 

Criterion (MAC) (Ewins 2000) was used: 
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 Equation 64 

 

where    and    are the eigenvectors for two different dynamic identification tests and 

  is the number of degrees of freedom. The MAC was used to compare each mode 

shape, identified from DI1 to DI3, with the mode shapes identified in DI0 and it ranges 

from 0 (no correlation) to 1 (perfect correlation). 
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1st Transversal Mode                  

(7.71 Hz) 

1st Longitudinal Mode                  

(9.62 Hz) 

Torsional Mode                       

(26.95 Hz) 

  

2nd Longitudinal Mode                                              

(32.84 Hz) 

2nd Transversal Mode                                                

(39.43 Hz) 

Figure 50: Mode shapes of the DI 0 of model 1 (initial dynamic identification test). 

 

(a) 

 

(b) 

Figure 51: Frequency change along loading stages: (a) variation of the FRF’s along the test of model 1 at 

the accelerometer BNE – 1T; (b) evolution of the frequencies along the test of model 1 and their final 

variation in respect to DI 0. 
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Figure 51 (b) presents the frequency variation of the identified mode shapes along 

the dynamic identifications. All five mode shapes were identified from DI0 to DI2, 

while on DI3 the first two modes, 1
st
 transversal and 1

st
 longitudinal, merged into a 

single mode shape due to damage in the RC structure. After the first two stages of the 

shaking table test, all the identified mode shapes had and average frequency decrease, in 

regard to DI0, of 3% and the first three modes had an average MAC of 0.934. This 

means that the RC structure was barely damaged after the 275 YRP and 475 YRP 

seismic actions, stages 1 and 2 respectively, and that the first three mode shapes 

remained unaltered. This is in agreement with the observed results since the structure 

did not present any visible damage after these first two stages. The fourth and fifth 

mode presented a lower average MAC of 0.559. Given the small frequency variation 

and subsequent lack of damage, this low value can be associated to the difficulties of 

capturing more complex mode shapes. 

After the third stage, the average frequency decrease of all modes, in respect to DI0, 

was 30.3% and the average MAC of the last three modes was 0.390. The first two 

modes merged into a single mode with a diagonal translation following the Southeast – 

Northwest direction. These results seems not in full agreement with the recorded 

damage after stage 3 (2475 YRP), see Figure 47 and Figure 48, which is not enough to 

assume a loss of almost one third of the total stiffness of the structure. On the other 

hand, the collapse of the structure during the last stage is in agreement with the dynamic 

data since the structure was already considerably damaged. 

Table 15 presents the experimental estimation of the damping ratios along the 

several dynamic identifications. None of the identified mode shapes had the expected 

damping increment along the tests, confirming the difficulties in the experimental 

estimation of this parameter (Peeters 2000). 
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Table 15: Experimental damping ratio of model 1. 

 1
st
 Transversal 1

st
 Longitudinal Torsion 2

nd
 Longitudinal 2

nd
 Transversal 

DI 0 (%) 14.56 3.46 2.15 2.25 0.54 

DI 1 (%) 15.44 3.26 2.76 2.05 - 

DI 2 (%) 9.98 2.99 2.20 1.81 0.89 

DI 3 (%) 4.00 5.33 3.60 4.03 4.00 

 

The seismic vulnerability curves presented in Figure 52 relate the damage indicator 

 , see Equation 65, with the PGA recorded at the base of the model and the computed 

Input Energy, see Equation 63, for each mode shape. The damage indicator   is 

computed as: 

 

     
  

  
⁄  Equation 65 

 

where    is the damage indicator of a given mode at stage  ,    is the frequency of the 

given mode at stage   and    is the undamaged, or initial frequency of the given mode. 

This linearly proportional ratio between any   frequency and the first frequency (DI0), 

varies from 0, representing an undamaged state, to 1, representing the collapse of the 

structure. The damage indicator assumes isotropic damage (Lemaitre and Desmorat 

2005) between DI0 and stage  . The damage indicator of the torsional mode was 

associated to the direction with the highest recorded PGA and Input Energy, hence the 

longitudinal direction in case of model 1. 

The damage indicator is in agreement with the observed damaged, with a very low 

value after the first two stages (225 and 475 YRP) and a considerable leap after the third 

stage (2475 YRP). With the exception of the 1
st
 transversal mode, all other modes have 

a damage indicator between 0.30 and 0.36 after the third stage, confirming a generalized 

loss of stiffness of the structure and the evenly distributed damage along the four 

facades of the structure that was observed. With the collapse of the structure during 
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stage 4 (4574 YRP) along the transversal direction, the damage indicator of the 

transversal modes reached the unitary value for the maximum recorded PGA at that 

stage.  

 

  

  

Figure 52: Seismic vulnerability curves of model 1 in the transversal and longitudinal directions, using 

the PGA and the Input Energy as input. Here, the damage indicator is a measure of the frequency change. 
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used accelerometers could not read any information above 80 Hz, and the preliminary 

estimations showed that the infills of the East and West facades, which are considerably 

smaller in length when compared to North and South ones, had the first mode shape at 

higher frequencies. 

The infills of model 1 had two leaves, an exterior one with a 9 cm thickness and an 

interior one with a 7 cm thickness. The results showed that the exterior leaves have a 

slightly higher frequency when compared to interior ones, which is expected because 

the stiffness increases to the third power of the thickness while the mass only increases 

linearly. The reason for the small increase is likely to be the boundary conditions, as the 

exterior leaves are partly overhanging the slab, thus with lower restriction to rotation. 

The infills of the South facade have a higher frequency than the infills at the North 

facade, in the same position, due to the lack of openings.  

After the first test stage, DI1, the infill walls did not present any considerable 

frequency decrease, in accordance with the observed damage and the dynamic 

information of the global structure. On the other hand, after the second stage, when no 

damaged was observed and no considerable frequency decrease was registered in the 

global structure, the infill walls of the ground floor of the south facade and the exterior 

leaf of the ground floor of the North facade presented a frequency decrease of 16.4%, 

7.7% and 4.2%, respectively. This frequency loss, since the walls did not present any 

visible damage, is likely to be due to the loss of connection between the infill and RC 

frame, which makes the wall more flexible. The in-plane damage of the infills is 

associated to the interstorey drifts, and in stage 2 a 5.9 mm displacement, corresponding 

to 0.30% drift, was recorded at the ground RC frames in the transversal direction, see 

Figure 54, hence the loss of connection between the infill wall and the RC frame. 

After stage 3, the infill walls of the South facade had an average frequency loss of 

16.4% while the walls on the North facade had an average frequency loss of 15.0%. In 

the South facade, the exterior and interior leaves, both in the ground and first floors, 

converged to the same frequency after in DI3, which indicates larger damage in the 

exterior walls. The same situation was not registered in the North facade, where 

stiffness reduction was proportional, with the exception of the P1 external leaf.  
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The infill walls of the ground floor presented a higher frequency loss when 

compared to the ones on the first floor, which is in agreement with the observed damage 

but not with the interstorey displacements and drifts, since the first storey registered 

similar or higher values. Also, none of the infill walls on the first storey collapsed 

during stage 4, apart from an exterior jamb on the East facade, while all the infill walls 

on the ground floor collapsed. The exterior leaf of the infill wall of the ground floor at 

the North facade presented a frequency loss of 43.1%, which is in agreement with the 

observed damaged since this infill was more damaged than any other in the transversal 

direction, and it was one of the first walls to completely collapse out-of-plane. 

 

                                  

                North facade infill walls                  South facade infill walls 

  

Figure 53: Evolution of the frequencies of the infill walls in the North and South facades along the test of 

model 1 and their final variation in respect to DI 0. 
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4.2.4 INTERSTOREY DISPLACEMENTS AND DRIFTS 

Figure 54 presents the interstorey displacements and drifts in each main direction, 

transversal and longitudinal, for the three first test stages. Increasingly higher 

displacements were recorded for each test stage, as expected, with the exception of the 

displacements in the transversal direction in stage 3 (2475 YRP). In the first stage (225 

YRP), both directions presented a similar behaviour and similar maximum displacement 

values, while on the second stage the transversal direction was considerably more 

flexible, with three times larger displacements than the longitudinal direction. In the 

third stage, again, both directions have a similar shape and the maximum displacements 

are similar. These results are in agreement with the dynamic identification, since until 

the second stage (475 YRP) the first mode shape is in the transversal direction while the 

second one is in the longitudinal direction. After the third stage these two modes 

merged into a single mode shape which has a diagonal translation, due to a similar 

stiffness in both main directions. 

In the transversal direction, the first storey recorded increasingly higher drifts when 

compared to the ground storey, while on the longitudinal direction the first storey 

recorded increasingly lower drifts than the ground floor. In the first stage, the model 

presented similar drifts in both transversal and longitudinal directions, while on the 

second stage, just as in the maximum displacements, the transversal direction presented 

significantly higher drifts. The decrement of the modal frequencies of the infills in the 

North and South facades only correlates with the 0.30% drift recorded at the ground 

level but not with the 0.54% drift recorded at the second floor in the transversal 

direction during stage 2. After the third stage the drift values of both main directions are 

very similar with a 15.6% difference, on average, between them.  
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Transversal direction Longitudinal direction 

  

  

Figure 54: Interstorey displacements and drifts of model 1. 
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during stage 4 (4574 YRP), see Figure 49. On average, it can be said that the 

amplification in the RC structure is not significant. 

The infill walls, on the first and second stage, presented similar maximum values 

for the same facade, with the exception of the outer leaf at the ground level in the North 

façade, which exhibited higher values than the other walls. During the third stage, the 

maximum recorded accelerations were no longer similar between the walls of the same 

facade, but no particular pattern regarding the position or leaf was found. Very similar 

values were also recorded in the infill walls of the same direction, North-South and 

East-West, during stages 1 and 2. In stage 3, higher maximum accelerations were 

recorded on the North and East infill walls when compared to the South and West ones, 

respectively. 

The infill walls of the North and South facades presented a small amplification 

decrease from the stage 1 to stage 2, except for the interior leaf at the ground floor at the 

North facade which presented a 24.0% decrease and another 15.6% decrease from stage 

2 to stage 3. All other infill walls in the North facade had an amplification increment 

from stage 2 to stage 3, while on the South facade the exterior leaf at the ground level 

and the interior leaf in the first storey presented a small decrease in the amplification 

while the outer leaves presented an increment. In the East and West facades all the infill 

walls presented a small amplification increment from stage 1 to stage 2, while on stage 

3 half presented a small increment and the other half a small decrement in the recorded 

amplification, without any particular pattern as far as the level or leaf are concerned. 

Therefore, no clear conclusion can be made regarding the decrease or increase of 

amplification with damage, with different trends found. 
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                                North facade                                South facade 

  

                                East facade                                 West facade 

  

                                                                               RC structure 

 

Figure 55: Recorded PGA and amplifications at the infill walls and at the RC structure for each test stage 

of model 1. 
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4.2.6 OUT-OF-PLANE PGD AND DEFORMATION OF THE INFILL WALLS 

Figure 56 presents the PGD recorded in the infill walls of the East and West facade 

for the first three test stages of model 1. As expected, the PGD increases along the test 

stages and higher values were recorded in the infill walls of the first storey. The interior 

leaves of the infills at the West facade presented the lowest PGD, while all the other 

infill walls presented similar values, which is in agreement with the observed damage 

since both facades presented a similar crack pattern. 

 

             

  

Figure 56: Out-of-plane PGD of the East and West infill walls of model 1. 
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and masonry infills, where the reason to use a single leaf is to place an external thermal 

insulation system. Figure 57 presents the position, and label, of the accelerometers in 

model 2, noting that the accelerometers were placed on the exterior only, since walls are 

single leaf. 

 

    

North South East West 

Figure 57: Position and label of the accelerometers in model 2. 

 

4.3.1 OVERALL DAMAGE AND CRACK PATTERNS 

Model 2 was tested following the same test procedure as model 1 in four stages 

with increasing seismic amplitude and, as before, no relevant damage due to 

transportation occurred. After the first two stages (225 and 475 YRP), and again as the 

previous model, model 2 did not present any visible damage but, on the contrary to 

model 1, model 2 presented negligible frequency decrease, hence negligible stiffness 

loss. After stage 3 (2475 YRP), the model presented the crack pattern shown in Figure 

58, with all damage concentrated at the ground floor. The concentration of lines around 

the RC columns represents mortar rendering expulsion, leaving nearly half of the RC 

column visible, although no cracks were visible in the RC. Cracks starting from the 

corners of the openings and progressing towards the RC frame were also visible after 

stage 3 in most of the openings. In the East and West facade, the crack pattern around 

several jambs is clear, separating them from the RC frame and the section of the infill 

wall below the opening, just as in model 1 but not as clear. The inside face of the model 

also presented expulsion of the rendering at the intermediate columns of the East and 

West facades, leaving the RC columns visible, and a crack pattern similar to the outside 

one. After stage 3, the RC structure and the infill walls of the North and South facades 



Seismic behaviour of masonry infill walls: test and design 

 

107 

presented an average frequency loss in the identified modes of 28.1% and 17.8%, 

respectively. 

Model 2, contrary to model 1, did not collapse during the fourth and last stage of the 

test (4574 YRP), but it was heavily damaged as shown in Figure 59 and Figure 60. The 

South facade, see Figure 60 (b), presented the lowest amount of damage, with the first 

level infill presenting no cracks within the wall and the ground level infill presenting 

cracks mainly at the connection between the infill wall and the RC frame. All the mortar 

applied to the first floor columns and part of the mortar of the second floor columns was 

expelled. On the North facade, see Figure 60 (a), the first storey infill presented cracks 

at the lateral and upper connections of the infill to the RC frame, at the intermediate 

jamb and cracks starting at the corners of the openings moving towards the RC frame. 

The ground level infill was the most damaged in the model, as it became completely 

detached from the surrounding RC frame and was prevented from falling out-of-plane 

only by the bed joint reinforcement and the connectors. The intermediate jamb was 

completely loose and could be hand pushed out-of-plane. The East and West facades, 

see Figure 60 (c), presented similar damage, with all the jambs completely detached 

from the RC frame and the lower part of the infill wall sustained only by the bed joint 

reinforcement and connectors to the RC frame. 

All RC columns at the ground level, and part of the RC beams and columns of the 

second floor, were visible since the mortar rendering was expelled, and heavy damage 

was visible. Columns had mid-height horizontal cracks, see Figure 60 (d) and (e), due to 

the influence of the infill openings on the horizontal load transfer, aligned with the 

lower part of the window openings. One of the columns, see Figure 60 (f), presented 

severe cracking at the upper connection to the beam with rebar exposure, meaning that 

model 2 could be developing a very undesirable soft storey collapse mode (Baker and 

Heyman 1969), just as the previous model. 
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North South 

  

East West 

Figure 58: Crack patterns of model 2 after stage 3 (2475 YRP) (Note: the drawn lines on the RC frame 

represent damage on the rendering applied to the RC frame). 

  

North South 

  

East West 

Figure 59: Crack patterns of model 2 after stage 4 (4574 YRP) (Notes: the drawn lines on the RC frame 

represent damage on the rendering applied to the RC frame. The blue lines developed after stage 3). 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 60: Damage in model 2 after the fourth stage (4574 YRP): (a) North facade; (b) South facade; 

(c) West facade from the inside; (d) detail of the left jamb of the door on the North facade and a 

horizontal crack at mid-height of the Northeast corner column; (e) horizontal crack at mid-height of the 

Southwest corner column; (f) heavily damaged top column-beam connection of the Southwest corner 

column with loss of the concrete cover and rebar exposure. 

 

4.3.2 MODAL FREQUENCIES OF THE RC STRUCTURE 

During the first dynamic identification, DI0, five mode shapes were found, see 

Figure 61, namely: first and second order transversal; first and second order 

longitudinal; (first) torsional. The modes and the order of the modes were the same as in    
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model 1. The first transversal and the first longitudinal had close frequencies, 7.32 Hz 

and 8.37 Hz respectively, being the longitudinal stiffness slightly higher than the 

transversal one. The frequency leap to the torsional mode, at 26.77 Hz, is associated to 

the contribution of the infill walls to the global stiffness of the RC structure. The last 

two modes, second order longitudinal and second order transversal, were identified at 

30.33 Hz and 36.40 Hz, respectively. 

As in mode 1, the torsional mode shape was not perfectly identified, as far as the 

shape is concerned, since the North facade did not keep a 90º angle with the other two 

facades, which is impossible due to the presence of the RC slab. The second order 

transversal mode also presented some distortion at the corners, which is again 

impossible due to the RC slab. These problems are associated to the limitations of the 

used equipment and reading errors. The dynamic identifications had high coherences, 

close to the unit value, ensuring the good quality of the results, and the peaks in the 

FRF’s were also perfectly clear, see Figure 62 (a), along the test. The MAC (Ewins 

2000) values were used to better understand the changes in the mode shapes. 
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2nd Longitudinal Mode                                              

(30.33 Hz) 

2nd Transversal Mode                                                 

(36.40 Hz) 

Figure 61: Mode shapes of the DI 0 of model 2 (initial dynamic identification test). 

 

Figure 62 (b) presents the frequency variation of the model along the test. After the 

first two stages (225 and 475 YRP) the model did not present any significant frequency 

decrease in the mode shapes, when compared to DI0. This is in agreement with the 

observed results as the model did not present any visible damage after these two stages, 

and the reinforcement connectors prevents the masonry infills to separate from the RC 

frame. During stage 3 (2475 YRP) the model endured considerable damage in the RC 

structure, with an average frequency loss of 13.0% in the transversal direction (first and 

second modes) and 38.2% in the longitudinal direction (first and second modes) when 

compared to DI0. The first transversal and longitudinal modes changed positions and 

the torsion mode also had a frequency decrease of 36.7%, with an average MAC of 0.81 

which indicates that the mode shapes are only being slightly altered by the damage. 

These results are due to the damage observed, possibly due to damage concealed in the 

RC structure by the mortar rendering and separation between the infill walls and the RC 

frame. 

The last stage (4574 YRP) left the model at a near collapse state and the first 

transversal and the first longitudinal modes merged, with an average loss of frequency 

of 78%, with the new mode being a torsion with the centre of rotation very close to the 

South face, therefore with a high movement amplitude of the North facade. These 

results are in clear agreement with the observed damage, as the RC structure and the 

infill walls presented heavy damage, and the North facade presented the most damaged 
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infill wall at the ground floor and a RC column with heavy damage and exposed rebar at 

the connection with the beam. Only the second longitudinal mode was also identified, 

and it presented a 56.6% frequency decrease. 

The seismic vulnerability curves presented in Figure 63 confirm the observed 

damage and dynamic data, as until stage 2 (475 YRP) none of the mode shapes present 

significant damage and after stage 3 (2475 YRP) the longitudinal modes presented an 

average damage of 0.38 while the transversal modes presents an average damage of 

0.14. The crack pattern observed is more associated to the transversal damage value 

than the longitudinal one. After stage four (4574 YRP), the first and second mode 

presented a damage around 0.8, indicating the already mentioned near collapse state of 

the RC structure and of some of the infill walls. 

 

 

(a) 

 

(b) 

Figure 62: Frequency change along loading stages: (a) variation of the FRF’s along the test of model 2 at 

the accelerometer BNE – 2T; (b) evolution of the frequencies along the test of model 2 and their final 

variation in respect to DI 0. 
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Figure 63: Seismic vulnerability curves of model 2 in the transversal and longitudinal directions, using 

the PGA and Input Energy as input. 

 

4.3.3 MODAL FREQUENCIES OF THE INFILL WALLS 
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a higher frequency as they have no openings. The infill walls present an initial small 
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associated to some loss of connection between the infill wall and the RC frame. After 

stage 3 (2475 YRP), the infill walls at the ground floor presented a frequency decrease 
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results are in agreement with the crack pattern, since the upper floor presented no visual 

damage but the ground floor did. 
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After the last stage (4574 YRP) the infill wall at the ground floor of the North 

facade was so damaged and detached from the RC frame that it was not possible to 

identify its first modal frequency. The infill wall at ground floor of the South facade 

presented a higher frequency decrease when compared to upper floor infill wall, which 

is in agreement with the observed crack patterns, although its damaged was mainly at 

the connection with the RC frame.  

 

  

 

Figure 64: Evolution of the frequencies of the infill walls in the North and South facades along the test of 

model 2 and their final variation in respect to DI 0. 
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of stiffness expressed in the dynamic identification when compared to the transversal 

direction. On the last stage of the test (4574 YRP), the highest displacement was 

recorded in the transversal direction at the first floor level, while the roof level recorded 

higher displacements in the transversal direction. The displacements recorded during the 

last stage were, on average for both directions, 85.4% higher when compared to stage 3. 

Model 2 recorded maximum interstorey drifts, see Figure 65, below 0.05% and 

0.08% in the first two stages (225 and 475 YRP), respectively, and the longitudinal 

direction recorded higher values when compared to the transversal direction. Given the 

higher stiffness of the longitudinal direction until the third stage, it would be expectable 

for the transversal direction to have higher drifts. On stage 3 (2475 YRP), the recorded 

values on the longitudinal direction were 38.7% higher, which is in agreement with the 

dynamic data, as the first transversal and first longitudinal modes changed order. During 

the last stage (4574 YRP), the amplitude of the maximum recorded drifts was 

considerably higher than the stage 3 values, on average 88.6%. Except for the 

transversal direction during stage 1, the interstorey drift values were always higher at 

the ground level in comparison to the upper level, which is in perfect agreement with 

the crack patterns, as the damage in the RC structure and the infill walls was 

concentrated at the ground floor. It is noted that values up to 4% were found, which are 

much larger than values normally accepted in static tests (Pereira 2013). 
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Transversal direction Longitudinal direction 

  

  

Figure 65: Interstorey displacements and drifts of model 2. 
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direction, the changes were in general small, with the exception of two walls for the last 

stage (W 1.1 and E 1.2). For the longitudinal direction, the amplifications were larger, 

with a clear increase from stage 2, and an enormous amplification for S2 at stage 4 

(about 3.5). 

 

     

Transversal direction Longitudinal direction 

  

                                                                               RC structure 

 

Figure 66: Recorded PGA and amplifications at the infill walls and at the RC structure for each test stage 

of model 2. 
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4.3.6 OUT-OF-PLANE PGD AND DEFORMATION OF THE INFILL WALLS 

The PGD of all other infill walls on model 2 are presented in Figure 67, but only for 

the three first stages of the test because some of the results of the last stage were 

unreliable. All the infills recorded higher PGD’s along the test and the infills at the first 

floor recorded higher PDG in all three stages, when compared to ground floor ones. At 

the ground floor, the infill in the North facade recorded the highest PGD in stages 2 and 

3, as expected being the lengthiest in this comparison, and the most damaged in the 

model. 

 

  

 

Figure 67: Out-of-plane PGD of the North, East and West infill walls of model 2 in mm. 
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model 3. In this model, again the accelerometers were placed on the exterior only since 

the infill walls have only one leaf. 

 

    

North South East West 

Figure 68: Position and label of the accelerometers in model 3. 

 

4.4.1 OVERALL DAMAGE AND CRACK PATTERNS 

Model 3 was subjected to the four test stages as models 1 and 2, but the fourth was 

not successful due to technical problems. The transportation, done using a crane, and 

the first testing stage (225 YRP) did not visually damage the model. After stage 2 (475 

YRP) the model presented cracks in the mortar rendering in all four corners, starting at 

the base of the RC column, and between the jambs on the intermediate columns of the 

East and West facades, see Figure 69. Small cracks starting at the corners and moving 

towards the RC frame of some of the openings at the ground floor were also visible, 

while the first floor presented no visual damage. 

After stage 3 (2475 YRP), see Figure 70, the cracks in the mortar at the corners of 

the models extended and small pieces of mortar rendering fell, see Figure 71 (c) and (d). 

The cracks in the jambs of the East and West facade also were further extended. New 

cracks surrounding the ground floor infills of the North and South facades appeared, 

along with some cracks in the infill wall at the first storey of the North facade, mainly 

between the openings. Overall, the model presented light damage, see Figure 71 (a) and 

(b), and the cracks, mainly at the corners, seemed to affect only the mortar. 
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North South 

  

East West 

Figure 69: Crack patterns of model 3 after stage 2 (475 YRP) (Note: the drawn lines on the RC frame 

represent damage on the mortar rendering applied to the RC frame). 

  

North South 

  

East West 

Figure 70: Crack patterns of model 3 after stage 3 (2475 YRP) (Notes: the drawn lines on the RC frame 

represent damage on the rendering applied to the RC frame. The blue lines developed after stage 3). 
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(a) (b) 

  

(c) (d) 

Figure 71: Damage in model 3 after stage 3 (2475 YRP): (a) infill wall at the ground floor of the North 

facade; (b) infill wall at the upper floor in the East facade; (c) damaged mortar rendering at the Southeast 

corner; (d) damaged mortar rendering at the Southwest corner. 

 

4.4.2 MODAL FREQUENCIES OF THE RC STRUCTURE 

The dynamic identifications performed during the tests of model 3 presented the 

same quality as the previous models, with very high coherences between the input and 

output signals, leading to the identification of the same five mode shapes as in the 

previous models, see Figure 72, although the first transversal and first longitudinal 

changed positions. Since model 3 shares the same geometry with the previous models, 

and the same structural materials as model 2, this change is most likely associated to an 

undesirable interaction between the model and the shaking table due to different stress 

levels applied on the connecting bolts or geometrical imperfections in the RC 

foundation ring beam. Another reason can be the interaction between masonry infill and 
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frame, which depends on workmanship and the actual execution of each infill. As for 

the other three modes, (first) torsional and second longitudinal and transversal, the order 

is the same as in the previous models. Also, as in the previous models, the torsional 

mode shape was not possibly correctly captured, see Figure 72, as the roof RC slab is 

not rotating, while the first floor RC slab is rotating. Again, this will be further 

discussed in Chapter 6. In the second transversal mode the South facade also presented 

a small longitudinal movement. 

The variation of the peaks in the FRF’s was followed along the several dynamic 

identifications, see Figure 73 (a), confirming the good quality of the results and 

allowing for damage detection through the frequency decrease in all five modes along 

the three test stages, see Figure 73 (b). Until the second stage, the longitudinal direction 

presented no frequency decrease, the transversal direction presented an average 5.1% 

frequency decrease and the torsional mode presented a 5.5% frequency decrease, in 

comparison to DI0. After stage 3 (2475 YRP), the average decrease in the longitudinal 

direction was 15.75% and the average frequency loss in the transversal direction was 

24.0%, which is not in agreement with model 2. A possible reason for this higher 

decrease in the transversal direction is the slightly higher recorded PGA in that direction 

when compared to longitudinal recorded PGA, see Figure 44 and Figure 45, which is 

the opposite situation of the previous tests. Another possible reason is the influence of 

the interface between the masonry and the frame in the response, as addressed before. 

The torsional mode presented a 31.1% frequency decrease, possibly associated to a loss 

of connection between the infill walls and the RC frame since the high frequency of the 

torsional mode is very dependent on the infill walls. The dynamic data is in accordance 

with the observed slight damage. 
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1st Longitudinal Mode                

(6.26 Hz) 

1st Transversal Mode                  

(10.01 Hz) 

Torsional Mode                       

(28.02 Hz) 

  

2nd Longitudinal Mode                                              

(32.55 Hz) 

2nd Transversal Mode                                                 

(35.63 Hz) 

Figure 72: Mode shapes of the DI 0 of model 3 (initial dynamic identification test). 
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(a) 

 

(b) 

Figure 73: Frequency change along loading stages: (a) variation of the FRF’s along the test of model 3 at 

the accelerometer BNE – 1L; (b) evolution of the frequencies along the test of model 3 and their final 

variation in respect to DI 0. 

 

The vulnerability curves presented in Figure 74 confirm that the longitudinal 
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stage 3 (2475 YRP), the transversal direction presented considerably more damage 

when compared to the longitudinal one, which is clearly associated to the different 

Energy Input, more than 30% higher. Overall, the results are in agreement with the 

crack patterns. It is also noted that the damaged indicator reached a level far lower than 

the other models, which reached 1.0 (collapse) for model 1 and 0.8 for model 2. This 

seems to indicate that the capacity reserve of this model is still much higher than the 

model 2. 
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Figure 74: Seismic vulnerability curves of model 3 in the transversal and longitudinal directions, using 

the PGA and Input Energy as input. 
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agreement with the crack patterns, since most of the cracks seemed to be only at the 
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mortar rendering. Until this point the infill wall at the upper floor of the South facade 

presented no frequency decrease.  

After stage 3 (2475 YRP), the South facade presented a higher frequency loss when 

compared to North one, which is not in total agreement with the crack patterns as the 

infill wall at the ground floor of the North facade presented more cracks. The upper 

infill wall in South facade presented no cracks and the ground level one presented 

cracks mainly at the bottom, while the cracks on the corners of the facade were on the 

mortar rendering of the RC columns. Overall, the infill walls did not present extensive 

cracking which is in accordance with the loss of stiffness. Again, the frequency loss in 

this model did not reach the level of model 1 (25% at stage 3 and then collapse) and 

model 2 (up to 65%). 

 

  

 

Figure 75: Evolution of the frequencies of the infill walls in the North and South facades along the test of 

model 3 and their final variation in respect to DI 0. 
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4.4.4 INTERSTOREY DISPLACEMENTS AND DRIFTS 

Figure 76 presents the interstorey displacements and drifts, in the longitudinal and 

transversal directions, and in the three test stages. As expected, the displacements and 

drifts increased with the seismic amplitude. The ground level recorded similar 

displacement and drift values in all three stages, while the roof level recorded slightly 

higher displacements in the longitudinal direction, in agreement with the first mode 

shape, even though the second mode presented a higher frequency decrease. Both 

directions recorded increasingly smaller differences between the ground and first levels, 

and on the last stage the transversal direction recorded a higher drift at the upper level. 

The results are in agreement with the observed damage which was evenly distributed 

through the ground level. Note, again, that the drifts are much lower than in model 1 

(0.5% at stage 3 and then collapse) and model 2 (up to 4%). 

 

Longitudinal direction Transversal direction 

  

  

Figure 76: Interstorey displacements and drifts of model 3. 
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4.4.5 PGA OF THE INFILL WALLS AND RC STRUCTURE 

Figure 77 presents the recorded PGA in the RC structure at the slab levels and in all 

infill walls, for each direction and test stage. The PGA recorded at the RC structure 

increased with the seismic amplitude, the roof level recorded higher PGA’s when 

compared to the first floor RC slab, and the highest values in the second and third stages 

(225 and 475 YRP) were recorded in the longitudinal and transversal directions, 

respectively. The amplifications in the RC frame present a moderate change, with the 

exception of the roof in the longitudinal direction that almost was halved. For the 

masonry infills, the longitudinal direction presenting a slight increase from stage 1 (225 

YRP) to stage 2 (475 YRP) and a 42.2% decrease from stage 2 to stage 3 (2475 YRP), 

even if not consistently for all walls, while the transversal direction presented a nearly 

constant amplification. Again, this confirms the observation in all models that 

amplifications do not follow a clear trend, and the initial amplification provides a 

reasonable estimate of the dynamic response in the non-linear range. 

The PGA recorded at the infill walls also increased with the seismic amplitude. On 

the transversal direction, the infill walls at the first storey recorded higher values in all 

stages but on the longitudinal direction the maximum PGA’s were recorded in the infill 

wall at the ground floor of the North facade. The longitudinal direction recorded higher 

values when compared with the transversal direction, even though the input PGA was 

higher in the transversal direction, because of the considerably higher amplifications. 
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Longitudinal direction Transversal direction 

  

                                                                               RC structure 

 

Figure 77: Recorded PGA and amplifications at the infill walls and at the RC structure for each test stage 

of model 3. 
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The PGD of the rest of the infill walls of model 3 are presented in Figure 78, where 
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Figure 78: Out-of-plane PGD of the North, East and West infill walls of model 3 in mm. 

 

4.5 RESULTS OF THE RETEST MODEL 3 
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structure and infill walls, both in absolute value and when compared with the other 

models, the model was submitted to the first three stages again. The model was not 
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so no damage was introduced in the transportation and no changes were made to the 

boundary conditions. The results of these new three stages, in the model hereafter 

denominated as model 3B, cannot be directly compared to the previous three shaking 
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of the RC structure and infill walls and the collapse mode developed after the structure 

has been severely damaged can be compared. 
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4.5.1 OVERALL DAMAGE AND RENDERING REMOVAL 

After the three test stages, model 3B still did not present as much damage as the 

previous models, see Figure 79 (a) and (b), as no new cracks appeared but the ones at 

the corners, see Figure 79 (c) and (d), and jambs, see Figure 79 (e) and (f), only at the 

ground floor, widened considerably and parts of mortar rendering were expelled. The 

reinforced rendering became loose, as if completely disconnected from the infill walls, 

and as if it was standing only because of the connection provided by the additional 

masses, which is unreasonable and not a true structural feature. This also confirms the 

importance of the connections of reinforced plaster to the walls, which should cross the 

wall, and not only use nails, as done here. The upper level presented no significant 

damage with only small cracks at the corners of the openings. 

 

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

Figure 79: Damage in model 3B after stage 3 (2475 YRP): (a) North facade; (b) South facade; (c) crack 

and mortar rendering loss at the Northwest corner; (d) crack and mortar rendering loss at Northeast 

corner; (e) crack at the a lateral jamb in the infill wall at the ground floor of the East facade; (f) crack at 

the interior jambs in the infill wall at the ground floor of the East facade. 

 

After testing, the additional masses bolted to the infill walls were removed, and as 

these were working simultaneously as an attachment of the reinforced plaster to the 

infill wall, see Chapter 3, it was possible to simply remove the reinforced rendering as a 

whole on both sides of the infill walls, without the use of any specific equipment. This 

confirmed that the reinforced plaster was completely detached from the infill walls and 

that the fixings of the additional masses worked as connectors, preventing the rendering 

from collapse. Moreover, careful analysis of the un-plastered infill walls showed that 

these presented limited damage, see Figure 80 (a) and (b), but were mostly disconnected 

from the RC frame, see Figure 80 (c) and (d). Hence, there was a major contribution 

reinforced plaster was preventing the out-of-plane collapse of the infill walls. As for the 

RC structure, no cracks were detected at mid-height of the RC columns, but only at the 

upper connection to the beams, see Figure 80 (e). The RC was very flexible under these 

conditions, meaning that the reinforced plaster was also rather important in preventing 

the collapse of the entire system. 
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 80: Damage in the infill walls and RC structure after the reinforced rendering removal at the 

ground floor: (a) infill wall of the North facade; (b) South infill wall with a compression crush at right 

down corner; (c) gap between one of the West the infill wall and RC frame in the West wall; (d) infill 

walls of the West facade; (e) extensive cracking at the upper column-beam connection in the Northwest 

corner. 
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4.5.2 MODAL FREQUENCIES OF THE RC STRUCTURE AND INFILL WALLS 

Figure 81 presents the frequency decrease of the RC structure and of three infill 

walls in model 3B along the three test stages. The initial dynamic identification, DI0, 

corresponds to DI3 in model 3, and the percentage at the last frequency is the total loss 

since DI0 of model 3, which is the undamaged state of the model. In the RC structure, 

the identification of the (first) torsional and second longitudinal and transversal modes 

was not possible after stage 3 (2475 YRP). The first order transversal mode presented a 

higher stiffness loss when compared to the longitudinal mode. After stage 2 (475 YRP) 

the modes presented 0.2 Hz of difference between them and after stage 3 the transversal 

direction presented a higher stiffness loss. At the end of the test, the transversal 

direction presented a 73.5% frequency loss, while the longitudinal direction presented a 

48.6% decrease, when compared to the undamaged state. This difference can be 

associated to the infill walls at the ground floor, which on the transversal direction 

presented a clear disconnection to the RC frame at the jambs, while on the transversal 

direction the infill walls also presented corner crushing due to compression and 

extensive damage around the door. 

The infill wall at the upper level of the South facade presented an extra 12.2% of 

frequency decrease during the three stages, which add to the previous damage totalizing 

19.8%, when compared to the undamaged state. This infill wall did not present any 

visible damage, and the loss of stiffness is associated to the loss of connection between 

the infill wall and the RC frame. The infill walls at the ground floor presented a similar 

and considerably higher frequency loss at the end of stage 3, when compared to the 

upper level one, although the South infill wall presented the highest loss at the first 

stage (225 YRP) and the North one presented the highest loss in the last stage. The 

stiffness loss presented is in agreement with the observed crack pattern after the 

reinforced plaster removal. 
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Figure 81: Evolution of the frequencies along the test of model 3B, and their final variation in respect to 

DI 0 of model 3, at the RC structure and infill walls in South facade and ground level of the North facade. 

 

4.5.3 INTERSTOREY DISPLACEMENTS AND DRIFTS 

The interstorey displacements and drifts increased with the seismic amplitude, see 

Figure 82, until the second stage (475 YRP) the longitudinal and transversal directions 

presented similar values and the ground level values had a tendency to increase when 

compared to the upper level ones. On stage 3 (2475 YRP) the ground level recorded 

higher displacements and drifts than the first level. While the first level values were 

similar in both direction, the ground floor of the transversal direction presented higher 

displacements and drifts. These results are in agreement with the observed crack 

patterns and dynamic data, as the transversal direction presented the highest stiffness 

loss and the corner crushing due to compression at the ground infill wall of the South 

facade is associated to in-plane movement of the RC frame, in this case in the 

transversal direction. Again, note that the maximum drift at this stage is in the range of 

2%. 
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Longitudinal direction Transversal direction 

  

  

Figure 82: Interstorey displacements and drifts of model 3B. 

 

4.5.4 PGA OF THE INFILL WALLS AND RC STRUCTURE 

The PGA values recorded on the RC structure and infill walls, see Figure 83, 

presented no surprises since there was an increment with the seismic amplitude and the 

upper levels of the infill walls recorded higher values when compared to the ground 

floor ones. As for the amplifications, there is always a small increment in the recorded 

values from stage 1 (225 YRP) to stage 2 (475 YRP) and a larger decrement from stage 

2 to stage 3 (2475 YRP). In the RC structure, the transversal direction did not present a 

higher amplification loss due to the stiffness loss. The infills at the first level of the 

transversal direction presented the highest amplification loss, while on the longitudinal 

direction it were the infills on the South facade that presented the highest amplification 

loss. 
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Longitudinal direction Transversal direction 

  

                                                                                RC structure 

 

Figure 83: Recorded PGA and amplifications at the infill walls and at the RC structure for each test stage 

of model 3B. 

 

4.5.5 OUT-OF-PLANE PGD AND DEFORMATION OF THE INFILL WALLS 

Figure 84 presents the PGD recorded at all other infill walls of model 3B, with the 

infill walls of the upper level recording the highest value in all stages and the infill wall 

at the ground floor of the North facade presenting the highest PGD of the ground floor 

infill walls, within the same values of the South infill wall. 
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Figure 84: Out-of-plane PGD of the North, East and West infill walls of model 3B in mm. 

 

4.6 CONCLUSIONS OF THE CHAPTER 

Model 1 had a good performance during the seismic standard PGA of stage 2 (475 

YRP) with no visible damage, even though the dynamic data presented frequency loss, 

on the RC structure and infill walls. The soft-storey collapse mechanism developed 

during the fourth stage is highly undesirable, with a low energy dissipation capacity and 

brittle collapse (Baker and Heyman 1969). It was not clear if the collapse mechanism 

developed was due to the detailing of the RC structure imposed by the design standard 

(R.E.B.A.P. 1983) or the influence of the infill walls, since RC columns also presented 

hinges at mid-height just before the collapse of the structure. Some of the thin blocs 

applied in the RC columns and beams to avoid thermal bridges, a very common solution 

in the Portuguese built patrimony, cracked and fell during stage 3 (2475 YRP). The 

double leaf unreinforced infill walls underperformed during the last stage (4574 YRP), 

collapsing out-of-plane by rotating as a rigid body around the base line of the model. 

The interior and exterior leaves presented a similar seismic behaviour. 
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Model 2 presented a good seismic performance when subjected to the seismic 

standard PGA during stage 2 (475 YRP), although the RC structure registered a small 

decrease in the modal frequencies. The model did not collapse during the last stage 

(4574 YRP) but presented severe, and most likely irreparable, damage and the RC 

structure developed a soft-storey mechanism. The seismic standard used in the design of 

model 2 (Eurocode 2 2002; Eurocode 8 2004) clearly details the structure in order for 

the development of a beam-sway mechanism (Baker and Heyman 1969) by forcing the 

hinges to appear at the beams and not the columns. Attending also the mid-height cracks 

found in all the RC columns after stage 4, it is possible to assume that the infill walls 

and their openings influenced negatively the seismic behaviour of the RC structure. The 

mortar rendering applied to the RC frame was severely damaged after stage 3 (2475 

YRP), specially at the corners of the model. The single leaf infill walls with bed joint 

reinforcement connected to the RC frame had a very good seismic performance, with no 

visible damage for the seismic standard accelerations during stage 2 (475 YRP). After 

the last stage (4574 YRP) none of the infill walls collapsed out-of-plane, even though 

the ones with openings at the ground floor presented damage beyond repair. It was clear 

that the bed joint reinforcement prevented the out-of-plane collapse due to its 

connection to the RC frame, otherwise the infill walls would collapse as a rigid body. 

Model 3 presented no considerable damage in the RC structure due to the 

accelerations prescribed in the seismic standard during stage 2 (475 YRP), and after 

stage 3 (2475 YRP) the damage was also light. After the retesting using the first three 

stages, with considerable loss of stiffness, the model still presented visual light damage. 

After the reinforced rendering removal, the RC columns did not present hinges at the 

extremities neither cracks at mid-height, hence no undesirable collapse mechanism was 

developed. Given that model 3 was designed following the EC2 and EC8 (2002 and 

2004), it is safe to say that the infill walls did not influence undesirably the seismic 

behaviour of the RC structure. The infill walls presented light damage after all the 

stages, even though the dynamic data presented a clear stiffness loss. This was due to 

detachment of the infill wall from the reinforced rendering, allowing the wall to move 

and not influence the behaviour of the RC structure, fact confirmed after the rendering 

removal as the infill walls presented barely any cracks but were detached from the RC 

structure. Although the reinforced rendering concealed the damage from the infill wall, 
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it also prevented the out-of-plane collapse because it was applied on both sides of the 

infill wall and nailed to the RC frame and infill wall. 
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CHAPTER 5 

5 Comparison of experimental results 

and design 

Scope of the chapter 

In this chapter a comparison of the experimental results between the models is presented 

first, focusing on the performance of the RC structure and masonry infill walls. The 

comparison is based on the first three test stages due to the fact that model 1 collapsed 

in the fourth stage and model 3 was not subjected to it. A comparison between the 

experimental results, design standards and analytical solutions is also presented, based 

on the out-of-plane demand and capacity, with the objective of assessing the design 

approach and the influence of the presence of openings on the out-of-plane capacity of 

the infill walls. Finally, two design proposals are made, one associated to the 

computation of the natural frequency of the infill walls (and thus the demand) and the 

other associated to the reduction of the out-of-plane capacity of infill walls with 

openings. Both present a reasonable correlation with the experimental results in this 

work. 
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5.1 COMPARISON OF THE EXPERIMENTAL RESULTS 

Next, a comparison of the experimental results of the models is presented, in terms 

of modal frequencies of the structure and infills walls, interstorey displacements, and 

drifts and PGAs of the RC structure and infill walls.  

 

5.1.1 MODAL FREQUENCIES OF THE STRUCTURE AND INFILL WALLS 

First, the frequencies of the models are compared, see Table 16. As the RC structure 

has the same stiffness and the total thickness of the masonry walls (double and single 

leaf) is similar, the frequencies of the models should be similar. As it shown, the values 

are not so different, with a maximum coefficient of variation (CoV) of 10%. The 

frequencies order is consistent in all models, despite the fact that the models have been 

prepared outside the shaking table and, then, transported and bolted to the table before 

testing. Also the MACs (Ewins 2000) are compared in Table 17, using model 1 as a 

reference for the other two models. The first transversal and longitudinal modes are 

nearly identical in all three models, with MAC values close to the unitary value. The 

other three modes present very low MAC values, indicating that the mode shapes are 

very different. There is no structural reason for this fact, but it is important to keep in 

mind, as it was stated in the previous chapter, that there is an undesirable interaction 

between the model and the shaking table which seemed to affect the torsional mode by 

imposing a centre of mass in an unexpected position, and subsequent rotation. Also, 

higher frequency modes were not captured with the same quality as the first two modes, 

providing rather diverse results. 
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Table 16: Experimental frequencies of the models in Hz (Model 1 has double leaf infills unreinforced, 

Model 2 has single lead infills with bed joint reinforcement and Model 3 has single leaf infills with 

reinforced plaster). 

 1
st
 Transversal 1

st
 Longitudinal Torsion 2

nd
 Longitudinal 2

nd
 Transversal 

Model 1 7.71 9.62 26.95 32.84 39.43 

Model 2 7.32 8.38 26.77 30.33 36.40 

Model 3 6.26 10.01 28.02 32.55 35.63 

Average 7.11 9.33 27.24 31.89 37.14 

CoV 10.2% 9.08% 2.44% 4.27% 5.44% 

 

Table 17: MAC (Ewins 2000) comparison using model 1 (double leaf infills unreinforced) as reference. 

 1
st
 Transversal 1

st
 Longitudinal Torsion 2

nd
 Longitudinal 2

nd
 Transversal 

Model 2 0.98 0.85 0.37 0.41 0.59 

Model 3 0.97 0.97 0.12 0.66 0.22 

 

The comparison of the modal frequencies and their variation during the tests is also 

done through the vulnerability curves that relate the damage indicator,  , with the input 

energy applied at the base and, in the case of the RC structure, only for the first order 

mode in each main direction. Regarding the seismic vulnerability curves measured in 

the RC structure, see Figure 85, and on the transversal direction, model 3 presented a 

higher damage indicator when compared to models 1 and 2 in stage 2, 27% and 49% 

respectively, and in stage 3, 35% and 49% respectively, which is most likely due to the 

separation of the high strength reinforced plaster. This confirms the difficulty of this 

solution to crack and dissipate energy in plane, and the absolute need of a rather strong 

connection between wall and plaster or, ideally, between interior and exterior plaster. 

On stage 2, all three models were subjected to the same input energy at the base, but on 

the third stage model 3 was subjected to an input energy 16% and 14% higher than 

models 1 and 2, respectively, but this does not seem a reason to justify the difference in 

terms of damage indicator. Model 1 presented a damage factor higher than model 2 in 
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all three stages, as expected given the models’ lower strength materials and weaker 

unreinforced infills. This is further confirmed by the collapse of model 1.   

In the longitudinal direction, model 3 presents the lowest damage indicator in all 

three stages, but on stage 3 the model was subjected to an input energy 28% lower than 

models 1 and 2, which can have some influence in the result. Model 1 presented a 

damage indicator 80% higher in stage 2, when compared to model 2, but 25% lower on 

stage 3, which is unexpected. Both models were subjected to stage 4, and while model 1 

collapsed, which means a unitary damage indicator, model 2 did not collapse even 

though it was heavily damaged. One of the factors that contributed to this improved 

performance of model 2 is the continuous connection of the reinforced infills to the RC 

frame provided by the metallic connecters, while on model 1 all infills collapsed out-of-

plane and the RC structure failed shortly after. 

The results just discussed seem to illustrate the fact that the damage indicator might 

not be adequate as an indicator of collapse. Its growth with the input energy is of course 

non-linear but seems rather different for the three models. For this reason, the envelope 

of the damage indicator is shown in Figure 86, which is certainly a debatable quantity as 

it involves different directions. Both envelope curves present a non-linear behaviour 

with increasing damage growth with the input energy, as expected. It is also noted that 

the envelopes in the different directions are not different, mostly because collapse is 

global.  
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                 Transversal direction                Longitudinal direction 

 
 

Figure 85: Vulnerability curves of the 1st mode in each main direction of the RC structure of the three 

tested models (Model 1 has double leaf infills unreinforced, Model 2 has single lead infills with bed joint 

reinforcement and Model 3 has single leaf infills with reinforced plaster). 

 

 

Figure 86: Smoothed envelope of the vulnerability curves of the 1st mode in each main direction of the 

RC structure of the three tested models (Model 1 has double leaf infills unreinforced, Model 2 has single 

lead infills with bed joint reinforcement and Model 3 has single leaf infills with reinforced plaster). 

 

Figure 87 presents the average vulnerability curves of the infill walls on the North 

facade, with openings, and South facade, without openings, of the three models and in 

the first three stages. The same issues with the input energies are patent here. As far as 

the North infills are concerned, on the second stage model 3 presented the highest 

damage indicator and models 1 and 2 similar values, while on stage 3 model 3 presented 

a damage indicator 71% and 63% lower than models 1 and 3, respectively. From stage 2 
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to stage 3, the bed joint reinforced infill walls presented a damage indicator 21% higher 

when compared to the unreinforced ones, even though the unreinforced ones collapsed 

during the last stage and the reinforced ones did not, meaning that the bed joint 

reinforcement does not contribute to the decrease of damage but rather prevent the out-

of-plane collapse of the infill. In the South facade, and in stage 2, the unreinforced infill 

walls presented a higher damage coefficient when compared to the reinforced ones, 

while the bed joint reinforced infills presented a higher damage indicator than the 

plaster reinforced ones. This sequence was kept unaltered from stage 2 to stage 3, as 

well as the percentage difference between the models. The results on the infills clearly 

demonstrate that the reinforced plaster reduces the damage progression of the masonry 

infills, even when the plaster is partly separated from the infill and the RC structure is 

heavily damaged. 

 

               North infill walls               South infill walls 

  

Figure 87: Average vulnerability curves of the North and South infill walls of the three tested models. 
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Figure 88 presents the interstorey displacements of the first three stages of the 

tested models in both main directions, while Figure 89 presents the interstorey drifts. 

The results are unexpected, without a clear trend and not easily related to the damage 

indicator. Stage 1 is not presented since models 1 and 2 present low values, below 

0.05%, and similar drifts for both storeys, while model 3 already presented higher 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.05

0.10

0.15

0.20

 

 

D
am

ag
e 

in
d

ic
at

o
r 

d

Input Energy (J)

 Model 1

 Model 2

 Model 3

Stage 2

Stage 3

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.00

0.05

0.10

0.15

0.20

 

 

D
am

ag
e 

in
d
ic

at
o
r 

d

Input Energy (J)

 Model 1

 Model 2

 Model 3

Stage 2

Stage 3



Seismic behaviour of masonry infill walls: test and design 

 

149 

values, of around 0.1%, and with the first storey recording slightly higher values.  For 

stage 2, in the transversal direction, the maximum displacements are obtained for Model 

1, while, in the longitudinal direction, the maximum displacements are obtained for 

Model 3. The maximum drift is about 0.3%. For stage 3, the situation is the inverse of 

stage 2, but the differences between the models are smaller. The maximum drift is about 

0.45%. 

 

 Transversal direction Longitudinal direction 

S
ta

g
e 

2
 

  

S
ta

g
e 

3
 

  

Figure 88: Interstorey displacements of the three tested models in the transversal and longitudinal 

directions. 
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Figure 89: Interstorey drifts of the three tested models in the transversal and longitudinal directions. 

 

5.1.3 PGAS OF THE RC STRUCTURE AND INFILL WALLS 
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presented higher amplification when compared to the reinforced ones of model 2, but 

lower maximum acceleration, while the blind infill walls of the South facade present 

similar results. The infill walls with openings in the East and West facade follow the 

ones in the North facade, especially in stage 3, with the unreinforced infills of model 1 

presenting higher amplifications and lower maximum accelerations when compared to 

the bed joint reinforced infill walls of model 2. 

As for the RC structure, and analysing again models 1 and 2, no trend can be found 

and both models present similar results, and the justification is associated to the 

similarities of both models regarding the most influential parameters. 
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RC structure Storey 1 RC structure roof 

  

Figure 90: Average recorded PGA and amplifications at the infill walls and at the RC structure for each 

test stage of all tested models. 

 

5.2 COMPARISON WITH DESIGN STANDARDS 

Next, a comparison between the experimental results and design standards’ 

provisions is presented, based on two parameters: i) the out-of-plane demand to which 

the infill walls are subjected during a seismic action; ii) the out-of-plane capacity of the 

infill walls when subjected to an infill action. Here, it is noted that the results of the out-

of-plane demand in the infills (particularly in the case of the reinforced plaster) must be 

considered with some care, due to the difficulties observed in the readings. 
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As seen in Chapter 2, in order to compute the design out-of-plane load according to 

standards, one has to take into consideration the maximum seismic input acceleration, 

which is associated to the infill location in the structure, among other parameters. Given 

the fact that the PGA varied along the test, that the PGA was not the same for each 

tested model and that the measurements in the reinforced plaster seem to be unreliable, 

the value used in the equations proposed by each standard, see Table 18, was the 

maximum recorded acceleration at the foundation of each tested model and each stage. 

This is in agreement with Figure 90, because, if the results of model 3 are not 

considered, the amplification is close to the unit value. It is also stressed that this might 

not be necessarily the case for taller buildings, where more research seems to be needed. 
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The out-of-plane design load variation, for each standard, was then plotted against the 

values recorded experimentally in each stage of the tested models, see Figure 91 to 

Figure 93. 

 

Table 18: Analytical solutions used to compute the out-of-plane demand of the infill walls (a detailed 

description of these analytical solutions can be found in Chapter 2). 

Standard Analytical solution 

FEMA 302 and 306 

(1997 and 1998) 

   
          

  

  

(   
 

 
) 

EC8 (2004)    
      

  
 

FEMA 356 (2000)          

NZS 1170.5 (2004)       (  )              

 

As far as model 1 is concerned, see Figure 91, the North American standards FEMA 

302, 306 and 356 (1997, 1998 and 2000) presented a lower design load when compared 

to the experimental values along all the stages.  FEMA 302 and 306 (1997 and 1998) 

presented a load 46% and 60% lower, on average, than the experimental value for the 

longitudinal and transversal infill walls, respectively, and FEMA 356 (2000) presented 

design loads 48% and 62% lower in the same situation. As for the New Zealand 

standard (NZS 1170.5 2004), in the longitudinal direction and until the second stage, the 

standard presented loads slightly higher than the experimental values for the exterior 

walls and lower values for the interior ones. In the last two stages, the standard 

presented loads 12% lower, on average for all infills, when compared to the 

experimental values. In the transversal direction, the standard loads were lower in all 

stages, and 38% lower, on average for all infills, in the last stage. The EC8 (2004), in 

the longitudinal direction presents design loads always higher than the experimental 

ones for the infill walls on the second floor (30% on stage 4) and always lower for the 
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ground floor (20% on stage 4). In the transversal direction, the design loads are the 

same, on average, for all the infill walls on the second floor and always lower for the 

ground floor (46% on stage 4). 
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Figure 91: Standard and experimental out-of-plane load comparison for model 1. 
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1170.5 2004) presents very good results until the third stage, with design loads 14% and 
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design load proposed by this standard is considerably lower, 57% and 23% for the 
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nonlinear evolution of the experimental load due to damage in the infill walls and RC 
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structure, hence better correlation could be achieved if an undamaged model was used 

for each stage and there was no damage accumulation. As for the EC8 (2004), until the 

third stage the differences between the design and experimental load is negligible (3% 

and 6% for the longitudinal and transversal directions, respectively, in stage 3), but in 

the last stage the design loads are 57% and 23% lower than the experimental ones, 

which can again be justifiable by the damage accumulation observed along the shaking 

table test. 
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Figure 92: Standard and experimental out-of-plane load comparison for model 2. 

 

The results of the design standards were not as good as for the previous models in 

the case of model 3, again possibly due to the quality of the measurements made, 

particularly on the transversal direction where higher experimental loads were recorded. 

This difference can be associated to the reinforced plaster used in model 3, and also the 

attaching technique used for the accelerometers, as already mentioned, which might 

have led to less reliable results.  

Nonetheless a comparison is made, the North American standards FEMA 302 and 

306 (1997 and 1998) presented design loads 79% and 65% lower, for stages 2 and 3 

respectively, in the longitudinal direction and 63% and 57% in the transversal direction, 
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0 5 10 15 20 25 30 35 40 45

1

2

3

4

 Expe               Code

       NZS

                FEMA 356

S
ta

g
e

Force (KN)

 

 

0 1 2 3 4 5 6 7 8 9 10

1

2

3

4

 Expe               Code

       NZS

                FEMA 356

S
ta

g
e

Force (KN)

 

 



Chapter 5: Comparison of the experimental results and design 

 

158 

longitudinal direction and 25% and 59% lower, for stage 2 and 3 respectively, in the 

transversal direction. Still, and overall, the EC8 (2004) presented the best results, when 

compared to the other design standards. 
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Figure 93: Standard and experimental out-of-plane load comparison for model 3. 

 

5.2.2 CAPACITY 

In Chapter 2, several analytical solutions to compute the out-of-plane capacity of 

the infill walls were presented, see Table 19. In Figure 94 and Figure 95 these solutions 

are compared with the experimental results obtained in the three tested models. The 
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openings (North walls in the longitudinal direction and East and West walls in the 

transversal direction), but the walls with openings were computed as if they were blind, 

considering their actual weight. The load obtained experimentally, on average, for each 

set of walls along the four stages of the tests, was done using the maximum acceleration 

in each accelerometer and the respective mass associated to it, and then plotted against 

the analytical values for that set. Therefore, it is considered that the maximum load 
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model 2 where the infill walls did not collapse but were damage beyond repair and 

unable to sustain any more load. In model 3, the experimental load curve is only 

presented until stage 3 for the sake of comparison with the other two models, since the 

model was re-tested and the walls were able to sustain the first three stage of the test 

again until they were damaged beyond repair as in model 2. It is important to keep in 
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mind that the out-of-plane capacity is influenced by other parameters as the in-plane 

displacements, and subsequent damage, vertical loads and even presence of 

reinforcement, see Chapter 2, and that the infill walls have damage accumulation from 

one stage to the next, hence this comparison should be done carefully. The infill walls 

with openings in the longitudinal direction present the highest experimental force value 

during stage 3, which is associated to the damage and loss of connection between the 

wall and the surrounding RC frame.  

Walls of higher slenderness, as the interior leaves of model 1 (thickness / height 

equal to 24.3), do not seem to be affected by the presence of openings, and the EC6 

(2006)  provided a very good correlation for the estimate of capacity, with only 7% 

error on average for all interior leaves, with and without openings. As for the exterior 

leaves (thickness / height equal to 18.9), the EC6 (2006) overestimates the capacity of 

the infills, on average, by 46% and, as with the interior leaves, the presence of openings 

does not seem to affect the results. The FEMA 273 (1997) presents an average error of 

17% for the interior leaves and 52% for the exterior ones, while the FEMA 306 (1998) 

presents an error of 40% and 11% for the interior and exterior leaves, respectively.  

 

Table 19: Analytical solutions used to compute the out-of-plane capacity of the infill walls (a detailed 

description of these analytical solutions can be found in Chapter 2). 
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Klingner et al. (1996) 
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All other analytical solutions presented out-of-plane capacity values with higher 

errors when compared to the experimental values. Regarding the blind infill walls, the 

MSJC (2011) presents the highest values, with an error of 70% and 58% for the interior 

and exterior infill walls, respectively. The analytical solution proposed by Klingner et 

al. (1996) also overestimates the experimental values by 37% and 138% for the interior 

and exterior infills, respectively. The recommendations from Pereira (2013) are 

acceptable in the case of exterior infills, underestimating the capacity by 17%, but 

considerably inferior in the case of the interior infill walls, underestimating the capacity 

by 56%.  Regarding the infill walls with openings, the MSJC (2011) presents the 

highest overestimation, 150% and 199% for interior and exterior infill walls, 

respectively, followed by Klingner et al. (1996) with 47% and 171% for the interior and 

exterior infills walls, respectively. Pereira (2013) presented the lowest underestimations 

for the interior infill walls, with an error of 51%, and a good correlation for the exterior 

ones, underestimating the capacity by 16%. 
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Walls without openings 

  

 

Walls with openings (longitudinal direction) 

  

Walls with openings (transversal direction) 

  

Figure 94: Standard and experimental out-of-plane capacity comparison for model 1. 
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Figure 95 presents the results of models 2 and 3, since the parameters used in the 

analytical solutions (thickness / height of 11.3, geometry, type of units and mortar, 

position, etc.) are the same for both models. Even though the results for model 3 are 

only presented until stage 3, the path followed by the two models is similar. Model 3 

was able to withstand higher out-of-plane forces, and it will be assumed that the 

maximum force recorded during the last stage of model 2 will be the capacity for both 

bed joint reinforced and plaster reinforced infill walls.  

All analytical solutions overestimate the out-of-plane capacity of the blind infill 

walls of models 2 and 3. One justification might be that the assumption that these walls 

were on eminence of collapse is incorrect, and the recorded out-of-plane load does not 

correspond to the experimental capacity of the infill. The standards that presented the 

best results for model 1, which were the FEMA 273 (1997), the FEMA 306 (1998) and 

the EC6 (2006) overestimated the capacity of the blind infill wall by 30%, 53% and 

53%, respectively. Pereira (2013), the MSJC (2011) and Klingner et al. (1996) 

overestimated the results by 9%, 36% and 198%. 

Contrary to what was observed in model 1, the presence of openings, in the 

transversal direction, had a clear influence on the out-of-plane capacity of the infill 

walls. Therefore, all the standards overestimated the out-of-plane capacity of the infill 

walls in that same direction, ranging from 149% to 609%. In the longitudinal direction, 

the presence of openings did not affect the results, and except for (Klingner, Rubiano et 

al. 1996), which overestimated the capacity in 175%, all other analytical solutions 

underestimated the experimental results, with the EC6 (2006) and FEMA 306 (1998) 

providing the best results by underestimating the capacity by 10%. 

It should be noted that the maximum out-of-plane load recorded on the longitudinal 

walls with openings is higher than the load recorded for the blind infill walls of the 

same direction and, particularly in model 2, the ground floor infill walls with openings 

were on the verge of collapsing while the blind walls had less damage. This might lead 

to the assumption that the recorded values for the longitudinal infill walls with openings 

are in fact the maximum capacity, while the blind walls could endure a higher out-of-

plane load, hence the underestimation by most of the analytical solutions. Other aspects 

that might contribute to these discrepancies are the in-plane damage and the possible 
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effect of the restraint of boundary conditions and arch effect, due to the slenderness and 

openings. 

 

Walls without openings 

 

Walls with openings (longitudinal and transversal direction respectively) 

  

Figure 95: Standard and experimental out-of-plane capacity comparison for models 2 and 3. 
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Finally, two design proposals are presented. The first concerns the computation of 
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5.3.1 OUT-OF-PLANE MODAL FREQUENCY 

When computing the out-of-plane load using the EC8 (2004), it is necessary to 

know the out-of-plane natural frequency of the wall and the standard does not provide 

any analytical solution. Calvi et al. (2007) proposed an analytical solution to compute 

this parameter, which is also prescribed by the Italian standard (Ordinanza P.C.M. 

3431/2003 2003), which has already been addressed in Chapter 2, given by:  
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) √

   

   
 

Equati

on 66 

 

Here,  ,   and   are the length, height and thickness of the infill wall,   is the elasticity 

modulus and   is the specific mass of the infill. 

For the comparison between the experimental and design out-of-plane loads, when 

using the EC8 (2004), the frequencies obtained experimentally were used here instead 

of the above equation, since the analytical solution provided considerably lower results 

when compared to the experimental values, see Table 20. The average error for model 1 

was about 80%, while in models 2 and 3 the error was about 90%. These high errors are 

associated to the basis of the formulation, which assumes the simplified hypothesis that 

the infill wall behaves dynamically as a panel simply supported by cylindrical hinges at 

the side columns. The much higher experimental frequencies led to the assumption that 

this simplification is not correct and that the wall is effectively connected to the other 

sides of the frame. Also, since the infill wall is mostly within the frame (model 1) or 

completely within the frame (models 2 and 3), the connection of the infill wall to frame 

may also have a considerable restraint effect. 
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Table 20: Comparison between experimental frequencies and analytical proposal from (Calvi et al. 2007). 

Wall Type 
Experimental 

Frequency (Hz) 
 (Hz) Error (%) 

M
o
d

el
 1

 

P1 exterior leaf With openings 60.5 11.0 -81.8 

P1 interior leaf With openings 57.5 16.1 -72.1 

P2 exterior leaf With openings 66.7 11.0 -83.5 

P2 interior leaf With openings 59.5 16.1 -73.0 

P1 exterior leaf Blind 69.4 11.0 -84.1 

P1 interior leaf Blind 62.8 16.1 -74.4 

P2 exterior leaf Blind 70.7 11.0 -84.4 

P2 interior leaf Blind 67.1 16.1 -76.1 

M
o
d

el
 2

 P1 North With openings 56.9 

5.1 

-91.0 

P1 South Blind 67.0 -92.4 

P2 South Blind 65.0 -92.1 

M
o
d

el
 3

 P1 North With openings 56.3 

5.1 

-90.9 

P1 South Blind 64.1 -92.0 

P2 South Blind 66.7 -92.3 

 

It would be expected that the infill walls of model 1 presented lower natural 

frequencies when compared to models 2 and 3, since the main difference between them 

is the thickness of the wall. A possible justification for the higher than expected values 

of model 1 can be associated to the boundary conditions of the infills, due to the 

execution process. 

In order to better understand the influence of the boundary conditions, and to 

confirm the above mentioned assumptions, a simple numerical model of the infill wall 

was constructed using DIANA (TNO 2012), based on shell elements. In the case of 

model 1, the exterior and interior leaves were modelled separately with 8.5 cm and 

10.5 cm, respectively, since the plaster was taken into consideration. As for models 2 

and 3, a single 18 cm leave was modelled. Analysing the results, see Table 21 and Table 

22, it is possible to see that different boundary conditions can lead to natural frequencies 

ranging from 4.4Hz to 56.0Hz in model 1 and 9.3Hz to 91.8Hz in models 2 and 3. It 

should be noted that the material characterization of masonry was done by Pereira 

(2013), and different elasticity modulus were computed for the three types of masonry 

used in the present work (unreinforced, bed joint reinforced and with reinforced plaster, 

see Chapter 3). This is not in agreement with the experimental frequencies, which 

exhibit similar results. Therefore, during the present computations, the adopted value 
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for the elasticity modulus was 3.43 GPa, which corresponds to the average of the three 

masonry types.  

Using the same elasticity modulus for all models will not provide the best results, 

since the infill walls of model 1 presented similar frequency values for a lower 

thickness. Nonetheless, and analysing the results of models 2 and 3, in order to achieve 

the higher experimental values the infill wall needs to be connected to frame in all four 

borders, with a type of connection somewhat between the simply supported and the 

fully constrained (numerically simulated as a double support with rotational springs). 

 

Table 21: Numerical frequencies of the blind wall (interior and exterior leaves) of model 1 (South facade) 

for different support conditions. 

 Fixed Simply supported 

C
o
n
n
ec

te
d
 t

o
 t

h
e 

b
ea

m
s 

  

Interior: 42.0 Hz 

Exterior: 51.4 Hz 

Interior: 18.7 Hz 

Exterior: 23.0 Hz 

C
o
n
n
ec

te
d
 t

o
 t

h
e 

co
lu

m
n
s 

  

Interior: 10.0 Hz 

Exterior: 12.3 Hz 

Interior: 4.4 Hz 

Exterior: 5.4 Hz 
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Interior: 14.7 Hz 

Exterior: 18.0 Hz 

Interior: 7.7 Hz 

Exterior: 9.5 Hz 

C
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e 
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d
 c
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Interior: 45.7 Hz 

Exterior: 56.0 Hz 

Interior: 22.8 Hz 

Exterior: 28.1 Hz 

 

Table 22: Numerical frequencies of the blind wall of models 2 and 3 (South facade) for different support 

conditions. 

 Fixed Simply supported 

C
o
n
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d
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o
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e 

b
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m
s 

  

84.5 Hz 39.6 Hz 
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20.9 Hz 9.3 Hz 
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30.3 Hz 15.8 Hz 

C
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n
n
ec
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91.8 Hz 47.0 Hz 

 

Considering a more complex boundary condition when modelling the infill in a 

FEM program in order to obtain accurate results is simple, but for design purposes and 

standard provisions the analytical solutions should simple, without difficultly 

quantifiable parameters (as a rotational stiffness). By considering all boundaries 

constrained (rotationally fixed), it is possible to use the formulation from Szilard (1974) 

for the computation of the first mode frequency, and taking into consideration the 

boundary conditions using the formulation from Bares (1971), see Equation 67, 

Equation 68, Equation 69 and Equation 71. 
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  Equation 67 

  √
   

  (    )
 

 

 
 Equation 68 

      √                   Equation 69 

  
 

 
 Equation 70 

 

Here,  ,   and   are the length, height and thickness of the infill wall,   is the elasticity 

modulus, g is the gravitational acceleration,   is the Poisson coefficient and   is the 

mass by area unit. 

The results of the application of this formulation to the infill walls can be seen in 

Table 23. The results are considerably better in the case of models 2 and 3, since model 

1 presents frequencies close to the other two models, where they should be rather 

different if the interior and exterior infills would behave independently. In the proposed 

formulation, the thickness is elevated to the power of 3 while the mass varies linearly, 

which makes the results rather sensitive to the thickness parameter, of course. If the 

walls are considered to be constrained on 4 sides, the walls with openings present on 

average values 30% lower and 37% lower in the walls without openings.  

In the case of models 2 and 3, the formulation overestimates the frequency, with 

values on average 43% and 23% higher in the walls with and without openings, 

respectively. Again, these results highlight that a fully constrained boundary is too stiff, 

leading to an overestimation of the results, and an intermediate solution using a semi-

rigid boundary would be ideal, if the rotational stiffness was correctly estimated. 
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Table 23: Comparison between the experimental frequencies and the new analytical proposal (Equation 

67). 

 New Proposal 

Wall Type 
Experimental 

Frequency (Hz) 

Constrained 

on 4 sides 

(Hz) 

Error (%) 

M
o
d

el
 1

 

P1 exterior leaf With openings 60.5 48.4 -20.1 

P1 interior leaf With openings 57.5 37.6 -36.4 

P2 exterior leaf With openings 66.7 48.4 -27.5 

P2 interior leaf With openings 59.5 37.6 -36.8 

P1 exterior leaf Blind 69.4 48.4 -30.3 

P1 interior leaf Blind 62.8 37.6 -40.1 

P2 exterior leaf Blind 70.7 48.4 -31.6 

P2 interior leaf Blind 67.1 37.6 -43.9 

M
o
d

el
 2

 P1 North With openings 56.9 

80.6 

41.7 

P1 South Blind 67.0 20.3 

P2 South Blind 65.0 24.0 

M
o
d

el
 3

 P1 North With openings 56.3 

80.6 

43.2 

P1 South Blind 64.1 25.8 

P2 South Blind 66.7 20.9 

 

Another possibility would be taking into consideration the construction technique, 

and where the infill wall would be constrained on 3 sides and simply supported at the 

top, since the last row of units normally has to be cut or its simply filled with mortar in 

case a complete unit does not fit. This leads to a considerably weaker connection, whose 

ability to keep the wall rotationally fixed is arguable, and as it can be seen in Table 21 

and Table 22, the values of the frequencies are excessively low when compared to the 

experimental results. 

 

5.3.2 OUT-OF-PLANE CAPACITY REDUCTION 

In models 2 and 3, the openings of the infills in the transversal direction had a 

higher influence than the openings in the longitudinal direction, even though the 

percentage of opening was similar (27% and 30% for the longitudinal and transversal 

ones, respectively). This can be associated to arrangements of the openings, which in 

the case of the infills of the transversal direction did not allow an arching mechanism 

along the height of the wall. Given that the height is usually smaller than the length, the 
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vertical arching mechanism has a higher contribution to the out-of-plane capacity of the 

wall, if the wall is connected to the four sides. This situation can be confirmed by the 

analytical solution of the EC6 (2006), which takes the arching mechanism into 

consideration in only one direction, and in the present computations, the vertical 

direction, as it provides a better correlation with the experimental results and it is the 

shortest span. 

If the central part of the infill wall is kept unaltered by the openings, enabling a 

vertical arch effect during out-of-plane loading, the out-of-plane capacity of the wall 

does not seem to be affected and the analytical solutions available in the standards have 

a similar reliability to the computation of blind infill walls. If not, and the vertical arch 

effect is not enabled, the out-of-plane capacity of the infill wall has to be reduced. 

The reduction of the in-plane capacity of masonry infill walls can be taken into 

account by reducing the capacity of the blind wall using a reduction factor. When 

following the prescriptions of the New Zealand standard (NZS 1170.5 2004), the 

reduction is done using a parameter proposed by Dawe and Seah (1988), see Chapter 2. 

In a similar procedure, a reduction factor is proposed for the out-of-plane capacity of 

masonry infill walls with openings, see Equation 71, when the distribution of the 

openings does not enable a vertical arch effect mechanism, see Figure 96. 

 

                             ( ) Equation 71 
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                                (a)                                   (b) 

Figure 96: Influence of the distribution of the openings in the formation of a vertical arch effect in the 

tested models: (a) possible vertical arch mechanism in the longitudinal infill walls; (b) absence of a 

vertical arch mechanism in the transversal infill walls (horizontal arching mechanism possible). 

 

For the infill wall of the transversal direction of models 2 and 3, the reduction factor 

would be equal to 0.3, meaning the capacity was reduced by 70%, and the results of the 

reduction of the out-of-plane capacity computed using the analytical solutions can be 

found in Table 24 and Figure 97. Pereira (2013), FEMA 306 (1998) and the EC6 (2006) 

provided the best results, underestimating the capacity by 15% and 16%. The FEMA 

273 (1997) also provided a good estimation, 23% above the experimental value, while 

Klingner et al. (1996) continue to highly overestimate the out-of-plane capacity by 

114%. 

It should be noted that the reduced out-of-plane capacity obtained is dependent on 

the value for the reference blind wall, hence if the initial estimation was already 

excessively high or low the estimation of the out-of-plane capacity of the wall with 

openings will be excessively high or low, respectively. Therefore, the EC6 (2006) and 

the FEMA 306 (1998) continue to provide the best estimations for the out-of-plane 

capacity of the infill walls. 

 

vertical

arching

mechanism

non-existent

vertical

arching

mechanism
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Table 24: Comparison of the experimental and analytical out-of-plane capacity values of the infill walls 

with openings on the transversal direction of models 2 and 3 after their reduction using the geometrical 

factor. 

 
Analytical 

Value (KN) 

Experimental 

Value (KN) 

Reduced 

analytical value 

(KN) 

Error 

(%) 

FEMA 273 

(1997) 
30.0 

7.3 

9 23.3 

MSJC 

(2011) 
18.2 5.5 -38.9 

FEMA 306 

(1998) 
20.4 6.1 -16.2 

Klingner 

et al. (1996) 
51.8 15.4 114.2 

Pereira 

(2013) 
20.8 6.2 -14.5 

EC6 

(2006) 
20.5 6.2 -15.8 

 

 

Figure 97: Standard and experimental out-of-plane capacity comparison for transversal infill walls of 

models 2 and 3 after the reduction of analytical values using . 

 

5.4 CONCLUSIONS OF THE CHAPTER 

As for the comparison between the tested model buildings, the chosen 

reinforcement solutions of the infill walls influences the results but a global trend that 

highlights the better performance of one regarding others does not exist. It is clear that 

model 1, designed using an older generation of standards (R.E.B.A.P. 1983; R.S.A. 

1983) and unreinforced solutions for the infill walls had an undesirable seismic 

performance by collapsing, and the models designed by the Eurocodes (Eurocode 2 
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2002; Eurocode 8 (2004) did not, but along the test the amount of damage and global 

behaviour were similar. This is due to the same geometry of the RC structure and infill 

walls which are the parameters that most influence the structural behaviour, given that 

the strength of the RC used was not significantly different. The detailing of the RC 

using EC2 (2002) led to a higher ductility in models 2 and 3 when compared to the 

detailing of model 1 using R.E.B.A.P. (1983), and the use of reinforcement in the infill 

walls attached to the RC frame prevented the out-of-plane collapse, and possibly the 

collapse of the RC structure as well, but did not led to less damage along the tests when 

compared to the unreinforced solution. 

The comparison of the experimental results with the design standards was done 

through the out-of-plane load and capacity, with two objectives: i) understanding their 

accuracy and chose the most suitable analytical solution within the wide range of 

possibilities; ii) understand the influence of the presence of openings in out-of-plane 

capacity of the infill walls. It has been concluded that the formulation proposed by the 

EC8 (2004) presents acceptable results for most of the infill walls in the present work, 

as far as the out-of-plane load is concerned. As for the capacity, the EC6 (2006) and 

FEMA 306 (1998), which prescribe the analytical solution from Angel (1994), provide 

acceptable results. As for the influence of the openings, it has been concluded that if the 

vertical arch effect is not eliminated, the capacity is not reduced. 

Two design proposals associated to the design of the infill walls are presented. The 

first computes the natural frequency of the infill walls, a parameter needed in the 

computation of the out-of-plane design load when using the EC8 (2004) since the 

standard does not provide any formulation. The proposal is based on the dynamics of 

plates from Bares (1971) and Szilard (1974), and it provided a good correlation with the 

experimental data. The second design proposal is a reduction factor for the out-of-plane 

capacity of infill walls when the openings prevent the vertical arch effect, based on a 

similar prescription from the New Zealand standard (NZS 1170.5 2004) for the 

reduction of the in-plane capacity of infill walls with openings. The proposal presented 

also a good correlation with the experimental results. 
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CHAPTER 6 

6 RC buildings’ performance and 

masonry infills 

Scope of the chapter 

In this chapter, a numerical model is presented, including its calibration process based 

on the experimental dynamic data. The model is then submitted to non-linear static 

analysis, with the objective of assessing its capability to replicate the observed 

experimental results from a quantitatively and qualitatively perspective. Further non-

linear static analyses were carried out, removing the masonry infill walls, and analysing 

their global influence on the performance of the RC structure. Finally, the N2 method 

prescribed by EC8 is applied to the obtained numerical results, considering the same 

seismic input of the experimental shaking tests, in order to assess the capability of the 

method to accurately predict the seismic damage of the structure. 
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6.1 PREPARATION OF THE NUMERICAL MODEL 

The numerical model of the experimental model 2 was prepared using the Finite 

Element Method (FEM) (Zienkiewicz and Taylor 2000; Hutton 2004) and the analysis 

software DIANA (TNO 2012), see Figure 98, and modelled at a 1:1.5 scale as the 

experimental model. The reinforced concrete (RC) columns and beams were modelled 

using beam elements with three nodes (CL18B), that make use of the Mindlin-Reissner 

theory, which takes the shear deformation into account, and the longitudinal rebars were 

modelled as embedded reinforcement in the beam elements. The RC slabs were 

modelled using quadratic shell elements with eight nodes (CQ40S). The masonry infill 

walls were modelled with a macro-modelling strategy, considering the masonry as a 

continuum and not a composite, smearing the units, the mortar and the interface 

(Lourenço 1996). The infill walls were modelled using the same shell elements as the 

RC slab with the bed joint reinforcement embedded as a grid, and line interface 

elements with three nodes (CL24I) at the boundaries. These interface elements work as 

the connection between two overlapped lines, one from the boundary of the infill walls 

and another eccentric to the RC frame. Tyings were applied in order to keep the size of 

the infill the same as the experimental model, since the beam elements that simulate the 

RC structure are only represented by their axis lines, and transmit directly the 

displacements and rotations of the beam elements to the interface elements. 

Only the experimental model 2 was considered in this chapter, as the concern is on 

future solutions for masonry walls and RC frames. Model 3 has a complex failure mode, 

with separation of the reinforced plaster, which would require multiple shell / 3D 

elements with interface elements along them. The initial values for the material 

parameters of the numerical model can be seen in Table 25 and Table 26. The elasticity 

modulus value for concrete was assumed after Table 3.1 of EC2 (2002) and the 

compressive strength obtained experimentally during the construction of model 2, see 

Chapter 3. The value for the Poisson ratio used was also recommended in the design 

standard, as well as all material data for the rebar. The values for the infill masonry 

were obtained experimentally in Pereira (2013). In the interface, two values need to be 

defined, the normal stiffness (  ) and the shear stiffness (  ). Typical values for 

stiffness are about 10 and 100 kN/mm
3
, (Lourenço 1996). Since the infill walls have 1.5 

cm of rendering, Equation 72 was used, assuming an average value for the interface of 
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50 kN/mm
3
. The shear stiffness is dependent on the normal stiffness. Using an analogy 

with the elasticity modulus and the shear modulus, and considering a Poisson ratio of 

0.15 as in Equation 73, the interface stiffnesses can be related by Equation 74. 

 

 

Figure 98: Numerical model. 

 

Table 25: Material properties used in the initial numerical model. 

Material Elasticity modulus (GPa) Poisson ratio (-) Density (ton/m) 

Concrete 32.5 0.20 2.23 

Infill masonry 2.4 0.17 1.77 

Rebar 200.0 0.30 0.00 

 

Table 26: Material properties of the interface between the infill walls and the RC frame used in the initial 

numerical model. 

Material Normal Stiffness (N/mm
3
) Shear stiffness (N/mm

3
) 

Interface 175.0 75.3 

 

Beam elements 

Line interface elements at the 

boundaries of the shell elements 

Tyings between bar elements and 

interface elements 

Shell elements 
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[

     (        )

     (       )
     (       )

  (       )
⁄ ]         ⁄         ⁄  Equation 72 

   
  (   )⁄                          Equation 73 

          Equation 74 

 

6.2 CALIBRATION OF THE NUMERICAL MODEL USING 

DYNAMIC PROPERTIES 

Modal updating is a process that updates the modal parameters by means of an 

algorithm that minimizes the residuals between the experimental and the numerical 

response. 

 

6.2.1 MODAL UPDATING 

The numerical modal updating can be done based on two different methods. The 

one proposed by Douglas and Reid (1982), with examples of application in Gentile and 

Saisi (2004) and Mendes and Lourenço (2009), is less robust and was not applied in the 

present work. Instead, the method proposed by Teughels (2004), with examples of 

application in Ramos (2007) and Mendes (2012), was used. This algorithm, see Figure 

99, can be applied to any modal feature sensitive to damage such as the mode shape 

displacements or eigenvalues (frequencies). Its higher accuracy lies in the incorporation 

of the errors between the measured and calculated eigenvalues (   and       ) and the 

differences between the measured and calculated modal shapes (   and       ) in the 

objective function:  
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Here,    and    are the weight constants for the frequencies and mode shapes, 

respectively,   is the number of modes and   is the number of modal displacements. 

This method uses the least squares algorithm to obtain the updated solution, which can 

be unsuccessful if the objective function has several local minima.  
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Figure 99: Flowchart of the Finite Element modal updating procedure (Teughels 2004). 
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The inclusion of the eigenvalues and the modal shapes in the objective function 

should be mandatory, since the first has considerable global influence on the model and 

the second adds spatial information about the structure. As for the weight of each of the 

considered parameters, engineering judgment should be applied. In order to avoid ill-

conditioned or unrealistic solutions, the parameters to be updated should be reasonably 

chosen and should influence the modal response of the structure, since model updating 

is a minimization problem solved with multiple solutions. If a parameter has been 

experimentally obtained, and is likely to be correctly estimated, its update may not be 

necessary, even if it has a great influence on the model. Again, engineering judgment is 

essential.  

In the present work, the algorithm for model updating was implemented in 

MATLAB (2006), which was used together with DIANA (TNO 2012) to obtain the 

numerical frequencies and mode shapes. The method included a 10
-6

 tolerance for 

stopping the iterative process. 

 

6.2.2 RESULTS OF THE MODAL UPDATING 

In order to understand the dynamic behaviour of the numerical model, and how it 

differed from the experimental tests in terms of modal data, an eigenvalue analysis was 

performed to obtain the modal frequencies and shapes. As expected, the numerical 

model presented some local mode shapes, where only the infill walls or the RC slabs 

presented displacements, which were not taken into account. The five modes identified 

experimentally in the initial dynamic identification (1
st
 and 2

nd
 order transversal and 

longitudinal and torsional, see Chapter 4) were found numerically, with the first two 

modes in inverted positions. It was clear at this point, as discussed in Chapter 4, that the 

experimental model and the shaking table have an undesirable interaction. This 

interaction influences the dynamic behaviour of the model, since the numerical model 

presented the three last modes correctly, when compared to the experimental, and with a 

high error in the frequency value of the first two modes (53% on average) and very 

small for the last three (7% on average). These results were obtained using the values in 

Table 25 and in Table 26, and it was clear that the order of the mode shapes was not 
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susceptible to changes in the parameters, as these influence the structure globally. 

Moreover, the frequency switch was found in all models tested. 

In order to solve this issue, interface elements were added between the foundation 

ring beam and the shaking table, adding the ring beam and providing additional 

supports. The idea was to apply a lower normal stiffness (  ) in the interfaces in the 

East-West direction, with respect to the interfaces in the North-South direction, forcing 

the first mode to be in the same direction as the experimental model, while keeping a 

uniform shear stiffness (  ) in both direction, so the torsional mode would not be 

influenced. After this change, only the first two modes changed positions, while the 

other three remained unaltered. This change was not a mere mathematical artifice to 

obtain correct results, but instead a workaround to represent the tests, as the model has 

geometrical imperfections in the RC foundation ring beam and different stresses in the 

bolts that connect the model to the shaking table, meaning that contact (and thus 

stiffness) in this joint is not uniform. 

 With these changes to the numerical model, three different versions of modal 

updating were done considering the parameters to be updated and the parameters in the 

objective function, see Table 27. In the first version, the frequencies and mode shape of 

the five modes identified experimentally and numerically were considered in the 

objective function, and three parameters were updated, namely the Young’s modulus of 

the infill (       ) and the normal and shear stiffness of the interface between the infill 

and the RC frame (             and             , respectively). In the second version, the 

objective function was the same as in version 1, but the updated parameters were the 

normal stiffness in each of the main directions (             and               , 

respectively) and the shear stiffness in both directions (                 ). The adopted 

method is rather sensitive to the adopted initial values, as the objective function can 

have several minima, so in each of the versions the updating process was done with a 

25% higher and lower initial value, for each parameter individually. 

Both versions concluded the updating process with success within a similar time 

and number of iterations (about forty), and in both cases the final result was acceptable. 

In the first version, the average error between the experimental and numerical 

frequencies was 7.17%, while on the second version this error was 11.04%. This 
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relatively high value is due to torsional mode, which in version 1 had a 20.8% error and 

in the second had a 33.5% error. As for the mode shapes, compared using MAC (Ewins 

2000) values, they presented the same average value of 0.852, and again the torsion 

mode presented the lowest value of 0.72 and 0.73 in version 1 and 2, respectively. The 

updating versions with 25% higher and lower initial values did not present considerable 

changes to the results in Table 27. Only the frequencies seem to be affected by any 

parameter change, since the MAC values are almost the same in both versions, and the 

torsional mode presents the worst results in all of the modes, which is not unexpected as 

this mode was identified experimentally with less quality than the other modes. This 

lack of quality is due to the North facade not keeping a 90º angle with the other two 

facades, which is impossible due to the presence of the RC slab, as well as problems 

associated to the limitations of the used equipment and reading errors. 

 

Table 27: Model updating results. 

Version 
Number of modes 

considered 
Variables 

Starting 

value 

Final 

iteration 

Average 

Frequency 

Error (%) 

Average 

MAC 

1 5 

        (   )  2.40 4.70 

7.17 0.852              (
  

  
) 1.75E8 8.75E6 

            (
  

  
) 7.53E7 8.73E6 

2 5 

             (
  

  
) 1.00E4 2.25E4 

11.04 0.852                (
  

  
) 1.00E5 4.40E4 

                  (
  

  
) 1.00E8 5.29E8 

3 
4 (torsional mode 

excluded) 

        (   ) 2.40 4.49 

7.33 0.884              (
  

  
) 1.75E8 8.76E6 

             (
  

  
) 7.53E7 9.69E6 
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With the objective of improving the overall quality of the results, version 3 of the 

model updating was done without the torsion mode data in the objective function, and 

with the same parameters of version 1, but with the same results as the first two 

versions. The 7.33% average error between the experimental and the numeric was due 

to the last mode, the second order transversal, which presented a 20.4% error. The MAC 

value increased slightly to 0.884, which can be considered a good result. However this 

is not due to an improvement of any of the four modes taken into account in the modal 

updating, but because the lowest MAC was obtained with the removed torsion mode. 

The fact that the numerical model can present similar results with completely 

different parameters being updated, and even changing the objective function, is very 

undesirable and leads to the conclusion that the model is ill-conditioned. This high 

sensitivity to the updated parameters, resulting in the same outcome independently of 

the chosen set, does not provide confidence in the obtained results, which are too 

sensitive to the foundation stiffness (possibly also due to combining deformable 

foundation with a very stiff structure). For this reason (and assuming that the foundation 

would not have much influence in a pushover analysis), it was decided to adopt the 

initial model, using material parameters confidently obtained from experimental tests 

and without interface elements applied to the foundation of the model whose values 

could not be confirmed, see Figure 100. 

It is noted that the value of the elasticity modulus of masonry, which was obtained 

experimentally by Pereira (2013), was reduced by 50% in order to approximate the 

numerical frequencies values with the experimental ones, as also done by Lourenço 

(1996), where it is claimed that the stiffness of a wall is much lower than the stiffness of 

a small specimen done with the same materials, due to a scaling effect. The same is 

advocated in Vasconcelos (2005). 
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1st Longitudinal Mode 

(13.88 Hz) 

1st Transversal Mode 

(15.31 Hz) 

Torsional Mode 

(26.15 Hz) 

 

 

2nd Longitudinal Mode 

(36.68 Hz) 

2nd Transversal Mode 

(37.63 Hz) 

Figure 100: Numerical frequencies and mode shapes for the adopted numerical model. 

 

6.3 RESULTS WITH AND WITHOUT INFILL WALLS 

Next, the adopted non-linear material models are detailed and the results of the non-

linear static analyses performed are presented and compared with the experimental 

results. These analyses were performed on the numerical model above mentioned, as 

well as in a model without the infill walls, in order to discuss the influence that these 

elements have on the RC structure.  
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6.3.1 NON-LINEAR STATIC ANALYSIS MATERIAL MODELS 

In order to perform a non-linear numerical analysis, constitutive models for the 

materials have to be defined. For the present numerical model, four materials had to be 

considered, namely the concrete, steel rebar, masonry at the infill walls and interface 

between the infill wall and the RC frame. Even though a non-linear static analysis is not 

the most complex numerical analysis, and the herein described numerical model has 

only a moderate size (around 11 000 elements), the ideal material model should have a 

good compromise between robustness and required computational time. For this reason, 

a Total Strain Fixed Crack Model (TNO 2012) was used for concrete and a Total Strain 

Rotating Crack Model (TNO 2012) was used for the masonry infills. The Total Strain 

crack models are well suited for materials predominately governed by cracking and 

crushing, hence also ideal for the analysis of the Serviceability or Ultimate Limit States, 

since they describe the tensile and compressive behaviour of a material with one stress-

strain relationship. They are based on Vecchio and Collins (1986) and were extended 

three dimensionally by Selby and Vecchio (1993). In the fixed crack model, the cracks 

are fixed in a coordinate system, associated with the first crack and kept along the 

analysis, making it more appealing due to the physical nature of cracking, but requiring 

the presence of reinforcement. In the rotating crack model, the principal axes are not 

kept constant, with a rotation coaxially with the principal strains during crack 

propagation, making this model considerably different in the post-cracking phase, 

which is essential to capture the behaviour of masonry. 

It is also necessary to define the stress-strain relationships for the Total Strain Crack 

models. Even though two different models were adopted, Fixed and Rotating, for two 

different materials, concrete and masonry, the same type of stress-strain relationships 

were chosen: an exponential tension-softening for the tensile behaviour and a parabolic 

hardening and softening for the compressive behaviour see Figure 101 (a). 

A combined Cracking-Shearing-Crushing material model was used in the interface 

between the masonry infill wall and the RC beam elements, also referred to as the 

Composite Interface Model (Lourenço and Rots 1997; TNO 2012), which is based on 

multi-surface plasticity, comprising a Coulomb friction model combined with a tension 

cut-off and a compression cap, ideal to simulate fracture, frictional slip and crushing 



Chapter 6: RC buildings’ performance and masonry infills 

 

190 

along the interfaces, see Figure 101 (b). Finally, an isotropic ideal plasticity Von Mises 

(TNO 2012) yield condition was applied to the reinforcement steel, see Figure 101 (c).  

 

 

(a) 

 

(b) 

 

(c) 

Figure 101: Numerical material model adopted for: (a) exponential tension-softening and parabolic 

hardening for concrete and masonry infill walls (Vecchio and Collins 1986; Selby and Vecchio 1993; 

TNO 2012); (b) combined cracking-shearing-crushing for the interface elements (three-dimensional 

interface yield function) (Lourenço and Rots 1997; Zijl 2000; TNO 2012); (c) Von Mises yield condition 

for the reinforcement elements (TNO 2012). 
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The values for the non-linear parameters used in the material models can be found 

in Table 28, Table 29 and Table 30. These have been determined according to the 

experimental tests and the recommendations in Lourenço (2009). 

 

Table 28: Material properties of the masonry infill and concrete. 

 

Elasticity 

modulus            

  (GPa) 

Compressive 

strength 

   (MPa) 

Compressive 

fracture energy       

   (N/mm) 

Tensile   

strength 

   (MPa) 

Tensile     

fracture energy              

   (N/mm) 

Masonry 1.2 1.53 2.45 0.20 0.013 

Concrete 32.5 36.75 58.80 2.82 0.051 

 

 

Table 29: Material properties of the interface between the masonry infill walls and the RC frame. 

Friction criterion 
Compressive 

strength 

   (MPa) 

Compressive 

fracture 

energy         

   (N/mm) 

Tensile   

strength 

   (MPa) 

Mode I     

fracture 

energy              

  
  (N/mm) 

Mode II     

fracture 

energy              

  
   (N/mm) 

Cohesion 

   (MPa) 

Friction 

    (-) 

Dilatancy 

    (-) 

0.60 0.75 0.00 10.0 ∞ 1.0 0.012 0.030 

 

Table 30: Material properties of rebar. 

 Yield value (GPa) 

Rebar 500 

 

In order to correctly replicate the construction and loading sequence, since the RC 

structure was built first, followed by the construction of the infill walls and finalized by 

the application of the extra masses on the RC slabs and infill walls, the non-linear static 

analysis was performed in phases. Lacking to replicate this in the model provides out-
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of-plane bending of the walls induced by the deformation of the slabs and the rotation of 

the support RC beams, due to their self-weight. Even though this is small rotation, it 

becomes visible in the deformed mesh, as vertical deformation of the structure is 

insignificant given the stiffness of the walls, and it is also not correct. A phased analysis 

enables to replicate the construction sequence between each phase, and a separate 

analysis is performed, in which the results from the previous phases (stresses, 

deformations, etc.) are automatically used as initial values. From one phase to another it 

is possible to add or remove elements and constraints (TNO 2012). 

On the first phase, the self-weight of the RC structure was applied without the 

presence of the infill walls, and on the second phase the infill walls were added and 

loaded with their self-weight and additional masses. Only after this process was the 

structure loaded horizontally. 

The non-linear static analysis was performed following the prescriptions of the EC8 

(2004), applying what the standard considers to be a uniform lateral load pattern, in 

which the lateral loads are proportional to the mass regardless of elevation. This 

standard also requires the load pattern to be proportional to the mode shape of the first 

mode, which was not chosen due to its excessively conservative results in masonry 

structures (Lourenço et al. 2011). The uniform pattern was applied in each main 

direction, and only in one way (assuming that the structural response will not change 

significantly), and the control node, for which the capacity curve was computed, was at 

mid length of the border RC beam of the roof in each main direction. 

The Regular Newton-Raphson iterative convergence criterion method, based on 

energy and with 10
-3

 tolerance, is used. The Arc Length method (Bashir-Ahmed M. and 

Xiao-zu S. 2004; Lu M. et al. 2005), which is an indirect method displacement control 

that allows the capture of the response of the structure in the post-peak range in case of 

local snap-back or snap-through, was also used. Finally, the Line Search algorithm 

(TNO 2012) was used, which stabilizes the convergence process by scaling the 

incremental displacements in the iteration process. 
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6.3.2 COMPARISON WITH EXPERIMENTAL RESULTS 

A direct comparison between the non-linear static analyses performed in each main 

direction and the experimental results should be performed with care, and the 

specificities of the shaking table test should be taken into consideration. The 

comparison will be done under two perspectives here: quantitatively and qualitatively.  

Quantitatively, the capacity curve obtained numerically will be compared with the 

hysteretic loop of the test stages and in each main direction. The hysteretic loops relates 

the displacement, measured at the roof level and at mid length of the border RC beam, 

and the load factor, see Equation 76. In the experimental test, the horizontal forces were 

computed by multiplying the maximum recorded acceleration in each accelerometer to a 

percentage of mass associated to that accelerometer. This methodology does not take 

into consideration the remaining forces involved in the dynamic equilibrium, so these 

inertial forces were used as the most approximate guess admitting the simplified 

hypothesis that the damping forces are null when the value of the inertia is at its 

maximum. The numeric simulation is performed in a static regime. Hence, the damping 

and restitution forces are not computed or considered in the capacity curve, which can 

lead to results lower than the actual experimental results. 

 

            
∑(                                          )

                            
 Equation 76 

 

Qualitatively, the comparison is based on the principal strains, compressive and 

tensile, since these represent the position at which tensile cracking and masonry 

crushing appear, and the damage maps obtained from the experimental tests, in which 

the cracks are highlighted. These results are presented in two different points of the 

capacity curve: maximum force and maximum displacement. 

Figure 102 presents the hysteretic loops for the testing stages, and in each main 

direction, as well as the capacity curve generated by the numerical model, also for each 

direction. In the longitudinal direction, the numerical model exhibits a more rigid 

behaviour. It presents considerably lower top displacement for the same experimental 
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load factor of the first two experimental tests, when compared to the experimental, as 

well as lower peak value. In the third test stage (2475 YRP), the experimental model 

recorded a maximum top displacement of 7 mm and a maximum load factor of 0.45, 

while the numerical model presented a 2 mm and a maximum load factor of 0.31. The 

experimental model withstood another test stage, with 20 mm and 0.7 maximum 

displacement and load factor, respectively. The numerical model could not replicate this 

force capacity and ductility, showing heavy and brittle damage for much smaller values. 

This could have to do with the behaviour of the interfaces not being correctly 

reproduced, as discussed below. 

In the transversal direction, the numerical model presented more similar 

displacements for the same load experimental maximum load factor of the first two test 

stages, but showed a considerably higher stiffness than the results for test stage 3. A 

higher force capacity was exhibited in the numerical model, when compared to the 

experimental results in stage 4, 0.51 and 0.43, respectively, while a similar ductility was 

exhibited by both, 10 mm and 9.2 mm, respectively. 

 

                 Longitudinal direction                  Transversal direction 

  

Figure 102: Comparison between the experimental hysteretic behaviour for each stage and the numerical 

capacity curve for each direction of model 2. 

 

It seems clear that the numerical model presents a good correlation with the 

experimental tests in the transversal direction, but not with the longitudinal one. This 
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can be associated to a modelling strategy that is not taking advantage of the presence of 

the two bay frames of the longitudinal direction and the extra force capacity and 

ductility added by their presence and explicit in the experimental results. Also, the infill 

walls of the ground floor seem to present localized damage at the corner of the openings 

at a very early stage and in a direction that the bed joint reinforcement would prevent. 

Since the modelling of the bed joint reinforcement was done as grid and with equivalent 

rebar areas, this type of local behaviour can be worse represented. After this point, the 

numerical model is not able to sustain more loads and seems to present a brittle 

collapse, again unlike the experimental model. 

The experimental model has damage accumulation, while the numeric one does not. 

This does not mean that, if there was not damage accumulation and a single model 

would have been used for each test stage, the experimental load factor and 

displacements values would increase. The fact that the model is damaged at the 

beginning of the stage also means that the structure has more mechanisms to dissipate 

energy to start with. Hence the direct assumption that there would be a linear increment 

of the values is not valid. It should also be taken into consideration that in the non-linear 

static analyses, the capacity of each direction of the model is explored individually, 

unlike the experimental model. This can lead to an overestimation of the capacity by the 

numerical model, due to separation of the infills from the frame and due to loss in 

stiffness due to cracking in symmetric locations. 

As for the qualitative analyses, in the transversal direction, see Figure 103, the 

damage is concentrated at the ground floor for the instants of maximum force and 

maximum displacement, which correlates well with the experimental results. In the 

numerical model, the tensile cracks that start at the corner of the openings are orientated 

diagonally, but in the experimental model these were perfectly horizontal, separating the 

jamb from the lower part of the infill wall. Some jambs present higher compressive 

strains at the corners, compatible with toe crushing mechanisms and suggesting that the 

jamb is detaching from the lower part of the infill, which correlates with the 

experimental results. The ground infill walls oriented transversally present some out-of-

plane strains at the base due to rotation of the infills and RC frame. These are found in 

the integration points closer to the exterior face of the shell elements.  
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There are no substantial differences from the maximum capacity point and the 

maximum displacement, apart from the increment of the values, in the infill walls. 

However, the RC frame presents clear hinges at the columns, and in the intermediate 

column at mid-height, due to the existing lower masonry panel (short column effect). 

This was the observed collapse mechanism in the experimental model. 
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Figure 103: Principal strains at the point of maximum force and maximum displacements in the 

transversal direction. 

 

In the transversal direction, see Figure 104, the damage is also concentrated in the 

North facade, and at the point of maximum displacement the ground infill wall 
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collapses. This behaviour replicates the experimental results, where the ground infill 

wall of the North facade detached completely from the surrounding frame and did not 

collapse out-of-plane due to the presence of bed joint reinforcement connected to frame. 

At the point of maximum force, the tensile strains indicate the presence of cracks at the 

spandrel above the door, which collapsed during the last stage of the experimental test, 

and horizontally at the jamb between the openings of the first floor infill wall, as in the 

experimental model. The compressive strains indicate a formed diagonal strut at the 

ground floor infill, with toe crushing at one corner of the door and one corner of the 

window. At the maximum displacement point, the numerical model captured the 

collapse of the infill wall, and presented an increment of the strain values without much 

change in its distribution. 

The RC structure in the maximum displacement point captured the same collapse 

mode registered in the experimental results, with clear hinges at top of the RC columns 

of the ground floor. These hinges are more prominent in the deformed shape due to the 

torsional effects generated with the loss of stiffness due to the collapse of the infill wall. 
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Figure 104: Principal strains at the point of maximum force and maximum displacements in the 

longitudinal direction. 

 

6.3.3 COMPARISON WITH THE EUROCODE 8 (N2 METHOD) 

In order to provide a discussion of the influence of the infill walls on the RC 

structure, the infill walls were removed from the analysis (while keeping their weight), 

and the modal and non-linear static analysis were performed again, see Figure 105 and 

Figure 106, respectively. 
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Torsional Mode                                                          

(4.91 Hz) 

2nd Longitudinal Mode                                               

(8.22 Hz) 

 

2nd Longitudinal Mode                                                                                                                                               

(8.31 Hz) 

Figure 105: Numerical mode shapes and frequencies without the infill walls. 

 

The order of the mode shapes did not change, when compared to the model with the 

infill walls, but all the frequencies decreased considerably (79% on average for all 

modes). This amount of stiffness loss is also very clear in the capacity curves, which 

exhibit a maximum load factor of 0.25 and 0.19 in the longitudinal and transversal 

directions, respectively, against 0.31 and 0.51, respectively. 
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                    Longitudinal direction                   Transversal direction 

  

Figure 106: Capacity curves of the numerical models with and without infill walls. 

 

At peak, and in both directions, the RC structure exhibits a collapse mode with 

some similarity to the model with infill walls, see Figure 107, with hinges formed at the 

extremities of the RC columns of the ground floor. In the model with infill walls, these 

hinges were concentrated at the top of the RC columns of the ground floor, and in some 

columns at mid-height, due to the openings of the infill wall. 

Figure 108 presents the inter-storey drifts for the two numerical models, and in the 

case of the model with infills for the maximum capacity point and maximum 

displacement, in which the results confirm the above mentioned much lower stiffness in 

the model without infill walls. The EC8 (2004) imposes a maximum inter-storey drift of 

0.5% for RC framed structures with masonry infills associated to a brittle collapse, and 

except for the point of maximum displacement in the transversal direction, the model 

with infill walls complies with the imposed criterion. As for the model without infill 

walls, the criterion is not fulfilled in any direction. 
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Figure 107: Deformed shape at the point of maximum displacement. 

 

                 Longitudinal direction                  Transversal direction 

  

Figure 108: Inter-storey drifts of the model with and without infill walls. 

 

The N2 method (Fajfar and Gaspersic 1998) is prescribed by the EC8 (2004) to 

compute the seismic performance of structures when using a non-linear static analysis 

and it was applied to the models, with and without infill walls. The method is based on 

the transformation of the structure in an equivalent single degree of freedom system. 

Next, the response in terms of displacement for a given seismic spectrum is computed, 

and then converted again to the initial multiple degree of freedom structure. The final 

displacement obtained corresponds to a given point in the capacity curve, and 

subsequently a deformed shape of the structure and its elements, which has to be 

compared with the limits imposed by the standard. Part 3 of the EC8 (2005) presents 

acceptable limits for the structural members, depending on the years of return period of 

the seismic spectrum used as demand. 
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Figure 109 and Table 31 present the results obtained using the N2 method (Fajfar 

and Gaspersic 1998; Eurocode 8 2004) for two numerical models. The values are the 

same for both directions. Analysing the results of the model with infill walls, the 

method indicates that for the lowest stage, the structure would present a top 

displacement which corresponds to post peak behaviour, and in the case of stage 2, 

which corresponds to the design earthquake, the top displacement is nearly the 

maximum displacement of the capacity curve. Therefore, for the lowest seismic action, 

all the infill walls would be heavily damaged, and for the design seismic action the 

model would be at a near collapse state, which is unrealistic and does not correlate with 

the experimental results. For stages 3 and 4 the method proposes displacement values 

beyond the available capacity curve, in any of the directions. The results for the models 

without infill walls are also unrealistic, with none of the obtained target displacements 

within the computed capacity curve. 

 

 

Figure 109: Computation of the target displacement using the N2 method (Fajfar and Gaspersic 1998) in 

the numerical models with and without infill walls. 
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Table 31: Target displacement using the N2 method (Fajfar and Gaspersic 1998) prescribed by the EC8 

(2004) for the model with and without infill walls. 

Stage 
Target displacement with 

infill walls (mm) 
Target displacement 

without infill walls (mm) 

1 – 225 YRP 5.96 36.55 

2 - 475 YRP 9.54 60.13 

3 – 2475 YRP 29.82 179.21 

4 - 4574 YRP 44.14 270.00 

 

6.4 CHAPTER CONCLUSIONS 

A numerical simulation, based on shells and bar elements, was constructed with the 

objective of replicating the experimental results obtained for model 2 (with infill walls 

reinforced with bed joint reinforcement), through non-linear static analysis. The model 

was then submitted to an update process with the objective of calibrating the material 

parameters and obtaining the same dynamic properties (mode shapes and frequencies) 

of the experimental model, making use of a model updating algorithm numerically 

implemented in MATLAB (2006) and DIANA (TNO 2012). It was concluded that the 

undesirable interaction between the experimental model and shaking table, mentioned in 

chapters 4 and 5, imposes the consideration of the structure-foundation interaction. 

Therefore, interface elements were applied to the base of the model, in order to simulate 

the different stiffness that the contact between the model and the shaking table provides. 

Still, the obtained results proved to be unreliable, and the numerical simulation was 

assumed as ill conditioned. The subsequent analyses were performed considering only 

the material values obtained from the material characterization, without any update, 

since with these the modal analysis still produced acceptable results when compared 

with the experimental results. 

As for the results of the non-linear static analysis, it was concluded that these 

presented very good results from a qualitatively point a view when compared with the 

experimental ones, replicating most of the damage in the infill walls and capturing the 

collapse mode developed by the RC structure. From a quantitative point of view, the 

numerical model had acceptable results in the transversal direction, while on the 

longitudinal direction presented a lower load capacity and ductility. In both directions, 

the model exhibited a stiffer initial behaviour. 
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The non-linear static analysis was repeated, without the masonry infill walls, with 

the objective of analysing the influence of the infill walls in the global behaviour of the 

RC structure. It was concluded that a much lower stiffness is found, leading to much 

lower load capacity and higher inter-storey drifts. Still, the mode shapes remained not 

much altered and the RC structure exhibited a similar collapse mode as the model with 

infill walls, therefore also similar to the experimental model, even if the ductility 

increases significantly. 

Finally, the N2 method (Fajfar and Gaspersic 1998), prescribed by the EC8 (2004), 

was applied in order to obtain the deformation of the structure, through its capacity 

curve, associated to the seismic input of each of the test stages. It was concluded that the 

method presents excessively conservative results, considering that the design 

earthquake would lead to the collapse of the structure, which does not correlate with the 

experimental results. This is rather unexpected since the RC structure was designed 

according to the EC8 (2004). Moreover, not even the 475 YRP earthquake, 

corresponding to the design situation, provided acceptable results. 
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7.1 CONCLUSIONS 

The objective of this thesis was to understand the seismic behaviour of infill walls 

when designed following the prescriptions of EC8 (2004), therefore reinforced with bed 

joint and plaster reinforcement, and compare them to the seismic behaviour of the infill 

walls considered as a standard in the last three decades in Portugal, an unreinforced 

double leaves infill. Although the thesis is focused on the behaviour of the infill walls, 

given that the RC structures were also designed using either the previous (R.E.B.A.P. 

1983; R.S.A. 1983) or actual generation of standards (Eurocode 2 2002; Eurocode 8 

2004), their seismic behaviour was also evaluated and compared. It should be 

highlighted that this structural system and infill solution can be found in all 

Mediterranean countries, while similar solutions are also used in many other countries. 

The thesis was divided in three parts: (a) experimental research; (b) numerical 

research; (c) comparison of experimental and design results, as well as two novel design 

contributions. The experimental research consisted of shaking table tests of three RC 

structures, one designed using the previous Portuguese standards (R.E.B.A.P. 1983; 

R.S.A. 1983) and the other two designed using the EC8 (2004), each with one of the 

above mentioned infill solutions. During the shaking table tests, which were performed 

in stages of increasing amplitude of acceleration, the damage in the RC structure and 

infill walls was monitored through the variation of the natural frequencies and observed 

crack patterns. The variation of the natural frequencies was obtained by performing 

dynamic identifications between the test stages. The maximum accelerations in the RC 

structure and infill walls was also recorded, allowing further demand comparison with 

design standards and numerical simulations. In the part of numerical simulation of the 

thesis, a FEM based model was created based on the geometry and material 

characterization of the experimental specimens, followed by the application of a modal 

updating algorithm based on the experimental dynamic properties in order to obtain 

calibrated experimental properties. A nonlinear static analysis was then performed, and 

the results were quantitatively and qualitatively compared with the experimental results. 

The N2 method (Fajfar and Gaspersic 1998), prescribed by the EC8 (2004), was also 

applied in order to understand its capacity to predict the observed experimental results. 

In the assessment of results obtained from the experimental tests and design standards, 

the demand of the infill walls, computed using the analytical solutions from FEMA, 
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EC8 and NZS (FEMA 302 1997; FEMA 306 1998; FEMA 356 2000; Eurocode 8 2004; 

NZS 1170.5 2004) were compared with the experimental results obtained from the 

accelerometers placed in the infill walls along the test. Similar comparison was done for 

the capacity of the infill walls, which was computed using the analytical solutions from 

FEMA, EC6 and the proposals of different authors in the literature (Dawe and Seah 

1989; Angel and Abrams 1994; Klingner, Rubiano et al. 1996; FEMA 273 1997; FEMA 

306 1998; Eurocode 6 2006; Pereira 2013). The maximum experimental measured force 

at the infills during the last stage of the tests was obtained using the accelerometers. The 

main conclusions of the thesis, divided in these three different perspectives, are 

hereafter described. 

 

7.1.1 EXPERIMENTAL RESEARCH 

Model 1, which is the RC structure designed using previous generation of 

Portuguese standards (R.E.B.A.P. 1983; R.S.A. 1983) and with unreinforced double leaf 

infill walls, developed a soft-storey collapse mechanism during the fourth stage, which 

is highly undesirable, with a low energy dissipation capacity and brittle collapse (Baker 

and Heyman 1969). The collapse mechanism developed was mostly likely due to the 

influence of the infill walls and not the detailing of the RC structure imposed by the 

design standard (R.E.B.A.P. 1983). The double leaf unreinforced infill walls 

underperformed during the last stage of the earthquake (4574 YRP), collapsing out-of-

plane by rotating as a rigid body around the base line of the model. The interior and 

exterior leaves presented a similar seismic behaviour. 

Model 2, which is the RC structure designed using EC8 (2004) and with bed joint 

reinforced infill walls, did not collapse during the last stage (4574 YRP) but presented 

severe, and most likely irreparable, damage, while the RC structure developed also a 

soft-storey mechanism. The seismic standards used in the design of model 2 (Eurocode 

2 2002; Eurocode 8 2004) clearly details the structure in order for the development of a 

beam-sway mechanism (Baker and Heyman 1969) by forcing the hinges to appear at the 

beams and not the columns. Taking into account the mid-height cracks found in all the 

RC columns after stage 4, which also occurred in model 1, it is possible to assume that 

the infill walls and their openings influenced negatively the seismic behaviour of the RC 



Chapter 7: Conclusions and future work 

 

210 

structure. The single leaf infill walls with bed joint reinforcement connected to the RC 

frame had a good seismic performance, with no visible damage for the seismic standard 

accelerations during stage 2 (475 YRP). After the last stage (4574 YRP) none of the 

infill walls collapsed out-of-plane, even though the ones with openings at the ground 

floor presented damage beyond repair, and were close to collapse. It was clear that the 

bed joint reinforcement prevented the out-of-plane collapse due to the connection of the 

walls to the RC frame, otherwise the infill walls would collapse as a rigid body. 

Model 3, which is the RC structure designed using EC8 (2004) and with plaster 

reinforced infill walls, presented after stage 3 (2475 YRP) light damage. After being 

tested again using the first three stages, with considerable loss of stiffness, the model 

still presented visual light damage. After the reinforced rendering removal, the RC 

columns did not present hinges at the extremities neither cracks at mid-height, hence no 

undesirable collapse mechanism was developed. Given that model 3 was designed 

following the EC2 (2002) and EC8 (2004), it is safe to say that the infill walls did not 

influence undesirably the seismic behaviour of the RC structure. The infill walls 

presented light damage after all the stages, even though the dynamic data presented a 

clear stiffness loss. This was due to detachment of the infill wall from the reinforced 

rendering, allowing the wall to move and not due to the behaviour of the RC structure, 

fact confirmed after the rendering removal as the infill walls presented barely any 

cracks but were detached from the RC structure. Although the reinforced rendering 

concealed the damage from the infill wall, it also prevented the out-of-plane collapse 

because it was applied on both sides of the infill wall and nailed to the RC frame and 

infill wall. 

As for the comparison between the tested model buildings, the reinforcement 

solutions of the infill walls influence the results but a better performance of one solution 

with respect to the others does not exist. The detailing of the RC structure using EC2 

(2002) led to a higher ductility in models 2 and 3 when compared to the detailing of 

model 1 using R.E.B.A.P. (1983), and the use of reinforcement in the infill walls 

attached to the RC frame prevented the out-of-plane collapse, and possibly the brittle 

collapse of the RC structure as well. Still, when considering global damage, the use of 

reinforcement did not lead to less damage along the tests when compared to the 

unreinforced solution. 
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7.1.2 NUMERICAL RESEARCH 

A numerical simulation, based on shell and bar elements, was made with the 

objective of replicating the experimental results obtained for model 2 (RC structure 

designed using EC and with bed joint reinforced infill walls), through non-linear static 

analysis. The model was then submitted to an update process with the objective of 

calibrating the material parameters and obtaining the same dynamic properties (mode 

shapes and frequencies) of the experimental model, making use of a model updating 

algorithm numerically implemented in MATLAB (2006) and DIANA (TNO 2000). It 

was concluded that the undesirable interaction between the experimental model and 

shaking table, imposes the consideration of the structure-foundation interaction and the 

numerical simulation was considered ill conditioned, with multiple rather distinct 

solutions. Therefore, the subsequent analyses were performed considering only the 

material values obtained from the material characterization, as the modal analysis still 

produced acceptable results when compared with the experimental results. 

As for the results of the non-linear static analysis, it was concluded that these 

presented very good results from a qualitatively point a view when compared with the 

experimental ones, replicating most of the damage in the infill walls and capturing the 

collapse mode developed by the RC structure. From a quantitative point of view, the 

numerical model had acceptable results in the transversal direction, while on the 

longitudinal direction it presented a lower load capacity and ductility. In both directions, 

the model exhibited a stiffer initial behaviour. The non-linear static analysis was 

repeated, without the masonry infill walls, with the objective of analysing the influence 

of the infill walls in the global behaviour of the RC structure. A much lower stiffness is 

found, as expected, leading to much lower load capacity and higher inter-storey drifts. 

Still, the mode shapes remained not much altered and the RC structure exhibited a 

similar collapse mode as the model with infill walls, therefore also similar to the 

experimental model, even if the ductility increases significantly. 

The N2 method (Fajfar and Gaspersic 1998), prescribed by the EC8 (2004), was 

applied in order to obtain the deformation of the structure, through its capacity curve, 

associated to the seismic input of each of the test stages. It was concluded that the 

method presents excessively conservative results, considering that the design 

earthquake would lead to the collapse of the structure, which does not correlate with the 
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experimental results. This is rather unexpected since the RC structure was designed 

according to the EC8 (2004). Moreover, not even the 475 YRP earthquake, 

corresponding to the design situation, provided acceptable results with this method. 

 

7.1.3 EXPERIMENTAL RESULTS, STANDARD RESULTS, DESIGN PROPOSAL 

It has been concluded that the formulation proposed by the EC8 (Eurocode 8 2004) 

presents acceptable results for most of the infill walls in the present work, as far as the 

out-of-plane load (or demand) is concerned. As for the capacity, the EC6 (2006) and 

FEMA 306 (1998), which prescribe the analytical solution from Angel (1994), provide 

acceptable results. As for the influence of the openings, it has been concluded that if the 

vertical arch effect is not eliminated, the capacity is not reduced. 

Two design proposals associated to the design of the infill walls are presented. The 

first computes the natural frequency of the infill walls, a parameter needed in the 

computation of the out-of-plane design load when using the EC8 (2004), since the 

standard does not provide any formulation. The proposal is based on the dynamics of 

plates from Bares (1971) and Szilard (1974), and it provided a good correlation with the 

experimental data. The second design proposal is a reduction factor for the out-of-plane 

capacity of infill walls when the openings prevent the vertical arch effect, based on a 

similar prescription from the New Zealand standard (NZS 1170.5 2004) for the 

reduction of the in-plane capacity of infill walls with openings. The proposal presented 

also a good correlation with the experimental results. 

 

7.2 FUTURE WORK 

The conclusive remarks of this thesis may not be enough to consider this subject 

closed. Therefore, the following set of future work is proposed: 

 Further experimental tests in order to obtain all the possible collapse 

mechanisms of the infill solutions tested in this thesis. In order to do so, and 

not have the influence of the full response of the building, the test should be 
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performed using only a frame and infill wall, applying in-plane 

displacements and out-of-plane accelerations; 

 Further experimental tests in infill walls with bed joint reinforcement, 

increasing the percentage of reinforcement in order to obtain less damage 

during seismic actions (SLS) and not only a collapse prevention effect 

(ULS); 

 Further experimental tests in infill walls with plaster reinforcement, using 

only nails to attach the reinforcement to the infill wall, in order to 

understand their capacity in preventing separation between plaster and wall; 

 Application of the numerical simulation and model updating techniques 

used in model 2 (RC structure designed using EC8 (2004) and with bed joint 

reinforced infill walls) to models 1 and 3, and perform the same comparison 

with the experimental results; 

 Application of up-scaling numerical techniques to the calibrated numerical 

model in order to obtain the seismic response of the tested solutions at full 

scale; 

 Parametric geometrical study, using the calibrated numerical model, in order 

to understand if the obtained conclusions are valid for other height/length 

and thickness/height ratios of infill walls; 

 Application of the design proposals to further study cases, varying geometry 

and material characteristics, in order to fully assess its accuracy; 
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Figure 110: Target-Acquired response spectra comparison (longitudinal direction). 
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Figure 111: Target-Acquired response spectra comparison (transversal direction). 

 




