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Abstract 
The research presented in this thesis addresses the influence of non-structural masonry infill on 

the resistance of multi-storey buildings to progressive collapse under sudden column loss 

scenarios. In particular, the mechanical response of infilled frames in peripheral bays is 

investigated within the scope of a design-oriented robustness assessment framework. 

A ductility-centred progressive collapse assessment methodology recently developed at Imperial 

College is employed as a rational procedure to quantify structural robustness for sudden column 

loss. This allows due consideration of structural redundancy, ductility, strength, dynamic effects 

and energy absorption capabilities in a unified manner. In this way, robustness quantification is 

shifted from typical code recommendations into a sound performance-based mechanical 

assessment. The realistic contribution of masonry panels towards collapse arrest is examined 

considering the results from full-scale laboratory tests and accurate numerical simulations. Novel 

real-scale tests were performed on different two-bay frames with brick-masonry infill subjected to 

incremental pushdown deformation, capturing the dominant deformation mode actually found 

following removal of an edge column. In these physical tests, it was observed that the failure 

mechanisms and damage patterns displayed by the infilled frames under pushdown deformation 

are similar to those activated by lateral pushover loading. Chiefly, clear evidence of diagonal 

cracking and shear sliding, eventually culminating in crushing of the compressed corners were 

recorded during the tests. Different infill configurations were tested, including central openings 

and initial gaps between masonry and frame elements. Overall, a global stable response was 

observed even at the expense of severe damage in the masonry panels. Importantly, a monotonic 

supply of energy absorption was noticed with increasing vertical deformation, which translates 

into considerable robustness reserve associated with the confined infill walls. Secondly, advanced 

mesoscale finite element simulations were employed in order to capture the complex frame-infill 

interaction in the early stages of pushdown response, where it has been observed in a realistic case 

study that progressive collapse is effectively arrested at small dynamic deformations, with 

minimal damage to the masonry panels and surrounding structural elements. Finally, application 

of the robustness assessment framework allowed a critical comparison between the collapse 

resistance arising from secondary mechanisms typically considered in this context (such as floor 

membrane and beam catenary effects) and that related to the presence of masonry infill. While 

the former are quite effective at relatively large deformations, the latter is shown to add 

substantial contribution at small displacements.  

The conclusions in this thesis are particularly relevant within the context of retrofitting operations 

for robustness enhancement of existing structures, as a result of the growing demand for 

upgraded resilience of urban infrastructure. On the other hand, due account for masonry infill 

subject to proper quality control during the construction process is recommended for rational 

robustness design of new buildings. 

 

Keywords: Robustness Assessment, Progressive Collapse, Masonry Infill, Real-scale Testing, 

Mesoscale Masonry Models. 
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1 CHAPTER 1 
INTRODUCTION 

 

1.1 Background and Motivation 

Unreinforced masonry (URM) walls have been traditionally employed as interior 

partitions and exterior cladding in low-to-medium rise steel and concrete buildings 

forming infill-frame systems. Although less frequent, significant  high-rise examples also 

exist (Su et al., 2005). The research presented in this thesis addresses the influence of 

URM infill in the progressive collapse resistance of multi-storey framed buildings. In 

particular, the mechanical response of infilled frames in peripheral bays of steel-concrete 

buildings is investigated through a combination of real-scale experimental tests and 

advanced finite element (FE) simulations within a design-oriented robustness 

assessment framework.  

1.1.1 Lessons from Earthquake Response 

According to current practice in structural design, infill panels are simply assumed as 

non-structural components, meaning that their contribution is often not explicitly taken 

into account when performing integrity evaluations of the primary structure (i.e. the 

integrated assemblage of steel, concrete or composite beams, columns, floor systems and 

core/bracing elements). However, because of their inherent in-plane stiffness and 

strength, infill walls may substantially influence the mechanical characteristics of framed 

structures (Negro and Colombo, 1997). This has been underlined in a recent study by 

comparing the measured in situ vibration frequencies of frames with infill against those 

for the corresponding bare structures (Su et al., 2005).  

A proper consideration of the structure-infill interaction is often critical for a realistic 

evaluation of the global performance of buildings with infill frames subjected to extreme 

loading. In this respect, inspections of damage patterns after past earthquakes have 

clearly revealed that the influence of URM panels may be in some cases beneficial while 

in others detrimental (Mosalam and Günay, 2014). Depending on many factors ranging 

from the relative frame-infill mechanical properties to the geometrical layout and infill 

distribution, masonry panels may either enhance building resistance or, conversely, 

trigger unexpected brittle failure. As a matter of reference, typical failure modes of 

different framed URM infill buildings induced by earthquake loading are shown in Fig. 
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1.1. Fig. 1.1a displays the failure of a six-storey building with an irregular arrangement of 

masonry panels caused by the 2008 earthquake in Wenchuan (China). The lack of infill 

panels in the ground-floor bays led to a soft-storey mechanism with limited damage at 

the upper floors. Another similar case caused by the 2009 earthquake in L’Aquila (Italy) 

has been reported in Uva et al. (2012a) and shown in Fig. 1.1b, where it can be seen that  

a soft-storey mechanism at the ground-floor developed with the upper floors only 

marginally damaged. The interpretation of this performance is twofold. On one hand it 

can be argued that the presence of URM infill enhanced the response of the part of the 

frames directly in contact with the masonry panels, pointing to the presence of URM 

infill as a beneficial factor. On the other hand, building failure can be regarded as the 

result of a non-uniform distribution of masonry infill which cannot be predicted in the 

design stage if these panels are not properly accounted for.  

 

 

 

(a) 

 

(b) (c) 

Fig. 1.1 Failure of infill structures under seismic action: (a) 2008 Wenchuan (Mosalam and 
Günay, 2014); (b) 2008 L’Aquila (Uva et al., 2012a); (c) 1999 Kocaeli (Sezen et al., 2000) 

 

An additional example is illustrated in Fig. 1.1c showing severe damage in a column of a 

reinforced concrete framed building caused by the 1999 Kocaeli earthquake (Turkey). 

This local failure can be attributed to the frame-infill interaction, as the presence of a stiff 

masonry panel induced excessive forces near a beam-column joint. 

In general, because of the uncertainty of the building response due to the presence of 

URM infill, no consensus exists on how to allow for the contribution of these non-

structural components.  Mosalam and Günay (2014) pointed out that there are basically 
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two conflicting opinions about the consideration of URM infill. According to the survey 

in Mosalam and Günay (2014) some researchers recognise that the detrimental effects 

largely outrank any possible performance improvement, and recommend decoupling the 

infill panels from the frame system by means of gaps or using weak materials at the 

frame-infill interface, thus allowing the primary load-bearing elements to deform as in a 

bare frame. This view has been considered in Preti et al. (2014), where specially 

engineered panels have been proposed for alleviating the detrimental effects of the 

frame-infill interaction. Conversely, the opposite opinion believes that the masonry 

panels integrated within the main structure facilitate an efficient performance 

enhancement, which merit due consideration in the design process. Recent research 

followed this opinion, as in Günay et al. (2009) where  infill panels were employed to 

enhance the seismic performance of non-ductile RC frames. Similarly, several studies 

were devoted to the development of effective strengthening solutions for URM infill 

aimed at improving the in-plane and out-of-plane strength and ductility under 

earthquake and blast actions (El-Dakhakhni et al., 2006; Hamed and Rabinovitch, 2007; 

Hamed and Rabinovitch, 2008). 

The remarks above highlight the importance of a proper consideration of the frame-infill 

interaction for a realistic assessment of infill framed structures subjected to extreme 

loading. In fact, the assumption that infill panels can be treated as non-structural 

components and disregarded in the response prediction is difficult to be justified based 

on a priori considerations.   

1.1.2 Observations from Severe Localized Damage 

As opposed to global seismic response, where some uncertainty remains with regards to 

the potential gains arising from the frame-infill interaction, the contribution of masonry 

infill under severe localized damage is typically seen as beneficial, as pointed out by a 

recent survey of research on building robustness (Arup, 2011), and also mentioned in 

Cormie et al. (2009) and Smith et al. (2010) for the specific case of  resistance to blast 

loading.  On a qualitative basis, the sketch in Fig.1.2 illustrates that upon severe damage 

or removal of some primary structural elements, masonry panels enable the activation of 

alternative paths for gravity loads. More precisely, after removal of a set of primary 

members (dashed lines in Fig.1.2 ), the basic flexural mechanism turns into a modified 

resisting mechanism, where the masonry panels and frame elements act de facto as a 

composite system.  

In reality, there is plenty of evidence highlighting that substantial strength reserve under 

extreme hazards can be achieved due to frame-infill interaction. To cite a couple of 

illustrative cases, the damage patterns of two infilled structures after severe localised 

action are shown in Fig.1.3 and Fig.1.4. In the first case reported by Tiago and Júlio 
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(2010), a multi-storey building was subjected to a sudden land slide impact removing a 

portion of the load bearing elements in the lower floors. Nevertheless, global stability was 

maintained through a cantilever mechanism activated by the presence of exterior infill 

panels. At the end, retrofitting operations (Fig.1.3b) were devised explicitly accounting 

for the influence of masonry infill during the extreme event. 

 

 

Fig. 1.2  Illustration of alternative load path after removal of primary elements due to infill panels 
(Arup, 2011) 

 

 

(a) 

 

(b) 

Fig. 1.3 Infilled structure subjected to land slid impact: (a) initial damage; (b) retrofitting 
operations (Tiago and Júlio, 2010) 

 

On a different case, El Mezaini (2005) analysed the reinforced concrete infilled building 

pictured in Fig.1.4 which was subjected to direct rocket impact during the recent Gaza 

Strip conflict. Despite the severity of the initial damage with three columns completely 

destroyed, no total or disproportionate collapse was observed. Once again, after the 

removal of a set of columns due to rocket hit, the remaining frame and floors interacted 

with the URM panels enabling a safe alternative path for gravity loads. As a side note, in 
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both cases referred before, the authors discussed the results of structural analyses carried 

out explicitly accounting for the contribution of masonry infill panels, confirming the 

critical role played by these non-structural components in preventing building collapse. 

 

 
(a) 

 
(b) 

 
Fig. 1.4 Infilled structure after rocket attack: (a) detail of columns failure; (b) global survey of 

damage (El Mezaini, 2005) 
 

  

(a) (b) 

Fig. 1.5 (a) View of infilled building – tested structure corresponds to the central block where 
external stair cases are visible; (b) interior of the building showing perforated URM panel (Sasani, 

2008) 

 

In spite of the significance of the previous examples, when dealing with real events the 

actual influence of URM infill in collapse mitigation is only inferred from post-event 

analysis and damage survey. Bearing this in mind, Sasani and Sagiroglu (2008) 

conducted a real scale experiment on the six-storey infilled structure shown in Fig.1.5. 

The building - a decommissioned hotel - was subjected to instantaneous removal of two 

ground floor columns in order to cause a severe localised initial hazard. The advantage of 

this case rests in the fact that instruments were previously placed to capture the 

evolution of deformation at specific target locations, providing increased confidence on 

the subsequent numerical results. In this way, Sasani (2008) concluded that a three-

dimensional Vierendeel action due to the interaction between the transverse and 

longitudinal frames with the participation of infill walls constituted the dominant 
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mechanism for the redistribution of the loads in the structure. In the end, regardless of 

two columns being removed, global collapse was avoided at the cost of a maximum 

6.4mm deformation. 

1.1.3 Problem Statement and Objectives 

It is clear from the few examples cited before that infill framed structures display 

substantial reserve of strength when subjected to aggravated local damage, enabling load 

redistribution as well as the confinement of damage to the initially affected area. This is 

extremely significant as current trends in structural design are increasingly concerned on 

the detailing of components to enhance buildings response under accidental scenarios, 

with particular emphasis on the influence of localised hazardous events on the global 

behaviour (Arup, 2011). This is reflected in current design codes such as EN 1991-1-7  

(CEN, 2006) which impose special robustness requirements on new structures, leading 

to increased costs due to upgraded detailing. Similarly, concern exists on the retrofitting 

of existing structures to withstand abnormal damage, where the application of external 

reinforcing cables (Adaros and Smilowitz, 2015) represents an example of the available 

upgrading technologies. For this reason, exploring the possible contribution from URM 

panels, which are often naturally found in framed buildings, constitutes a rational and 

convenient way to secure the desired degree of robustness in both new and existing 

structures. In short, the main argument advocated hereinafter focuses on such 

performance enhancement in the context of building robustness assessment, 

emphasising the possible implications for economic design and retrofitting 

recommendations which derive from explicitly and accurately modelling URM infill 

panels as integrated structural components. Nonetheless, the extent to which URM 

panels are actually responsible for this performance enhancement is not easily 

demonstrated from a quantitative stand point. Furthermore, under such extreme 

scenarios, it is widely acknowledged that other mechanisms play a fundamental role in 

the collapse arrest, including three-dimensional load redistribution, floor membrane 

effects, beam arching and catenary action (Arup, 2011; Li and Qian, 2014). For this 

reason, the research work presented in this thesis aims to deliver a rational framework 

capable of explicitly quantifying the collapse arrest contribution associated to URM infill.  

Given the introductory overview of the topic under consideration, the objectives 

addressed in this thesis are clearly listed: 

 Evaluate the suitability of the progressive collapse assessment framework 

developed at Imperial College (Izzuddin et al., 2008) to accommodate the 

influence of URM infill in robustness assessment. In this way, the influence of 

masonry infill towards progressive collapse resistance is unambiguously 
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identified and filtered from the contribution arising from other structural 

mechanisms; 

 Experimentally assess the effective response of infilled frames under pushdown 

deformation, thus enabling a clear understanding of the interaction between the 

masonry panels and the structural frame  until the former are severely damaged. 

This should lead to the investigation of the actual robustness reserve associated 

with URM infill; 

 Use the observations from the physical tests to examine whether the pushdown 

response of infilled frames shows the same mechanical features and damage 

patterns of infilled frames under lateral pushover deformations. This could allow 

the transferability of the extensive body of knowledge for the design of infilled 

frames under seismic actions to the context of practical robustness assessment. 

Nonetheless, the practical calibration of seismic-related procedures into 

robustness design tools is not addressed in this thesis; 

 Apply high-fidelity numerical models to a realistic case study in order to analyse 

the frame-infill interaction at small vertical deformations, highlighting the 

potential to arrest progressive collapse with minimal permanent damage to the 

infill walls and surrounding frame members; 

 Establish an enhanced mesoscale framework for nonlinear analysis of URM 

panels where brick-mortar interaction is explicitly captured. 

In this research, the objectives listed above are met in an integrated manner within the 

research methodology presented below. 

1.2 Scope and Research Methodology 

1.2.1 Robustness Quantification 

Despite the lack of a globally agreed definition and quantification procedures, the 

robustness of constructed facilities is commonly addressed in structural design by using 

specific detailing rules to safely redistribute the loads from the damaged components to 

adjacent unaffected parts. Current code provisions, including EN 1991-1-7 (CEN, 2006) 

and UFC 4-023-03 (DoD, 2009) to cite a few, support this approach aimed at reducing 

the sensitivity to initial local damage regardless of the nature of the triggering event, such 

that any ensuing damage is not disproportionate to the original cause (Vrouwenvelder, 

2008). More concisely, robustness is regarded as the ability of a structure to withstand 

local damage without disproportionate collapse (Val and Val, 2006). As a matter of fact, 

such definition is intrinsically related to the progressive collapse phenomenon, which is 

defined as the spread of initial local failure eventually resulting in the collapse of an 

entire structure or a disproportionate large section of it (ASCE, 2013). Although a 
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plethora of initial damage scenarios could be envisaged, the scope of this thesis is limited 

to the single column loss scenario, as schematically depicted in Fig. 1.6. In particular, 

robustness can be directly related to the ability of the structure above to withstand the 

maximum dynamic deformations without failure, in which case progressive collapse is 

avoided. This progressive collapse assessment procedure is included in the family of 

alternative load path (ALP) methods, where a structural element is notionally removed 

and the survivability of the remaining structure is checked. However, as noticed by 

Dusenberry and Hamburger (2006) few initiating events cleanly remove a single load 

bearing element, meaning that the prediction of the collapse potential based on element 

removal should be accompanied by careful judgement of the context of the initiator. 

Nevertheless, in this work sensitivity to local damage is the main driver for collapse 

potential assessment rather than any specific event-dependent response.  

Different methodologies are available to perform ALP checks, ranging from simplistic 

linear static to detailed nonlinear dynamic simulation (Marjanishvili, 2004). Of course, 

the application of advanced dynamic procedures yields the most reliable assessments of 

collapse resistance under a prescribed gravity loading, especially when combined with 

full three dimensional representations of the building (Kwasniewski, 2010; Alashker et 

al., 2011). Unfortunately, on top of the high computational demand required by accurate 

nonlinear simulations, the interpretation of the results obtained should be conducted by 

skilled analysts, rendering the use of such advanced procedures unsuitable for common 

practical design. A method capable of delivering accurate results without relying on 

direct dynamic analysis is the progressive collapse assessment framework developed at 

Imperial College London by Izzuddin et al. (2008). The main underlying principle of this 

approach rests in the observation that, under sudden column loss, the affected bays of 

the structure respond according to a dominant downwards deformation mode, which can 

be conveniently dynamically characterised by an approximate single degree of freedom 

(SDOF) model (Fig.1.6). In practice, the nonlinear static capacity is computed providing 

a generalised force-deformation response under an incremental displacement 

(hereinafter designated as pushdown deformation) usually taken as the vertical 

displacement at column loss location. 

Depending on the accuracy of the chosen numerical/analytical model, increasing 

complexity and secondary resisting mechanisms can be captured and condensed into the 

generalized SDOF. At the end, the maximum dynamic demand is simply obtained 

through energy balance considerations.  
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Fig. 1.6 Single column loss scenario with dominant deformation mode and SDOF approximation 
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loss × 
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 Generalised force P obtained by 
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condensed according to the 
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The details of the methodology by Izzuddin et al. (2008) are discussed at length in 

Chapter 3, whereby all necessary extensions to accommodate the contribution of URM 

infill are formulated. Subsequently, evidence is provided that the SDOF approximation 

remains valid when URM infill is included in the computation.  

1.2.2 Structural Response with URM infill 

In this thesis, the progressive collapse framework developed at Imperial College 

previously (Izzuddin et al., 2008) has been considered to investigate the contribution of 

URM panels to the collapse arrest capability of infilled frames subjected to column loss. 

More specifically, experimental tests and advanced numerical simulations were carried 

out to analyse the typical behavioural characteristics of infilled frames under the 

pushdown deformation mode depicted in Fig. 1.6.  

The experimental component of this research is particularly relevant as, according to the 

author’s knowledge, it represents the first attempt to physically test the influence of 

masonry infill on the response of infilled frames subjected to column loss scenarios. In 

general, real-scale experiments are paramount for a complete appraisal of the complex 

behaviour of infill frame units, due to the inherent nonlinear behaviour of masonry 

interacting with the surrounding frame components. Thus far, as reported in the 

Literature Review in Chapter 2, laboratory tests have been conducted mainly to 

investigate the response of infilled frames under horizontal forces representing 

earthquake loading. A single storey two-bay infilled steel frame was designed and tested 

under vertical loading applied at the top of the central column (Fig.1.7). Each URM panel 

with 2820×1570mm2 in-plane dimensions and 90mm thickness was assembled using 

55×90×250mm3 solid clay bricks. Two main tests were performed considering i) two 

adjacent solid panels and ii) one solid panel in the left bay separated from the top beam 

by a 20mm gap and a perforated wall in the right bay (Fig. 1.7). A test on the bare steel 

frame was also conducted for comparison purposes.  

 

 

 

Fig. 1.7 Sketch of a test specimen 

Load application point 
Initial gap 
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In the advanced nonlinear simulations performed in this research on infill frames, three 

specific modelling aspects have been considered (Fig. 1.8). These correspond to i) a 

realistic description of URM panels, including the specific masonry bond and the 

development of cracks and damage in masonry; ii) an accurate representation of the 

frame-infill interface considering an explicit modelling of friction, cohesion and contact  

and iii) nonlinear structural models for the frame elements and floor systems where 

provision are made to incorporate secondary resisting mechanisms at large deformations 

such as catenary and arching action, as well as the detailed joint response. 

The last topic listed above has been extensively addressed within the scope of progressive 

collapse assessment without masonry infill, where efficient FE models have been 

proposed for extreme loading conditions (Vlassis et al., 2008, Zolghadr Jahromi et al., 

2013). The numerical simulations presented in the proceeding chapters build strongly 

upon this previous research, providing an assessment framework where most of the 

burden in terms of results verification is transferred to the actual response of URM 

panels. 

 

 

 

 

 

 

 

Fig. 1.8  Mechanical features governing pushdown response of infilled structures 

 

At the same, this allows the comparative survey of the contribution of URM panels and 

other secondary mechanisms, which constitutes an open issue in this particular topic (Li 

and Qian, 2014). Notwithstanding, a simple comparison between bare and infilled 

response cannot provide a sound understanding of the infill masonry contribution, as it 

must also be properly checked to which extent the response of frame member is 

influenced by the presence of infill panels. In practice, depending on the frame-infill 

relative strength and stiffness, the difference between the bare and infilled collapse 

resistance is not simply due to the capacity of the panels but it also accounts for the 

variation of the deformation profile of frame elements as a result of the interaction with 

the masonry parts.  

Finally, equipped with a mechanically sound understanding of the pushdown response, a 

case study assessment is performed based on a benchmark steel-concrete composite 

building. This structure with partial-depth connections, typical of a multi-storey building 

Masonry panel multi-axial behaviour Frame/floor system response Frame-infill interface 
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found in the U.K., has already been analysed with respect to robustness under column 

loss in previous research utilising the framework by Izzuddin et al. (2008).  Possible 

detrimental effects resulting from the frame-infill interaction similar to those observed 

under earthquake loading, especially those related to failure at beam-column joint level, 

are investigated considering the pushdown deformation scenario.  

1.2.3 Enhanced Mesoscale Simulation of Brick-Masonry  

According to the requirements presented in Fig. 1.8, capturing the realistic stress state 

and damage/fracture evolution in URM panels is paramount for any successful 

simulation of infilled frames. In this respect, several numerical procedures are available, 

whose range of applicability is dictated by a trade-off between the required accuracy and 

the available computational resources (Rots, 1997). Current FE strategies for URM span 

from homogenization methods (Lourenço et al., 1997), where the mechanical properties 

of both brick units and mortar joints are smeared over the element domain, to detailed 

modelling descriptions (Lourenço and Pina-Henriques, 2006) where geometrical and 

mechanical characteristics of each component are explicitly taken into account. A survey 

of the different methodologies is presented in the Literature Review (Chapter 2). 

In this research, the so called mesoscale approach is employed for the specific task of 

URM nonlinear analysis. The full definition of this concept as well as a description of its 

FE implementation aspects are given in the following chapters. Nonetheless, for this 

initial exposition, mesoscale modelling can be defined as a representation where brick 

units and mortar joints are individually described at a rational structural scale. In 

particular, following the framework laid by Macorini and Izzuddin (2011), continuum 3D 

solid elements are used for representing brick units along with 2D zero-thickness 

nonlinear interfaces for mortar joints. Despite the simplifications associated with this 

modelling strategy, it has been successfully employed to investigate the in-plane 

nonlinear behaviour of 2D masonry structures (Vandoren et al., 2013)  and the response 

of 3D walls with generic texture for brick and mortar under in-plane and out-of-plane 

loading (Macorini and Izzuddin, 2014).  Despite the advantages, current interface-based 

mesoscale models for URM disregard brick-mortar interaction in the plane of mortar 

joints because standard interface elements are employed which neglect the coupling 

between vertical separation and in-plane deformation modes. This might give rise to 

approximations in the analysis, especially when investigating URM components 

subjected to significant compression forces.  

In fact, as shown in experimental tests (McNary and Abrams, 1985, Martens et al., 2007) 

the behaviour of URM panels under compression is governed by a complex interaction 

between mortar joints and brick units. This depends upon several parameters including 

material properties, relative dimensions and masonry bond. Such interaction usually 
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determines the failure mode, where the different elastic properties of bricks and mortar 

induce tensile stresses in the bricks, eventually leading to fracture nucleation and 

propagation as sketched in Fig. 1.9. An usual remedial procedure to circumvent such 

inherent modelling drawback requires the introduction of a compressive cap in the 

interface element material description (Lourenço and Rots, 1997; Macorini and Izzuddin, 

2011). This enables only an approximate evaluation of the macroscopic damage 

evolution, but not the representation of the actual cracking pattern within URM 

assemblages. In this work, a novel framework is proposed based on the extension of the 

standard interface element formulation to include stretching of the discontinuity surface 

as an integrated component of the local kinematics. This enables an effective coupling of 

the Mode-I crack opening with the in-plane strains induced by Poisson’s effect, which 

within the context of URM mesoscale analysis allows a mechanics based representation 

of the complex combined brick-mortar response under compression. 

A point of information is introduced at this stage. It could be argued that several existing 

computational methodologies, if properly calibrated against the set of presented real-

scale tests, would suffice in delivering the numerical results required for the main 

objective pursued in this research project, circumventing the need for the development of 

a novel interface element. Nonetheless, such approach would render a FE model tuned 

for the specific structural and material characteristics considered herein, whose 

transferability for other situations would not be straightforward. 

 

 

 

 

Fig. 1.9 Illustration of the expected cracks and stress state in an URM panel under compressive 
loading induced by brick-mortar interaction 
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This point should be stressed, for many possible infill configurations are found in the 

built environment, spanning from totally to partially infilled panels such as parapet-type, 

wing-type and panel-type walls. Even more, different through-thickness arrangements 

are possible, including the application of multi-leaf infill, where brick-masonry cladding 

could be combined with different materials.    

Focusing on the gain of generality, the presented research on FE interfaces is designed to 

add a new capability to the framework initiated by Macorini and Izzuddin (2011) for 

accurate and efficient analysis of brick-masonry structures without a priori assumption 

on geometrical layout and stacking mode. In particular, by incorporating the mechanics 

of brick-mortar interaction, a realistic stress state within the individual components 

becomes available making it possible to add state-of-the-art material models for the 

constituents as they are presented in the scientific literature. Moreover, the relevance of 

such change in modelling approach is intended to provide a simulation facility where the 

composite response at structural level is obtained from the knowledge of the individual 

component properties (i.e., mortar and brick units). Such paradigm shift is in accordance 

with other fields of engineering, chiefly those concerned with advanced composite 

materials, and often termed virtual testing (Cox and Yang, 2006; Ostergaard et al., 2011; 

Ladevèze et al., 2014). Overall, the goal is to obtain high-fidelity predictions at a given 

structural scale utilising advanced models capable of tracing the governing mechanical 

processes, being the required input information related to the constituents’ individual 

properties.  

In practical terms, the advantage of virtual testing applied to masonry at structural scale 

is the fact that a reliable response prediction could be computed by the knowledge of 

brick, mortar and brick-mortar interface properties. These would in turn be obtained 

from small specimen as opposed to the wallets typically assembled to obtain 

homogenized characteristics (Rots, 1997) which are both more resource consuming and 

less practical to execute. In spite of this, a severe drawback which has yet to be addressed 

from a material testing stand point, is the fact that the properties of mortar cured 

enclosed by brick units are effectively different from those obtained from an isolated 

mortar specimen (Mohamad et al., 2007), being the latter the desired method to obtain 

input for the structural analysis. For the time being, intermediate solution could be 

successfully employed by means of inverse analysis procedures as for instance the 

method proposed by Chisari et al. (2015). 
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1.3 Thesis Outline  

Following the opening introductory notes, a general overview of the thesis is given below, 

including a brief summary of the content in each chapter. The flowchart in Fig. 1.10 lists 

the different project stages highlighting the main steps leading to the objective of 

quantifying the influence of URM infill to progressive collapse mitigation. Similarly, the 

complementary research in computational mechanics devoted to developing an 

enhanced mesoscale description for brick-masonry is shown with its interaction with the 

main research topic. 

For the sake of reference, all numerical work presented in this thesis, whether analysis or 

FE development, are based on (or implemented in) the nonlinear FE software ADAPTIC 

(Izzuddin, 1991). Similarly, all physical tests were performed at the Materials and 

Structures Laboratory of the University of Trieste, Italy. 

 

Chapter 2 

Literature Review 

The state-of-the-art survey is divided in three main sections, which are closely linked to 

the three main research steps introduced in the previous section. The first topic 

presented is a summary of current research and practical procedures in robustness 

assessment and progressive collapse simulation. The second topic reviewed focuses on 

the methodologies available for nonlinear analysis of URM structures, with particular 

emphasis on fracture and damage issues. At last, it is presented a review of research on 

the behaviour and analysis of infilled frame structures mainly under lateral loading 

conditions ensuing from earthquake action. This encompasses experimental work, 

sophisticated numerical methods and simplified design-oriented procedures. From this 

presentation it is possible to understand the typical failure mechanisms associated with 

infilled frames and the available analysis procedures, with the aim of inquiring the 

transferability of such knowledge into the field of robustness assessment under 

pushdown deformations. 

 

Chapter 3 

Robustness Assessment Framework 

In this chapter the robustness assessment method employed to check the influence of 

URM infill is detailed. The strategy developed by Izzuddin et al. (2008) is explained and 

the contribution of infill panels is introduced within this general framework. In this stage 

no advanced numerical FE models are employed, as the main goal is to investigate the 

suitability of the framework when the multiple floors’ response to column loss is coupled 

by the presence of infill panels.  
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Fig. 1.10  Flowchart presenting the research methodology 

Robustness assessment framework under column loss 
(Izzuddin et al., 2008) 

Verify assumption of dominant deformation mode with URM infill 

Structural assessment of infilled frames under pushdown deformation 

Real-scale experimental testing Mesoscale numerical analysis  

 Evaluation of realistic capacity of URM panels 

 Frame-infill interaction implications 

 Transferability of knowledge from lateral deformations 

Case study: benchmark building (Vlassis et al., 2008) 

 Bare vs infilled performance 

 Effect of openings, gaps and frame-infill interface 

 Maximum dynamic deformation at collapse arrest 

State-of-the-art FE simulation of masonry structures: 

 General 3D arrangement, in-plane/out-of-plane 

 Mechanics-based brick-mortar interaction 

Extend framework to include URM infill capacity 

Full capacity reserve at large 
pushdown displacements 

Frame-infill interaction at early stage 
pushdown displacements 
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This is performed by means of energetic considerations, whereby URM walls are 

represented by simplified strut models as described in Chapter 2. In fact, it is argued that 

due to the energy-based formulation, generality of the framework is maintained to other 

sorts of components (regardless of the constituent material) such as diagonal bracing, 

which could also be inspected for their collapse mitigation contribution. By analysing this 

framework it is also shown that, provided there is uniformity of infill distribution in the 

bays above the removed column, it is possible to perform a detailed frame-infill 

interaction analysis based on a single storey (i.e. a single set of adjacent panels as in Fig. 

1.7) and subsequently extrapolate the results for the multi-storey case based on energy 

equivalency. This fundamentally justifies the procedure followed in the remaining 

chapters, where only single-floor infilled frames are analysed both in the physical tests 

and numerically. These results can be then employed for predicting the multi-storey 

capacity under the dominant deformation mode. 

A relevant outcome of this chapter is the demonstration, based on energetic principles, 

that even if the URM panels display a perfectly-brittle static response, due to the 

dynamic nature of sudden column loss, a residual capacity is available to be deployed to 

the global system resistance.  

 

Chapter 4 

Pushdown Tests of URM Infilled Frames 

The results obtained from the experimental tests are discussed in this chapter. Main 

focus is given to the crack development under increasing vertical force and the evolution 

of the frame-infill interaction. In order to fully understand the effective behaviour of infill 

panels under this particular loading scenario, a quasi-mechanism frame is employed in 

order to ensure that the collapse resistance is mainly due to the masonry elements. This 

is especially true in the initial stages of deformation, as the flexural capacity of the steel 

frame is negligible. However, it is observed towards the final stages that a significant role 

is displayed by the frame which is accompanied by a dismissal of the URM contribution 

due to extensive damage. Importantly, a fairly constant capacity is noticed in the later 

stages, indicated a tremendous energy absorption capacity of the combined frame-infill 

system, confirming experimentally the potential for robustness enhancement under this 

specific pushdown scenario. 

 

Chapter 5 

Mesoscale Modelling of URM Infill 

The formulation and verification of the enhanced interface element is detailed here. The 

element is derived in a co-rotational setting, allowing its application in the large 



CHAPTER 1 Introduction 

44 
 

displacement domain which is particularly relevant under extreme out-of-plane loading. 

A set of examples is analysed in order to show the suitability of the enhanced framework 

to capture brick-mortar interaction at the mesoscale level. As already mentioned, the 

work presented in this chapter is not bounded by the particular scope of robustness 

assessment, being in fact designed to deliver a general purpose state-of-the-art FE tool 

for high-fidelity simulation of masonry structures.   

 

Chapter 6 

Multi-Dimensional Analysis Framework 

This chapter presents the multi-dimensional environment utilised for coupling 3D 

mesoscale masonry models with 1D structural FE for frame members. This procedure 

follows the work of  Jokhio (2012) based on a master-slave formulation which allows the 

coupling between elements containing solely translational DOFs (infill) with elements 

possessing both rotational and translational DOFs (beams/columns and floors). 

Furthermore, an advanced dual-element partitioning method is presented in order to 

obtain remarkable computational speed-up by means of hierarchical parallel computing. 

In the end, it is demonstrated the feasibility of mesoscale simulations of infilled frames 

capturing all the aspects referred above in Fig. 1.8 within a reasonable computational 

clock time. Moreover, due to the generality inherent to the basic formulations, especially 

with regards to the URM parts, the delivered mesoscale framework can be employed in 

future research to calibrate simplified models (such as strut representation) in order to 

perform multi-floor analysis within a design-oriented perspective. 

 

Chapter 7 

Case Study: Multi-Storey Composite Building 

The benchmark structure previously analysed in Vlassis et al. (2008) and Zolghadr 

Jahromi et al. (2013) is utilised as a case study to objectively identify the potential for 

progressive collapse arrest due to infill panels. The multidimensional FE modelling 

strategy presented in the previous chapter is employed within the robustness assessment 

framework presented in Chapter 3. In this way, several single-infilled frames subjected to 

pushdown deformation are analysed and the results extrapolated to the multi-storey 

case. Different infill conditions are considered: solid, perforated and gap between infill 

and the top beams. As the models employed account for detailed structural and joint 

behaviour, a comparative assessment is performed between the influence of infill against 

that of the other secondary mechanisms. 
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Chapter 8 

Conclusions and Future Work 

This chapter contains the main conclusions and achievements ensuing from the research 

project. The effective role of URM infill in collapse arrest is clarified, and thus further 

works are recommended to employ the proposed methodology to different building 

topologies and materials. Importantly it is suggested to use the advanced modelling 

capabilities to calibrate simple strut models suitable to be employed in global 3D multi-

floor analysis in order to assess the influence of infill non-uniform distribution along the 

building and possible implications for the actual collapse mitigation potential. 

 

Appendix A 

Detailed Drawings of the Steel Frame and Reaction System 

This appendix collects the technical drawings of the test apparatus, including steel frame 

members, reaction system and constructional details of the flexible connections.  

 

Appendix B 

Detailed Derivation of Individual Terms for the Enhanced Interface Model 

This appendix presents in detail the derivation of several important terms in the FE 

formulation proposed in Chapter 5, including global transformation matrices and the 

derivatives related to the modified cohesive model necessary to the numerical integration 

procedure. 
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2 CHAPTER 2 
LITERATURE REVIEW 

 

2.1 Introduction 

In this chapter, a survey of the state-of-the-art is presented, focusing on three main 

topics: i) robustness of structures, ii) modelling of URM panels and iii) mechanics of 

masonry infilled frames. It is essential that these three research fields are properly 

integrated in order to provide a reliable insight into the role of masonry infill for 

progressive collapse arrest. In particular, the scope of applicability of progressive 

collapse scenarios should be clearly identified, thus avoiding ambiguities related to the 

quantification of the infill panels’ contribution for robustness enhancement. Of course, as 

shall be discussed in the next section, this is intrinsically associated with the very 

definition of structural robustness. On the other hand, due to the specialised nature of 

the structural systems under consideration, a review of existing experimental and 

analytical/numerical studies is necessary to ensure that the relevant mechanical features 

of infilled frames are correctly introduced in the progressive collapse simulations.  

2.2 Structural Robustness 

2.2.1 Definition of Robustness and Progressive Collapse 

According to Nethercot (2011) it is nowadays rare to witness the emergence of ‘new 

topics’ in the matured field of structural engineering. An exception to this is the growing 

interest in the mechanics of progressive collapse and subsequent development of suitable 

procedures to accommodate this phenomenon in the current design frameworks. 

Nonetheless, initial scholarly and practice-oriented research on structural robustness 

stretches back several decades to the 1940s with the aim of understanding the effects of 

weapons on multi-story buildings (Smith et al., 2010). In these war time considerations 

focusing on blast and impact loading, three main categories of failure were identified: i) 

direct damage, ii) primary collapse and iii) progressive collapse. As mentioned in Smith 

et al. (2010), direct damage was the most common in steel and concrete framed 

structures, whereas progressive collapse was regarded as uncommon. Curiously, such 

high level of robustness was in part attributed to masonry infill panels believed to 

provide alternative load paths after initial damage to structural elements (Baker et al., 
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1948), although no specific way to quantify this effect was available. Notwithstanding, 

structural robustness entered the realm of mainstream structural engineering in the 

aftermath of the Ronan Point incident in 1968 (Pearson and Delatte, 2005). In this case, 

the apartment block shown in Fig. 2.1a was subjected to an internal gas explosion in the 

corner area of the 22nd storey. This initial explosion led to the removal of adjacent load 

bearing walls, triggering a downwards propagation of damage (a). Investigations 

following this event, pointed to the lack of structural continuity and redundancy as the 

causes of unsatisfactory performance (Pearson and Delatte, 2005). More recently, the 

1995 bomb attack on the Alfred P. Murrah Federal Building (Corley et al., 1998), 

reignited the interest in the progressive collapse phenomenon. In this case, the initial 

blast wave destroyed key load bearing elements of the peripheral structure, eventually 

inducing the collapse of a considerable area of the building (Fig. 2.1b). However, some 

discussion still exists related to the vulnerability of this structure (Kazemi-Moghaddam 

and Sasani, 2015), with some arguments highlighting the structural configuration as 

particularly prone to progressive collapse, and others mentioning that the magnitude of 

the blast would have induced generalised collapse even in the case of a regular peripheral 

frame (Byfield and Paramasivam, 2012) simply due to lack of alternative load paths 

following removal of several columns.  

Other high-profile incidents, such as the fire induced collapse of the WTC towers in 2001 

(Bažant and Verdure, 2007) and the partial collapse of the Terminal 2E at Charles de 

Gaulle Air Port in 2004 (Starossek, 2009) further raised the issue of structural collapse  

 

  

(a) (b) 

Fig. 2.1 Examples of progressive collapse of structures: (a) Ronan Point 1968 and (b) Alfred P. 
Murrah building 1995 
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within the engineering community. Also, the general public is becoming increasingly 

aware of the perception of safety of buildings and infrastructure, as well as its impact on 

urban resilience following catastrophic (natural or man-made) scenarios (Hudson et al., 

2012). 

Given this historical background, it is important to define the key concepts addressed in 

this thesis: robustness and progressive collapse. Although far from consensual, the 

concept of robustness is herein regarded as the ability of a structure to withstand local 

damage without disproportionate collapse, irrespective of the nature and origin of the 

source of damage. This, in turn, is intrinsically related to the progressive collapse 

phenomenon, which is defined as the spread of initial local failure eventually resulting in 

the collapse of an entire structure or a disproportionate large section of it (ASCE, 2013).  

As stated in Chapter 1, the robustness of constructed facilities is commonly addressed in 

structural design by using specific detailing rules to safely redistribute loads from 

damaged components to adjacent unaffected parts. Current code provisions, including 

EN 1991-1-7 (CEN, 2006) and UFC 4-023-03 (DoD, 2009) to cite a few, support this 

approach aimed at reducing the sensitivity to initial local damage regardless of the nature 

of the triggering event, such that any ensuing damage is not disproportionate to the 

original cause. Exhaustive appraisal of robustness related codes and standards is found 

in Mohamed (2006), Vlassis (2007), Stylianidis (2011), Vidalis (2014) and (Byfield et al., 

2014). 

In order to clarify the concepts of structural robustness and progressive collapse, a 

probabilistic approach can be used, following the suggestion in Ellingwood and 

Dusenberry (2005). Considering a hypothetical building, the probability of occurrence of 

an abnormal accidental event E is named P(E). Moreover, P(D|E) represents the 

conditional probability of some structural component being directly damaged i.e., the 

probability of local failure caused by E. At last, if a local component D is damaged, there 

is the probability of a global collapse given the initial direct failure, P(C|D). Combining 

all the above terms, the probability of global collapse P(C) given the occurrence of event 

E is stated as: 

( ) ( | ) ( | ) ( )P C P C D P D E P E     (2.1) 

From Eq. 2.1 it is possible to establish several methodologies to mitigate collapse as a 

result of accidental actions. A first strategy consists of preventing the accidental event 

itself from occurring, thus reducing P(E). On a different level, it is possible to enhance 

the resistance of specific structural components, reducing the probability that these 

elements are directly damaged when exposed to the accidental actions P(D|E). A third 

approach is focused on preventing global collapse, which occurs when some structural 
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elements are removed or severely damaged. In practice, this results in the minimisation 

of P(C|D). A combination among the three approaches is possible in order to reduce 

P(C). A flowchart summarising the key aspects in Eq. 2.1, as well as its interconnection 

with the nomenclature utilised throughout this thesis is presented in Fig. 2.2.  The full 

range of methodologies and design philosophies available for abnormal events is outside 

the scope of this work, henceforth further details are found elsewhere (Vlassis, 2007; 

Arup, 2011; Haberland and Starossek, 2009; Stevens et al., 2011).  

 

 

Fig. 2.2 Concepts and strategies to prevent progressive collapse (Haberland and Starossek, 2009) 

 

According to the introduction in Chapter 1, sudden column loss is assumed as the event-

independent scenario for robustness assessment. In this respect, with reference to , 

prevention of collapse initiation is disregarded which effectively renders P(D|E)·P(E) =1. 

Nonetheless, an important clarification is due. Within the scope of this thesis, the effects 

related to, or arising from, the hypothetical event E are not considered. In practice this 

results in the analysis of a structure initially at rest whose member D (in this work a 

peripheral column) is suddenly removed. Subsequently, according to , robustness can be 

directly related to the ability of the structure above the lost column to withstand the 

maximum dynamic deformations without failure, in which case progressive collapse is 

avoided. As a remark, despite the above illustrative description of robustness was based 

on probabilities, the work in this thesis is solely focused on mechanical deterministic 

considerations. Extension of the conclusions in this work to a probabilistic framework 

are possible following the suggestions in Izzuddin et al. (2012). For an overview of risk 

and reliability interpretations of structural robustness, reference can be made to Baker et 

al. (2008) and Pereira (2012). 

2.2.2 Structural Properties Related to Robustness 

Traditionally, the following structural features are regarded as indicators of the 

robustness of building structures (Vlassis, 2007): 
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 Ductility – provision of ductility allows the structural elements adjacent to the 

initially failed member to deform deploying alternative load paths, in this way 

facilitating the process of load redistribution even at the expense of permanent 

large deformations; 

 Redundancy – similarly to ductility, redundancy is associated with the proper 

activation of alternative load paths. It is often associated with the ability to 

redistribute loads away from the affected part of the building, and it limited by 

the lack of continuity as the example of Ronan Point clearly showed (Pearson and 

Delatte, 2005); 

 Local Resistance – enhancement of the resistance of key elements might result in 

a more robust structure, as its vulnerability to the triggering event is reduced. 

However, as noticed by Vlassis (2007), determining which elements should be 

regarded as key elements to be reinforced in not straightforward, jeopardizing the 

applicability of this provision when dealing with unforeseen events; 

 Continuity – structural continuity is viewed as a means to enhance both local 

resistance and/or redundancy. Nonetheless, in spite of usually displaying a 

beneficial contribution for robust structures, continuity might induce progressive 

collapse by tying together unaffected parts of a structure with the areas directly 

damaged. For this reason, in some cases it is preferable to proceed with  

compartmentalisation methods, where each segment of the structure is effectively 

isolated from the adjacent ones, ensuring that collapse is restricted to the 

individual segments (Starossek, 2009). 

On top of the features above, energy absorption capability is also regarded as an 

important indicator of robustness (Dusenberry and Hamburger, 2006). In fact, using the 

energy absorption capability under increasing deformation as been pointed as a potential 

metric for robustness quantification, for instance, when dealing with the unforeseen 

effects of construction and design errors (Beeby, 1999).  

More importantly, in Izzuddin et al. (2008) it was demonstrated that the above 

structural features are not able to be regarded as robustness metrics when considered 

individually, the same drawback applying to energy absorption. Conversely, Izzuddin et 

al. (2008) proposed a single measure of robustness combining the influence of 

resistance, redundancy, energy absorption, ductility supply and dynamic effects: the 

pseudo-static capacity. The methodology to obtain this capacity is presented in Chapter 

3, including the necessary extensions to include the contribution of URM infill panels. 
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2.2.3 Design Approaches for Progressive Collapse Resistance 

Recalling the flowchart in , different design philosophies are generally regarded to 

address collapse prevention. A good illustration of these procedures is summarised in EN 

1991-1-7 (CEN, 2006), where for accidental situations limitation of the extent of initial 

failure might be achieved by prescriptive rules (indirect method) or, on a more 

sophisticated manner, by exploring alternative load paths (direct method). 

2.2.3.1 Indirect Method: Tie Force (TF)  

With regards to the use of prescriptive rules, a typical procedure consists of providing 

tying capacity to the framed members, as sketched in Fig.2.3 . The underlying principle 

in this approach rests in the fact that following the removal of a given column, the 

adjacent members of the frame will guarantee equilibrium of the remaining structure by 

axial tensile forces, which are supposed to supply the necessary continuity requirements. 

Nonetheless, despite its simplicity this methodology has been proven to deliver un-

realistic progressive collapse resistance estimates (Vidalis and Nethercot, 2014), which is 

further aggravated by the unsuitability to provide meaningful comparisons between 

different structural solutions due to its prescriptive nature. As remarked by Nethercot 

(2011), critical comparison of different solutions is a fundamental feature of structural 

design. An attempt to remedy the drawbacks of the standard TF method (Li et al., 2011) 

proposed a set of improvements on the original formulation to better capture the effects 

of 3D force redistribution and the dynamic nature of the structural response following 

the instantaneous loss of a member. However, as stressed in Vidalis and Nethercot 

(2014) a fundamental flaw of the TF approach is that it prescribes the tensile forces in 

structural members disregarding the large rotations imposed at joint level necessary to 

achieve the catenary stage. For this reason, structural solutions based on TF 

prescriptions do not automatically provide realistic mechanics-based robustness 

provisions (Vidalis, 2014).  

 

Fig. 2.3 Schematic representation of tying of a framed building (DoD, 2009) 
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2.2.3.2 Direct Method: Alternative Load Path (ALP) 

As opposed to the prescriptive TF method, in the ALP approach the ability of the 

structure to bridge over the forces ensuing from the loss of a load-bearing element is 

explicitly evaluated by the designer. In this respect, the structure under consideration is 

represented without the notionally removed member (in this thesis, a peripheral column) 

and subsequently subjected to the relevant code prescribed floor loads. In practice, four 

main computational procedures are available to perform such assessment (Marjanishvili, 

2004): i) linear static, ii) nonlinear static, iii) linear dynamic and iv) nonlinear dynamic. 

The static procedures consist of the application of the gravity loading factored by a 

prescribed dynamic increase factor (DIF) to capture the dynamic nature of the suddenly 

applied gravity loads (Qian and Li, 2014b). The trivial DIF for linear elastic analysis is 

simply 2, which corresponds to the DIF associated to a step load suddenly applied to a 

SDOF system (the SDOF idealization introduced in Chapter 1). Alternatively, when using 

nonlinear static methods, different values of DIF can be adopted to account for the 

ductility of the system (Qian and Li, 2014b).  The forces and deformations computed by 

these static methods are then compared against prescribed acceptance criteria providing 

a measure of resistance to progressive collapse (Marjanishvili, 2004). Overall, 

application of nonlinear methods delivers more realistic robustness assessments, as the 

complex resisting mechanisms activated at large deformations are potentially captured 

by the models. However, as demonstrated by Izzuddin and Nethercot (2009), 

considerable errors might be introduced by the prescribed DIFs. This is explained with 

the aid of  Fig. 2.4 where the DIFs suggested by the UFC 4-023-03  (DoD, 2009) for steel 

and concrete structures are compared to the DIFs computed using a numerical model 

able to accurately capture both compressive arching and tensile catenary actions.  

 

 

Fig. 2.4  Comparative evolution of DIFs with increasing level of ductility supply (Izzuddin and 
Nethercot, 2009) 

DOD (2009): steel 
DOD (2009): concrete  
Numerical analysis 
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As seen in Fig. 2.4, the use of prescribed DIFs may lead to non-conservative results, as 

these factors cannot effectively represent the dynamic effects when high ductility (e.g. 

catenary action) is expected. 

In order to overcome the inherent limitations of static methods, it is possible to employ 

direct dynamic analysis. A typical application of dynamic analysis is performed by the 

application of the gravity loads on a quasi-static fashion over an interval T, and then by 

removing the target column as sketched in Fig. 2.5a. Nonetheless, this approach is known 

to be sensitive to the correct choice of time steps and the specific dynamic analysis 

procedure (Gerasimidis and Baniotopoulos, 2011). Alternatively, it is possible to consider 

the structure without the removed column and suddenly apply the gravity loading as a 

step load in the appropriate bays (Fig. 2.5b). Examples of nonlinear dynamic analysis 

within the ALP framework applied to multi-storey buildings (Szyniszewski and 

Krauthammer, 2012; Kwasniewski, 2010; Fu, 2010) have confirmed that this method is 

the most sophisticated and accurate, especially when utilising full 3D models with due 

consideration for slab effects. Notwithstanding that, on top of extremely computational 

demanding, proper utilisation of these advanced models requires substantial expertise 

from the analyst, ruling out its application as a design-oriented procedure. 

 

  

 

 

 

 

 

(a) (b) 

Fig. 2.5 Different load idealizations in dynamic analysis for the ALP method 

 

2.2.3.3 Energy-Based Methods 

From the discussion above, it might be summarised that TF methods are prescriptive and 

unsuitable for performance-based robustness assessments, whereas the ALP approach 

allows more reasonable progressive collapse resistance estimates. However, the 

reliability of the results obtained employing the ALP method is strongly linked to the 

choice of the numerical procedure.  

On a different perspective, by taking advantage of the specific features related to sudden 

column loss events, an enhanced class of methods was developed to efficiently handle 

ALP assessments. These (direct) methods might be labelled as energy-based, as they rely 

Time 

Load 

Gravity loads 

Reaction (removed column) 

Δt<<T T 
Time 

Load 

Gravity loads 
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on energy balance principles (Powell, 2003; Izzuddin, 2004; Dusenberry and 

Hamburger, 2006; Izzuddin et al., 2008; Xu and Ellingwood, 2011). Recalling the sketch 

in Fig. 1.6, when a building initially at rest is subjected to a sudden column loss, a portion 

of the structure will displace downwards until a new configuration of equilibrium is 

achieved. This transient event might be interpreted in the light of an energy exchange, 

where the work done by the gravity loads as the structure displaces downwards 

corresponds to the change of potential energy of the system. Simultaneously, following 

column loss, the affected part of the building will be subjected to downwards velocities 

related to kinetic energy. Likewise, the increasing deformations impose a variation of the 

internal (strain) energy. The energy statement arises from the balance between the 

change in potential energy (work of gravity loads) and the strain and kinetic energy of the 

affected part of the building.  

 

 
 

Fig. 2.6 Illustration of energy balance during downwards deformation (Szyniszewski and 
Krauthammer, 2012) 

 

This is illustrated in Fig. 2.6 , where a framed structure is initially at rest and submitted 

to sudden removal of one edge and one corner column. Immediately before the 

downwards motion starts, the external work and strain energy are equal in accordance 

with the previous static equilibrium conditions. Subsequently, the unbalance between the 

internal energy and external work is compensated by kinetic energy until a configuration 

is reached where the structure has absorbed the totality of the increased external work. 

Due to the dynamic nature of this energy exchange, some vibrations are expected around 

the new equilibrium configuration, whose amplitude largely depends upon the ratio 

elastic/inelastic energy absorbed by the structure during the whole process. Using the 

above energy balance, progressive collapse resistance is straightforwardly assessed by 
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computing the configuration where the internal energy equals the work of gravity loads. 

Of course, if such configuration is not possible to be achieved, progressive collapse will 

develop (Dusenberry and Hamburger, 2006). Numerically, energy-based methods pose 

the advantage of circumventing the need for direct dynamic analysis. At the same time, 

application of prescribed load-factors is bypassed because the dynamic effects are 

inherently captured by energy consideration. Moreover, as a direct consequence of the 

SDOF approximation anticipated in Chapter 1, significant practical advantages are 

gained by the utilisation of energy-based methods. This is especially true with regards to 

the multi-level method developed by Izzuddin et al. (2008), making it particularly 

attractive to include the influence of URM infill panels in ALP robustness assessments. 

For this reason, this method is detailed in Chapter 3.  

So far, a survey of current ALP methods was presented restricting the scope of 

robustness assessment to the ability to arrest local failure progression. Furthermore, 

such collapse arrest shall be circumscribed to the bays immediately affected by column 

removal (Fig. 1.6). If this is not achieved, progressive collapse is assumed to develop. 

Nonetheless, for the sake of reference, there are other frameworks of progressive collapse 

analysis specialised in tracking the building’s response as damage propagates throughout 

the entire structure. A systematic characterization of the different failure propagation 

modes was presented in Starossek (2007). In order to cope with these scenarios, 

numerical methods able to trace contact, fracture and separation of structural elements 

need to be employed (Talaat and Mosalam, 2009; Lavan et al., 2009; Masoero et al., 

2010; Lynn and Isobe, 2007). 

2.2.3.4 Structural Response to Column Loss 

Focusing on column loss scenarios, it is essential to review the mechanical features 

associated with the ensuing structural response. Therefore a critical comparison between 

these resisting mechanisms and those arising from the presence of URM infill constitutes 

a key topic of this work.  

The response to sudden column loss is dynamic, highly nonlinear and involves 3D effects 

in the load redistribution (Li and El-Tawil, 2014; Alashker et al., 2011; Qian and Li, 

2014b). Compressive arching and tensile catenary are typical secondary resisting 

mechanisms associated with the incremental pushdown response of beams (Fig. 2.7). In 

this case, depending on the material and geometrical properties of the affected beams, a 

substantial increase in load-bearing capacity might be activated until a given ductility 

limit ud is reached (Izzuddin et al., 2008). In a similar manner, membrane forces in floor 

slabs substantially contribute to supply the necessary load-bearing capacity to 

redistribute loads following column removal (Dat and Hai, 2013; Qian et al., 2015; 

Alashker et al., 2010).  
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Fig. 2.7 Representation of beam pushdown  response with compressive arching and tensile 
catenary (Izzuddin et al., 2008) 

 

Moreover, as mentioned by Zolghadr Jahromi et al. (2012), as vertical deflection 

increases the primary slab bending mechanism is progressively switched into a 

membrane mechanism, where the in-plane forces govern the enhanced response. In the 

case of loss of an internal column, these forces may be equilibrated either by the 

surrounding restraints (Fig. 2.8a) or via a self-equilibrated compressive ring around the 

tensile area (Fig. 2.8b). This sort of beam/slab membrane effects have long been 

appreciated with respect to the response of structures exposed to fire, where thermal 

expansion effects further highlight the role of membrane forces (Bailey, 2004). 

Notwithstanding the importance of the above mechanisms, their effective activation is 

heavily reliant on joints ductility (Yang and Tan, 2013a; Lew et al., 2013). This is quite 

important, as the enhanced performance of the structural elements at large pushdown 

deformations leads to the development of severe tensile/shear forces at joint level. As a 

result, joint members are subjected to actions which are usually outside their design 

envelop (Khalili-Tehrani et al., 2014). Examples of joint failure at large catenary stage are 

shown in Fig. 2.9. In this respect, ensuring the proper ductility of connections, including 

reinforced concrete joint detailing, is paramount to achieve the desired progressive 

collapse resistance (Yang and Tan, 2013a; Liu, 2010; Yu and Tan, 2014). Moreover, the 

importance of the connection behaviour is transferred to the mechanical analyses, 

forcing the use of realistic modelling strategies capable of reproducing the relevant 

failure modes. In this respect, advanced FE simulations where complex 

fracture/plasticity features are explicitly captured (Sadek et al., 2013; Yang and Tan, 

2012) or efficient nonlinear component-based models (Alashker et al., 2011; Vlassis et al., 

2008; Sadek et al., 2013) can be employed. These component-based models are usually 

modelled by the proper assemblage of spring elements equipped with appropriate  
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(a) (b) 

Fig. 2.8 Schematic response of slabs at large displacements: (a) clamped and (b) unrestrained 
(Zolghadr Jahromi et al., 2012) 

 

  

(a) (b) 

Fig. 2.9 Examples of beam-column joint failure during catenary stage: (a) bolted steel joint(Yang 
and Tan, 2013a) and (b) concrete joint (Sasani et al., 2011) 

 

constitutive laws derived for specific features such as bolts in tension, yield of plates, etc. 

(Yang and Tan, 2013b). 

In the proceeding simulations in this thesis, the latter modelling approach is adopted 

following the recommendations in Vlassis et al. (2008) and Zolghadr Jahromi et al. 

(2013). For the sake of completeness,  Fig. 2.10 presents the comparative performance 

between a detailed FE model (‘Micromodel’) and the structural counterpart 

(‘Macromodel’) in capturing the pushdown response of a double-span steel beam, 

including final failure at connections (Alashker et al., 2011).   The comparison in Fig. 2.10 

is relevant for the work presented in this thesis, as it illustrates the accuracy of efficient 

structural elements for frame members (as well as the associated component-based 

description for connections). In this way, in the following chapters most of the 

verification and validation burden is transferred to the modelling of URM panels. 
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Fig. 2.10 Comparison between detailed (‘Micromodel’) and structural (‘Macromodel’) modelling 
approach for pushdown analysis (Alashker et al., 2011) 

 

Structural response to column loss is intrinsically 3D with respect to load redistribution 

(Li and El-Tawil, 2014). Traditional structural design procedures simplify this issue by 

individual consideration of 2D frames, where the load acting on the beams is obtained by 

assuming tributary areas of load influence. Nonetheless, such approach leads to 

substantial approximations for rational robustness assessment. An illustrative example is 

shown for the 10-storey composite building in Fig. 2.11 where a peripheral ground-floor 

column was suddenly removed. In this case, Alashker et al. (2011) employed direct non-

linear dynamic analysis to conduct ALP assessments. In particular, the results obtained 

utilising a full 3D idealization including floor slabs (Fig. 2.11) was compared to those 

related to a 2D representation, where only the peripheral frame was explicitly modelled. 

The difference in the vertical displacements computed for the column loss location with 

both models provides a clear demonstration of the real influence of slabs under column 

loss scenarios. More precisely, the maximum displacement predicted with 3D modelling 

is significantly smaller than the 2D counterpart, which reflects the enhanced ability to 

redistribute loads away from the damaged section by the mobilization of the floors. 

Moreover, an important aspect is revealed by examining the displacement histories in 

Fig. 2.11. Focusing on the 3D results, the smooth curve follows a SDOF-like vibration 

pattern, indicating that the affected bays of the multi-storey structure are effectively 

responding with a dominant deformation mode. Conversely, the vibration pattern 

captured with the 2D frame model displays the influence of higher frequencies. From this 

interpretation it can be argued that local effects are amplified if the model fails to capture 

the realistic distribution of mass at floor level, inducing misleading assessments both in 

terms of magnitude and shape. In this thesis, this drawback is potentially aggravated, for 

the presence of URM panels in peripheral frames induces non-negligible local effects 

chiefly affecting the deformation profile of the beams. Nonetheless, hereinafter this is 

circumvented by the application of the energy-based method proposed in Izzuddin et al. 
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(2008) which assumes a priori the dominant 3D deformation mode. As a result, the 

peripheral infilled frames are conveniently modelled as planar frames, being the results 

transferred to the 3D case based on a multi-level procedure detailed in Chapter 3. In this 

way, the local perturbations similar to those seen in  are filtered in the 3D assembled 

column loss response. 

 

 

 
 

Fig. 2.11 Comparison of evolution of vertical displacement obtained with 2D and 3D FE models 
(Alashker et al., 2011) 

 

 

From an experimental perspective, there are two main categories of testing schemes to 

investigate progressive collapse potential of structures: a) static pushdown and b) 

dynamic tests. Pushdown experimental procedures basically consist of the quasi-static 

application of an incremental vertical force at column loss location, as shown in the 

examples of Fig. 2.12. This sort of testing regime is usually applied at sub-structural level, 

typically on a double-span beam (Lew et al., 2013; Sasani et al., 2011), planar frames (Yi 

et al., 2008) or a representative portion of a floor slab (Dat and Hai, 2013; Qian and Li, 

2015; Qian et al., 2015). Despite being essentially static tests, these pushdown procedures 

provide essential information about the structural response to column loss, as they allow 

an effective assessment of the realistic ductility limits under large deformations. This is 

critical to establish the acceptance criteria for robustness assessment. For this reason, in 

Chapter 4 of this thesis, a set of quasi-static pushdown tests on URM infilled frames will 

be presented in order to experimentally quantify important aspects of the confined 

masonry behaviour and frame-infill interaction. To the best of the author’s knowledge, 

this constitutes a first attempt to do so in the particular scope of progressive collapse 

resistance. 

 

2D 

3D 

Removed column 
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(a) (b) 

Fig. 2.12 Examples of pushdown tests: (a) steel beam (Lew et al., 2013) and (b) concrete flat slab 
(Qian et al., 2015) 

 

Fig. 2.13 Elevation view of experimental setup  by (Qian and Li, 2014a) 

 

  

(a) (b) 

Fig. 2.14 Dynamic test of half-scale RC structure (Xiao et al., 2013): (a) final configuration 
following removal of two columns and (b) assessment of beam-column joint damage 
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On the other hand, dynamic tests are conducted mainly to explicitly quantify the inertial 

effects following the sudden removal of one or several load-bearing members. This 

provides a direct visualization of the load redistribution paths from the damaged to the 

adjacent parts of the tested specimen. Examples of this category of physical tests are 

shown in Fig. 2.13 and Fig. 2.14. In the first case, Qian and Li (2014a) statically loaded a 

flat slab with a predefined weight, which was suddenly subjected to support removal. As 

indicated in Fig. 2.13, support removal was achieved by hammer impact simulating the 

event-independent column loss scenario. The other example presented in Fig. 2.14  

corresponds to the half-scale 3-storey RC frame tested by Xiao et al. (2013). In this case, 

the slabs were previously loaded by additional weights to reproduce the target in-service 

conditions, followed by the removal of two peripheral columns. The final global 

deformed configuration is shown in Fig. 2.14a along with a detail of beam-column joint 

damage highlighted in Fig. 2.14b. The experiment conducted by Sasani and Sagiroglu 

(2008) already mentioned in Chapter 1 is included in this category, where the 

participation of masonry infill in the dynamic response was investigated in a subsequent 

numerical work (Sasani, 2008). Notwithstanding, a critical appraisal of both test 

categories is due. Despite its inherent ability to capture the real transient response, 

dynamic tests are considerably more complex from instrumentation and data acquisition 

standpoints. Moreover, as pointed by Herraiz et al. (2015) the accuracy of dynamic tests 

is particularly sensitive to the support removal time, which might deviate from the 

suddenness of the idealised event. Curiously, this is in agreement with the time-stepping 

drawback of direct dynamic analysis (Δt in Fig. 2.5a). Also, in analogy with direct 

numerical simulations, the output of dynamic tests is related to a single applied gravity 

load level, requiring several tests to provide the performance envelop, especially if the 

meaningful mechanical features described in this section are to be captured. 

Alternatively, with quasi-static tests (and incremental static analysis) the changing 

structural response from the bending regime at small displacements to the large 

deformations governed by membrane/catenary forces is captured within a single test 

execution. In this way, the so called off-cliff events (Dusenberry and Hamburger, 2006) 

such as brittle failures, instability, etc. are correctly identified, providing informed 

estimates of the system ductility under pushdown deformation. As a drawback, dynamic 

effects are inherently disregarded. Nevertheless, this limitation is compensated if the 

pushdown results (either from physical testing or numerical simulation) are used in 

combination with energy-based frameworks (Izzuddin et al., 2008), where energy-

balance considerations are imposed to reproduce the dynamic effects. This is in fact the 

strategy followed in this work to investigate the influence of URM infill in the mitigation 

of progressive collapse potential. 
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2.3 FE Modelling of Masonry Walls 

2.3.1 Modelling Approaches 

Following the clarification of the concepts of robustness and progressive collapse, as well 

as the identification of the main features governing the structural response of framed 

structures following column loss, this section summarises the available methodologies to 

perform nonlinear FE simulations of masonry structures. The presented review provides 

the basis for the enhanced analysis framework detailed in Chapter 5. Moreover, the 

specific terminology related to URM numerical simulation is herein introduced and used 

in the remainder of the thesis. For a general overview of modelling procedures and 

design-oriented considerations on masonry structures, reference is made to Rots (1997), 

Lourenço et al. (2010) and Theodossopoulos and Sinha (2013). Also, Discrete Element 

(Lemos, 2007) and combined Finite-Discrete element methods (Smoljanović et al., 2015) 

have displayed significant potential for nonlinear analysis of masonry structures, 

especially for complete collapse simulations. In this work, attention is directed towards 

FE methods capable of simulating the complex evolving stress distribution and fracture 

patterns associated with URM panels confined by structural frames.    

As stated in Chapter 1, different FE strategies for the nonlinear analysis of masonry 

structures span from homogenization methods (Lourenço et al., 2007) where the 

mechanical properties of both brick units and mortar joints are smeared over the 

element domain, to detailed modelling descriptions (Wang et al., 2012) where 

geometrical and mechanical characteristics of each component are explicitly taken into 

account. In Fig. 2.15, the three main modelling approaches for the analysis of URM are 

shown according to the nomenclature adopted in this work. These depend upon the 

adopted scale of representation for masonry including a) macroscale, b) mesoscale and c) 

microscale. At the macroscale, masonry is represented as a homogeneous domain within 

a continuum framework (Lourenço et al., 1997, Berto et al., 2002) usually utilising solid 

or planar finite elements, where each element covers the volume of several brick units, as 

schematically illustrated in Fig. 2.15 . This type of representation is especially suited for 

large URM structures in which local interactions between components (e.g. units and 

mortar joints) do not significantly affect the global response. Applications of this level of 

representation include the analysis of simple shear walls (Lourenço et al., 1997) up to 

whole building facades (Giardina et al., 2015) and cathedrals with complex arches (Roca 

et al., 2013). As to application for infill panels, Asteris et al. (2013) pointed out that 

although attractive for large panels, for smaller ones this approach fails to capture the 

effects of mortar joints arrangement, whose discrete representation is not negligible 

compared to the overall panel dimensions. Moreover, continuum approaches suffer from 

an inherent potential source of error when employed with softening constitutive models. 
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This issue arises from mesh sensitivity related to localization effects (de Borst et al., 

1993), for which typical regularization relies on the application of adjusted softening 

modulus according to the volume of the finite elements (Lourenço et al., 1997). However, 

under certain conditions this approach delivers unsatisfactory regularization capabilities 

(Jirásek and Bauer, 2012), whereby more sophisticated remedial procedures are 

available. Examples include enhanced-gradient and non-local procedures (Peerlings et 

al., 2001), element embedded discontinuities (Reyes et al., 2009), or phase-field 

approximations (Vignollet et al., 2014).    

Conversely, at the microscale level (Fig. 2.15), both brick units and mortar joints are 

individually discretised at finer scales (Lourenço and Pina-Henriques, 2006; Drougkas et 

al., 2015; Wang et al., 2012), potentially explicitly modelling fracture and contact at 

units-mortar interfaces. Nonetheless, due to its high computational demand, this 

approach is chiefly dedicated to detailed numerical simulations of small specimens. An 

illustrative example was presented  in Wang et al. (2012), where 78,000 finite elements 

were employed to discretise a 325×240×49 mm3 wallet. As a remark, because often 

continuum softening models are implemented into the individual components (‘fine 

continuum FE’ in Fig. 2.15), this detailed approach poses the same potential drawback 

mentioned above for the macroscale representations, if the necessary regularization 

solutions are misemployed. Application of detailed micromdodels in combination with 

stochastic procedures for material properties quantification presents high potential for 

compressive strength prediction of small masonry specimens (Moradabadi et al., 2015). 

At last, the mesoscale framework provides a compromise solution between the two 

approaches described above, where both phases are individually considered at a more 

rational structural scale. It is remarked, however, this notion of mesoscale is different 

from other examples in literature (especially related to the simulation of advanced 

composite materials) where the typical scale of interest is considerably smaller 

(Remmers, 2006; Llorca et al., 2011; Ladevèze et al., 2014).  

The most effective mesoscale models for URM, also referred to as simplified micro-

modelling in Lourenço and Rots (1997) or mesoscopic modelling in Vandoren et al. 

(2013) are based on the use of continuum solid elements for representing brick units and 

nonlinear zero-thickness interfaces for mortar joints. Despite the simplifications 

associated with this modelling strategy as masonry units are expanded to account for 

zero-thickness joints (Fig. 2.15), this approach usually provides accurate results. It has 

been successfully employed to investigate the in-plane nonlinear behaviour of 2D 

masonry structures (Lourenço and Rots, 1997; Vandoren et al., 2013), as well as the 

response of 3D walls with generic texture for brick and mortar under in-plane and out-

of-plane actions (Macorini and Izzuddin, 2011; Macorini and Izzuddin, 2013b). 
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i)  Macroscale   

 

 
 

ii)  Mesoscale   

 
 

 
 

iii)  Microscale   
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Fig. 2.15 Definition of the scales of representation for FE modelling of URM components 
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In general, while cracks in mortar joints can be properly captured by using nonlinear 

interfaces, different approaches can be followed for representing damage within brick 

units. On a more simplified fashion, masonry units can be assumed to remain elastic 

throughout the simulation (Vandoren et al., 2013). On the other hand, as recommended 

in Lourenço and Rots (1997), Chaimoon and Attard (2007) and Macorini and Izzuddin 

(2011), damage and cracking might be represented by placing one or more nonlinear 

interface elements with mixed-mode cohesive models within each brick. Alternatively, in 

a more accurate yet computationally demanding approach, smeared continuum 

damage/plastic constitutive models could be introduced at brick level as in Koutromanos 

et al. (2011), always bearing in mind the specific issues of continuum softening models. 

Notwithstanding, it is interesting to note that this latter approach is phenomenological 

equivalent to current mesoscale modelling strategies for composite materials, where 

interface adhesion and delamination is discretely modelled with standard interface 

elements and intra-ply damage is represented by adopting standard continuum 

damage/plasticity models (Chen et al., 2014). In this thesis, intra-brick cracking is 

predicted by interface elements set within each masonry unit on a similar fashion to 

(Macorini and Izzuddin, 2011). This is by no means restrictive, as the proposed 

framework in Chapter 5 can easily incorporate any formulation for the solid elements 

containing either continuum damage or discrete failure models enabling a realistic 3D 

stress state prediction in these elements. 

2.3.2 Modelling Fracture in Masonry 

The successful application of mesoscale models largely depends on the ability to 

accurately represent fracture. In this respect, the concept of cohesive crack is employed. 

This method pioneered by Dugdale (1960)  and  Barenblatt (1962) consists of replacing 

the stress singularity at crack tip by a finite facture process zone, as sketched in Fig. 2.16. 

In this idealisation, there is an intermediate length between the fully cracked area (where 

no stresses are transferred across the discontinuity) and the intact material. A typical 

stress distribution along the fracture process zone is also depicted in Fig. 2.16. Following 

from early FE implementations of this concept in Hillerborg et al. (1976) to trace the 

propagation of Mode I cracks in concrete specimens, a multitude of methods is currently 

available to perform fracture based FE simulations, including brittle, ductile and 

dynamic crack propagation. For a review of such procedures reference is made to 

Needleman (2014).  

When applied to mesoscale analysis of URM structures, the cohesive models provide a 

versatile numerical tool to represent mixed-mode fracture. In particular, the use of 

cohesive fracture models within zero-length interface elements guarantees an objective 

representation of fracture (de Borst et al., 2006), because the softening zone is 
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Fig. 2.16 Schematic representation of fracture process zone 

 

intrinsically associated to a dissipative surface, thus circumventing the above mentioned 

shortcomings of continuum models (where energy is dissipated with the element 

volume). 

On the other hand, reliance on interface elements to accommodate fracture models 

induces undesirable mesh-bias when dealing with general problems, where potential 

fracture planes must be identified a priori. A standard solution consists of progressively 

introducing discontinuity surfaces during the simulation on locations where specified 

fracture initiation criteria are activated. Variants of this procedure include partition-of-

unity based methods (Remmers et al., 2008) and  phantom-node methods (Song et al., 

2006). Fortunately, with respect to URM structures this mesh-bias is not so evident, 

because the potential fracture planes correspond to the mortar joints. As a result, 

interfaces are introduced in the FE mesh following the specific brick-mortar 

arrangement, making a strong argument in favour of interface-based mesoscale analysis 

of URM walls. This statement is supported by the comparative performance among 

different discrete crack techniques in Dias-da-Costa et al. (2010), where the interface-

based models proved to be the most efficient for the cases of prescribed fracture planes. 

Of course, capturing the realistic fracture inside bricks would still benefit from the 

evolving crack modelling techniques briefly mentioned above.  

2.3.3 Introducing Poisson’s Effect in Discontinuity Surfaces 

According to the research objectives listed in Chapter 1, the standard mesoscale 

framework is to be enhanced to capture a mechanics-based brick-mortar interaction. As 

already anticipated, this is achieved by the modification of the standard interface 

kinematics to include Poisson’s effect in the discontinuity surface.  
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In Giambanco et al. (2012) a zero-thickness interface formulation (therein designated 

interphase element) was proposed. It incorporates in-plane strains and is used within a 

plane stress mesoscale elastic framework to capture the interaction between brick units 

and mortar joints in 2D analysis of URM assemblages. This model has been extended to 

include damage at interface level in Scimemi et al. (2014). Following a similar approach, 

Freddi and Sacco (2014) developed an interface model with in-plane effects equipped 

with a Drucker–Prager yield surface. This was then applied in a 2D analysis of debonding 

of a FRP laminate glued on concrete substrate, whereby the glue layer was represented 

by the enhanced interface. However, 2D analysis can provide only an approximate 

representation of the behaviour of URM subject to compressive loading. It has been long 

established (Binda et al., 1988) that masonry response under compression is essential 

triaxial, with vertical and diagonal cracks developing along different directions which can 

be effectively represented only using a 3D description, as the modelling approach 

proposed in Chapter 5. 

Noteworthy, the attempt to incorporate in-plane stresses in interface/cohesive models 

has received recent interest in the computational mechanics community on applications 

totally different from URM mesoscale analysis. A cohesive surface formulation including 

triaxial stresses, coupling  Mode I opening with in-plane strains, was recently proposed 

in Remmers et al. (2013), where the evolution of damage in the discontinuity surface is 

computed as a function of the stress state in a prescribed cohesive band. In a similar way, 

in the enhanced formulation discussed in Chapter 5 such cohesive band region 

corresponds to a generic mortar joint. Moving to the domain of ductile fracture 

simulation, a weak discontinuity formulation was presented in Huespe et al. (2012) 

where the availability of the full stress tensor in the fracture region allows the explicit 

computation of triaxiality which is a key parameter in this sort of failure evolution1. On a 

more simplified fashion, Anvari et al. (2006) suggested the utilisation of the stress state 

in neighbouring continuum elements, subsequently transferred into the discontinuity 

surface allowing the application of a triaxilality dependent cohesive model. Nevertheless, 

in spite of its simplicity this last formulation would not be suitable for representing 

mortar joints in URM, because the stress state in mortar layers and adjoining bricks 

(continuum elements) is essentially of opposite nature (see Chapter 5). 

                                                        
1
 In the context of metal fracture, triaxiality is defined as the ratio of the mean to the von Mises equivalent  

stress in the localisation band  
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2.4 Mechanics of Infilled Frames 

2.4.1 Review of Governing Mechanisms 

Although often ignored during the design stage, it is well known that infill panels, which 

are usually unreinforced masonry walls, strongly influence the global structural 

performance of infilled frames when compared to the behaviour of bare frames. They 

provide the frame with an increased lateral stiffness, which in turn results in different 

resisting mechanisms and dynamic characteristics for the whole structural system 

(Asteris et al., 2011; Asteris et al., 2013).  

The basic structural mechanics of infilled frames is characterised by the complex 

nonlinear response of the infill panel which interacts with the surrounding frame. The 

overall response of the composite system is governed by the relative strength, stiffness 

and geometrical characteristics of masonry and the frame components (beams, columns, 

and connections). Also, interface properties, namely separation resistance, friction and 

presence of gaps or mechanical connectors are important features (Dawe et al., 2001). 

The structural response of a single-bay two-floor infilled frame subjected to lateral 

loading (Fig. 2.17a) constitutes the basic entity to investigate the properties of the 

composite frame-masonry system. Reviews of the results related to this specific 

configuration are given in Crisafulli (1997),  Ng’andu (2006), Koutromanos (2011) and 

Asteris et al. (2011).    

With reference to Fig. 2.17b, the initial response to lateral loading is characterised by an 

elastic behaviour with full compatibility between the displacements of the frame and the 

wall. The elastic stress state shows high principal tensile and compressive values at the 

opposite corners of the panel, whereas a quasi-pure-shear stress state is recorded in the 

panel central region (Crisafulli, 1997). As load increases, combined shear and normal 

stresses in the tensile corners induce separation between frame and infill. Previous 

research (Esteva, 1966) has shown that this separation, which  is highly dependent on the 

bonding conditions of the frame-to-panel interfaces, often occurs at 0.01% to 0.3% 

lateral drift, (i.e., ratio between lateral displacement to storey height). Following the 

initial separation, a diagonal load transfer system develops between two opposite frame 

corners (Fig. 2.17c). At this stage, the contact corners are subjected to a compressive 

stress state, while the active panel region experiences principal compressive stresses 

along the diagonal equilibrated by principal tensile stresses in the perpendicular 

direction.  

According to Crisafulli (1997), compressive stresses along the diagonal are 7 to 10 times 

higher than tensile ones. Subsequent load increase leads to the development of cracks in 

the unreinforced masonry panel. Despite the initial damage, confinement provided by 

the surrounding frame promotes stress redistribution within the wall as damage spreads 
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throughout the masonry panel, possibly up to the failure of some frame elements. The 

ratio between the maximum lateral load carried by the infilled frame and the load level at 

which initial masonry cracks are recorded is known to vary from 1.26 (Leuchars and 

Scrivener, 1976) to 2.09 (Govindan et al., 1986) and from 1.27 to 1.95 (Klinger and 

Bertero, 1976). This fact outlines the significant dependency of the experimental 

outcomes on the specimen properties and layout, as well as on testing procedures. 

 

 

   

(a) (b) (c) 

 

Fig. 2.17 a) Single infilled frame subjected to in-plane lateral loading; b) principal stress 
distribution before initial frame-infill separation; c) principal stress distribution after frame-infill 

separation (Crisafulli, 1997) 

 

The typical failure modes associated with infilled frames under lateral loading are 

sketched in Fig. 2.18. Adopting the nomenclature in El-Dakhakhni et al. (2003), those 

might be listed as: 

 Corner Crushing mode (Fig. 2.18a) where a crushing failure of at least one of the 

loaded corners is achieved;  

 Sliding Shear mode (Fig. 2.18b), which is characterised by the development of a 

horizontal sliding shear crack along the mortar bed joint;  

 Diagonal Compression mode (Fig. 2.18c), which shows crushing at the central 

panel region and is typically seen in slender infill panels;  

 Diagonal Cracking mode (Fig.2.18d) features the development of cracks along 

the compressed diagonal;  

 Frame Failure mode (Fig.2.18e) where damage is induced in the frame elements 

and/or the frame connections. 

Notwithstanding, it should be underlined that in reality structural failure of infilled 

frames might result from the combination of the different modes above. Similarly, some 

failure modes are related to others, as in the case of diagonal cracking which is possibly 

followed by diagonal compression failure (Prietsley and Calvi, 1991; Crisafulli, 1997). 
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                      (a)                              (b)                                  (c)                              (d)                               (e) 

Fig. 2.18 Illustration of the typical failure modes of masonry infilled frames (El-Dakhakhni et al., 
2003)  

Fig. 2.19 shows a typical response curve of a single-bay infilled frame subjected to lateral 

monotonic loading (lateral pushover). In the same diagram, a similar curve for the bare 

frame response is also shown. This highlights the gain in strength and ductility provided 

by the infill panel interacting with the frame and shows the increased energy absorption 

capacity. Although this aspect is of particular relevance for robustness assessment, its 

transferability to progressive collapse analysis is not straightforward, as it assumes a 

similar response for infilled frames under horizontal and vertical imposed displacements. 

For this reason, the experimental tests reported in Chapter 4 aim to address this issue, 

allowing the establishment of an analogy between the response under lateral pushover 

and pushdown deformations. As remark to this subject, this increase in strength and 

energy absorption capacity is known to severely degrade under cyclic dynamic loading 

(Crisafulli, 1997; Asteris et al., 2011). Notwithstanding, with regards to sudden column 

loss, a monotonic downwards deformation is expected, thus potentially precluding the 

effects of cyclic performance degradation.  

 

 

 

Fig. 2.19 Response of infilled frame compared to of bare frame under lateral pushover (Crisafulli, 
1997) 

It should be noted that, in spite of the relevance of the conclusions regarding the 

behaviour of isolated infilled frame unit specimens, the response of infilled frames is also 

influenced by the overall geometry of the building and the initial gravity loading on the 
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structural elements (Crisafulli, 1997; Koutromanos, 2011; Negro and Colombo, 1997).  

The presence of openings in the panels is also responsible for variations in the response, 

leading to stiffness and strength reduction of the composite system (Mohammadi and 

Nikfar, 2013). 

An important issue governing the response of infilled frames is the strength of the actual 

URM panel. Referring to Fig. 2.20, it is shown that after frame-infill separation the 

loading regime is equivalent to a compressive force acting along the panel’s diagonal.  

 

Fig. 2.20 Idealisation of the stress state within a masonry panel after infill-frame separation 
(Crisafulli, 1997) 

 

Several theories and experimental results are available to calculate the strength of 

masonry panels. Examples include Page (1981) and Mann and Muller (1982), with a 

comprehensive review of other alternatives presented in Hendry (1998). In Fig. 2.21 

different cracking patterns are displayed for different loading scenarios according to 

Dhanasekar et al. (1985). As far as infilled frames are concerned, the major conclusion 

drawn from these theories is the correlation between the failure mode and the relative 

inclination between the load action line and masonry bed joints, as the classical failure 

model emphasises the ratio of the normal to shear stresses on the bed joints (Mann and 

Muller, 1982). In practice, combining the sketches in Fig. 2.20 and Fig. 2.21, it can be 

deducted that the panel’s failure mode is governed by the infilled frame aspect ratio, as 

expressed by: 

tan
f h

l



    (2.2) 

where h and l are the height and length of the panel, respectively. Nonetheless, the 

presented failure criteria are only able to trace the onset of failure of isolated masonry 

assemblages, while in the case of infilled frames, masonry is confined by the surrounding 

structural elements, thus enabling stress redistributions after the development of the 

first cracks. Post cracking behaviour is influenced by the level of masonry confinement 

and interface condition between the frame and infill panel which explains the wide range 
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of maximum load to cracking load mentioned previously. Simultaneously, this variability 

sanctions the use of advanced mesoscale models as a way to maintain accuracy regardless 

of the geometrical and loading conditions. 

 

 

Fig. 2.21 Modes of failure of URM specimens under biaxial loading (Dhanasekar et al., 1985) 

Physical testing of infilled frames can be performed on a monotonic quasi-static manner 

(El-Dakhakhni et al., 2006), analogously to the pushdown tests for robustness 

considerations. These tests are important, as they allow the investigation of the evolution 

of damage within the wall and the frame elements. More complex cyclic dynamic tests 

are currently used to reproduce the actual ground accelerations induced by earthquakes, 

which can be performed on single infill units (Hashemi and Mosalam, 2006) or multi-

storey specimen (Stavridis et al., 2012). Another testing possibility corresponds to the so 

called pseudo-dynamic tests, where the cyclic loading is applied on a quasi-static 

manner, yet the applied force includes the contribution due to inertial effects that are 

concurrently estimated by numerical simulation (Mosalam et al., 1998).  

2.4.2 Modelling Procedures for Infilled Frames  

2.4.2.1 Advanced Numerical Models 

The use of advanced numerical models within the context of infilled frames is usually 

labelled ‘micromodeling’ (Asteris et al., 2013). Nonetheless, in this thesis the 

nomenclature presented in Fig. 2.15 outranks this definition. Advanced models allow the 

nonlinear response of masonry infilled frames to be determined with high accuracy. 

These models should account for the interaction between masonry infill panels and the 
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surrounding frames, including complex geometries and the presence of openings in the 

panel. Specific material descriptions should be used to model the frictional behaviour of 

the frame/infill interface, which determines the stress distribution within the panel. 

Nevertheless, considerable drawbacks are associated with advanced numerical models, 

as they often require high computational costs and complex calibration procedures, thus 

being inappropriate for practical applications. Examples of nonlinear finite element 

analyses of infilled frames under static and dynamic loading are available elsewhere 

(Crisafulli, 1997; Stavridis and Shing, 2010; Asteris et al., 2013; Baloević et al., 2013). 

Examples of nonlinear simulation of multi-storey multi-bay infilled frames are found in 

Koutromanos et al. (2011) and Kuang and Yuen (2013). 

2.4.2.2 Simplified Models 

In the context of infilled frame analysis, simplified models are often designated 

‘macromodels’ (Asteris et al., 2011). Simplified descriptions are intended to capture the 

influence of masonry infill panels by means of simplified equivalent strut elements, 

which are connected to the compressed corners of the frame. This modelling approach, 

which was initially suggested in Polyakov (1960) and Holmes (1961), derives from the 

observation that after frame-infill separation an equivalent strut is activated within the 

URM panel (Fig. 2.16c). In the reminder of this thesis, simplified models are termed 

‘strut models’.  

Although the strut analogy is simple to visualise, the effective evaluation of the strut’s 

mechanical properties is far from being consensual. Initial developments (Stafford 

Smith, 1962; Stafford Smith, 1966) established a correlation between relative frame-infill 

stiffness and contact length after separation. It is possible then to estimate the width of 

the equivalent strut as a function of the contact length (Hendry, 1998). This approach 

was further improved by the observation of experimental results by Mainstone (1970) 

and Mainstone and Weeks (1971), eventually leading to the design-oriented expressions 

available in current design codes such as FEMA (2000). Expressions for the evaluation of 

strut width accounting for cracking of the masonry panel were developed by Decanini 

and Fantin (1987). More simple approaches are also possible by prescribing the strut 

width to be equal to 1/3 (Holmes, 1961) or 1/4 (Paulay and Pristley, 1992) of the strut 

length (i.e., the panel’s diagonal). 

The number of struts representing the infill is another key model feature, which 

characterises several different approaches (Fig. 2.22), ranging from simple one-strut 

models (Hashemi and Mosalam, 2007) to three-strut models (El-Dakhakhni et al., 

2003). It is argued that the use of a single strut model does not allow a realistic 

representation of the evolution of internal stresses in the frame elements. This could be 

important, as the presence of the infill may shift the positions of maximum bending 
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moment and shear force to a less reinforced portion of the beam/column inducing 

premature failure of RC frame components (Asteris et al., 2011). Simplified strut and tie 

models for infilled frames, which take into account out-of-plane effects to capture the bi-

directional response of URM infill under realistic earthquake loading, have also been 

presented (Kadysiewski and Mosalam, 2009). Several constitutive models and failure 

criteria are available to reproduce the failure modes sketched in Fig. 2.18 (Uva et al., 

2012b; Rodrigues et al., 2010; Puglisi et al., 2009; Perera, 2005). 

When analysing infill panels containing openings, several procedures can be employed 

where the load path around the opening is simulated by the application of several struts 

capturing the force path around the opening (Hamburger, 1993) or by adopting 

reduction factors for the geometrical properties of the strut which would be used in the 

case of no openings (Mondal and Jain, 2008). 

 

 

Fig. 2.22 Illustration of different alternatives for simplified strut models (Crisafulli, 1997) 

 

For the sake of reference, simplified strut models have already been applied in ALP 

assessments for column loss explicitly accounting for the influence of URM infill panels. 

To cite a few illustrative examples, Xu (2011) performed direct non-linear dynamic 

analysis of a 2D multi-storey frame with and without masonry infill (modelled with a 

single diagonal strut), concluding that for the case of corner column loss only the infilled 

case would prevent progressive collapse. Despite the already mentioned limitations of 2D 

frameworks for ALP assessments, the simplified study in Xu (2011) merits reference as it 

was applied on steel frame with non-ductile connections built in the 1920s, thus hinting 

the inherent robustness reserve in old framed structures due to URM infill, even if the 

constructional steel details fail to accommodate the required ductility demand ensuing 

from bare frame considerations. Another example is found in Farazman et al. (2013), 

where a three-strut idealisation was employed within the energy-based methodology of 

Izzuddin et al. (2008), revealing a considerable increase in collapse resistance both for 

peripheral and corner column removal scenarios. 
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2.5 Summary and Conclusions 

The concept of robustness was clarified in this chapter, where it provides a measure of 

the structure’s sensitivity to local damage. It is therefore, an event-independent property 

of the structural system associated with the prescribed gravity loading acting upon it. 

Sudden column loss constitutes the event-independent scenario utilised to perform 

robustness assessment, whereby the ALP method is used as the framework to establish 

the ability of the structure to redistribute loads and achieve an alternative equilibrium 

configuration.  

The response to sudden column loss is dynamic, and depends on the ductility of the 

affected members to accommodate large deformations. In this way, connections 

behaviour and restraint conditions are paramount. 

From the listed procedures available to perform ALP assessments, the energy-based 

methods pose the most significant advantages. Chiefly, as pointed out by Khalili-Tehrani 

et al. (2014), they allow an efficient application of sensitivity studies and the 

investigation of potential brittle/unstable failure modes. Nonetheless, their scope of 

applicability is restricted to the cases where the affected part of the building responds 

with a dominant deformation mode. If this is not feasible or the dominant deformation 

mode is difficult to estimate a priori, such as in irregular structures, resource should be 

made to direct non-linear dynamic simulation. 

Different modelling approaches for URM walls were discussed, where the merits of 

mesoscale representations were highlighted, especially with regards to their versatility to 

accommodate any 3D geometrical arrangement and incorporate cohesive fracture models 

using interface elements. 

Finally, the governing mechanisms of infilled frames under lateral loading were 

examined, providing a basis for a comparison with the experimental pushdown results 

presented in Chapter 4.  It was also pointed out that the response of infilled frames 

displays significant variability and sensitivity to different parameters, thus requiring 

advanced models to obtain meaningful performance predictions. On the other hand, 

simplified strut models present an attractive alternative for design-oriented purposes. 

Alas, the literature review revealed that usually there is considerable scatter on the model 

material and geometrical parameters which leads to high levels of uncertainty in the 

design analysis. For this reason extensive verification and calibration of this simple and 

practical modelling strategy is necessary, before its reliable application in progressive 

collapse assessments. 
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3 CHAPTER 3 
ROBUSTNESS ASSESSMENT FRAMEWORK 

 

3.1 Introduction 

According to the research programme introduced in Chapter 1, the influence URM 

masonry infill on building robustness is addressed within the scope of the progressive 

collapse assessment framework previously developed at Imperial College by Izzuddin et 

al. (2008), where the arbitrary loss of a single column is assumed as the initial damage 

scenario. In this chapter, the assessment framework is presented including all the 

necessary extensions to accommodate the infill’s contribution, focusing on the 

justification for the assumptions inherent to the proposed method. In particular, 

evidence of a dominant pushdown deformation mode due to peripheral column loss is 

highlighted allowing (i) the overall progressive collapse resistance to be assembled by 

individual member’s capacity including, of course, infill panels and (ii) the application of 

simple energy balance principles to predict the maximum dynamic demand from the 

knowledge of the nonlinear static response.  

Throughout this chapter, planar steel-concrete composite frames with partial-depth 

connections, similar to the frame sketched in Fig. 3.1a, are considered whenever practical 

examples are needed to illustrate concepts and methodologies. The geometry and 

mechanical properties of these frames are extracted from the benchmark building 

analysed later in Chapter 7. For this reason, all geometrical details, material properties, 

and the other relevant input parameters are referred to that chapter so as to avoid 

unnecessary repetitions. To investigate the influence of multi-floor coupling, the 

pushdown response of frames with a different number of floors is compared. 

As anticipated in Chapter 1, advanced high-fidelity mesoscale descriptions for masonry 

infill have been adopted in this research in combination with physical real-scale tests to 

achieve a deep insight into the response of infill frame units under pushdown 

deformations. Nonetheless, mesoscale analysis of multi-storey peripheral infilled frames 

is outside the scope of this thesis due to the significant computational demand. Of 

course, as discussed in Chapter 6, recent developments in computational methods will 

prompt the application of the proposed advanced masonry models also to the nonlinear 

analysis of large multi-storey infill frames in future research. For this reason, and bearing 

in mind that the objective of this chapter is mainly to illustrate the methodology used to 
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quantify the contribution of URM panels to collapse arrest, simplified strut models are 

employed for representing the URM panels in the analysed example frames (Fig. 3.1b). 

Material nonlinearity in masonry infill is accounted for by using a material relationship 

with no tensile strength and softening behaviour in compression (Fig. 3.1c). Following 

previous work by Farazman et al. (2013), resource is made to the  three-strut idealisation 

proposed by El-Dakhakhni et al. (2003), where herein the central diagonal strut is 

replaced by two struts to avoid the development of unrealistic high forces at the beam-

column connections, which are modelled using detailed component-based joint 

descriptions (Vlassis et al., 2008) as sketched in Fig. 3.1d. The input parameters for the 

masonry strut elements are listed in Table 3.1. 

 

 

 

  

 

 

 

 

 

 

(a)                                                                     (b) 

 

 

 

 

 

 

                                            (c)                                                 (d) 

Fig. 3.1 Infill frame model: (a) sketch of the frame used for illustration purposes (4-floors case), 
(b) framed model with diagonal struts for masonry infill panels, (c) material nonlinear curve for 

strut elements, (d) component-based joint model 
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Table 3.1 URM infill strut parameters 

Infill thickness 

(mm) 

Strut width 

(mm) 

fc 

(Mpa) 

εco 

- 

200 1258 5.0 0.001 

 

In the following sections, the main characteristics of the robustness assessment 

framework are described, including its scope of validity. 

 

3.2 Ductility-Centred Robustness Assessment 

3.2.1 Overview 

The approach introduced by Izzuddin et al. (2008) for robustness assessment under 

sudden column loss is employed to establish a Robustness Limit State beyond which 

local damage develops into disproportionate global collapse (Izzuddin, 2010). This 

provides an event-independent framework to assess structural survivability when a 

primary member is severely damaged by direct action, thus circumventing the need for 

explicit simulation of the actual event, which is often complex and computationally 

demanding.  When using this approach, conservative results could be obtained compared 

to direct modelling of blast loading on framed structures as discussed in Gudmundsson 

and Izzuddin (2010) and Zolghadr Jahromi et al. (2012). However, care should be taken 

in the interpretation of the results if the actual initiator (blast or other event) leads to 

significant horizontal forces (Shi et al., 2010). In this respect, Kang and Kim (2014) 

performed a comparative study between damage induced by direct vehicle collision and 

column removal scenarios. In this instance it was observed that horizontal forces arising 

from high-speed impact could trigger collapse mechanisms not foreseen by 

instantaneous column loss. Notwithstanding, in these studies the full resisting capacity of 

the analysed buildings was not properly evaluated as the floor contribution was not 

considered which renders the authors’ conclusions mainly indicative. Notwithstanding, 

the influence of the triggering event has already been discussed in Dusenberry and 

Hamburger (2006), where it was pointed out that the evaluation of the effects of a 

notional column loss should be considered  within the scope of assessing the building’s 

sensitivity to local damage.  

When describing the proposed assessment framework, it is important to underline that 

compliance with current codified robustness provisions (CEN, 2006; DoD, 2009) in 

relation to unforeseen extreme events is guaranteed. This is particularly relevant when 

extending alternate load path (ALP) methodologies to the specific case of framed 

structures with URM infill walls using the progressive collapse assessment framework 
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described below. In this respect, the presence of URM infill is effectively regarded as a 

fully integrated structural constituent. This means that the URM infill, which is confined 

by the surrounding frame elements, can be directly included in the ALP method enabling 

alternative load paths (as physically evident in the real events reported in Chapter 1), 

which are by default disregarded when infill walls are not explicitly modelled. Such a 

modelling strategy is in agreement with the code prescribed guidelines which allow for 

different levels of structural idealisation and modelling sophistication, ranging from 

linear static to advanced nonlinear dynamic analysis. Importantly, as demonstrated in 

the application example presented in Chapter 7, nonlinear frame-infill interaction is 

critical for a realistic representation of the pushdown response, indicating that simple 

linear simulations allowed by current codes might induce unrealistic robustness 

assessments. Furthermore, the proposed approach is mainly intended to assess the 

actual capacity of URM infill under sudden column loss by means of  sound mechanical 

models, which can be used in future research to calibrate more simplified 

representations (e.g. enhanced strut models) and to assist the development of provisions 

for robustness design allowing for the contribution of masonry cladding. 

3.2.2 Sudden Column Loss Scenario 

The different alternatives usually employed to conceptually describe sudden column loss 

are sketched in Fig. 3.2. The configuration in Fig. 3.2a represents the actual portrayal of 

the event, where a portion of the structure carrying its prescribed gravity loading P0 

(usually given by a specific dead and live load combination for accidental events) is 

subjected to sudden removal of the central column. In turn, the configuration in Fig. 3.2b 

corresponds to an alternative representation where the damaged structure (without the 

central column) is initially unloaded and then suddenly subjected to the gravity loading 

P0. Finally, the case sketched in Fig. 3.2c corresponds to the same structure initially 

damaged and unloaded, but subjected to a statically applied gravity load P0 multiplied by 

a load factor  d to induce the target dynamic deformation ud.  Although the latter 

approach is prescribed by several design codes for robustness assessment (DoD, 2009), it 

may induce erroneous and unconservative results when the response is governed by 

severe  material and geometric nonlinearities (Izzuddin and Nethercot, 2009). In reality, 

because the structure is initially loaded the approach in Fig. 3.2a captures the strain 

energy that is released when the column is lost. This represents an additional 

contribution to the work done by the gravity load as the floors deform downwards 

(Dusenberry and Hamburger, 2006) which is not captured by the method depicted in 

Fig. 3.2b, as therein the structure is initially unloaded. Nonetheless, this initial strain 

energy is often negligible when compared to the energy levels involved in the downwards 
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dynamic response, indicating that the difference in the dynamic displacement ud 

computed with either model is usually only marginal. Also for the typical level of 

damping associated with building structures, this property presents negligible influence 

in the dynamic response to column loss (Herraiz et al., 2015). For this reason and due to 

the relative simplicity of the concept in Fig. 3.2b, in this work, sudden column loss is 

assumed to be conceptually equivalent to the instantaneous application of an equivalent 

gravity load on the affected part of the structure, inducing a response governed by a 

dominant generalised deformation mode. 

The assumption of a dominant deformation mode related to a column loss, which was 

extensively verified in Vlassis (2007) for the case of beams with flexible connections 

subjected to suddenly applied uniform loading, enables the problem to be effectively 

addressed by adopting a nonlinear SDOF system, whose generalised degree of freedom is 

controlled by the displacement ud. A dominant deformation mode was found also in Xu 

and Ellingwood (2011) for steel frames with rigid beam-column joints by conducting 

eigenvalue analysis of a sample frame without the lost column. In this case, it was found 

that the first mode of vibration of the damaged structure presented a vertical profile 

similar in shape to the deformation mode shown in Fig. 3.2b-c. 

 

 

a) b) c) 

Fig. 3.2 Representation of sudden column loss concept (Izzuddin et al., 2008) 

 

Before detailing the procedure to compute the resistance to progressive collapse, an 

initial insight into the possible effects arising from multi-floor coupling is given. 

Eigenvalue analysis has been conducted on infill frames with a different number of floors 

varying from 2 to 7 to compare the vibration modes. In the analyses a distributed beam 

mass of 780 kg/m was assumed, and for each frame, three situations were considered: (i) 

bare frame, (ii) infilled frame without lateral restraint and (iii) infilled frame with lateral 

restraint. As a matter of clarification, lateral restraint refers to the in-plane bending of 

the columns, which in the case (ii) is unrestrained, whereas in (iii) the columns can 

deform only axially. This allows the investigation of the influence of the adjacent 

masonry panels in preventing in-plane bending deformations of the columns. Fig. 3.3 
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shows the first vibration modes of the 2-floor frames, where the influence of column’s 

lateral restraint is visible by comparison of the two infilled cases.  

 

   

(a) (b) (c) 

Fig. 3.3 First vibration mode of the 2-floor frame: a) bare, b) infilled unrestrained and c) infilled 
restrained 

 

The results from the eigenvalue analyses of the bare frames are listed in Table 3.2. Both 

laterally restrained and unrestrained conditions were checked for the bare frames, but no 

differences in the dynamic properties were noticed. Interestingly, the results in Table 3.2 

show that the modal mass, which stands for the percentage of the total mass acting in the 

vertical direction, varies between approximately 73% and 77%. This is relevant, as it 

reveals that in the linear-elastic range, the partial-depth connections induce a certain 

amount of bending in the beams (see vibration mode in Fig. 3.3a), whereas under 

incremental pushdown response, damage at joint level leads to lumped deformations in 

these areas eventually resulting in a linear displacement profile (Izzuddin et al., 2008). 

In such nonlinear circumstances, the modal mass tends to be 50 % (as shall be clear in 

the next section), indicating that extrapolation of linear-elastic results for realistic 

robustness assessments deserves careful consideration. Notwithstanding, as already 

mentioned, the presented eigenvalue analyses are purely illustrative of multi-floor 

coupling effects. As a remark, the first vibration period of the bare frame cases are 

remarkably high because they refer to the frame with flexible connections presented in 

Fig. 3.1 whose central support has been removed, leading to an effective span of 12 m. 

In order to obtain an equivalent stiffness associated with the effective vertical vibration 

mode, the results in Table 3.2 are employed to compute the modal stiffness according to: 

2
2

k m
T

 
  
 

  (3.1) 

where T is the period and m the modal mass. Furthermore, the modal stiffness in Eq. 3.1 

is divided by the number of floors delivering a measure of equivalent floor stiffness. The 

computed values are plotted in Fig. 3.4 for the bare and infilled cases, where the 

necessary parameters for the infill frames are listed in Table 3.3 and Table 3.4 for the 

unrestrained and restrained counterparts, respectively. Focusing on the bare frame, it is 
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observed that no multi-floor coupling is registered, as the equivalent stiffness of the first 

vibration mode is insensitive to the number of floors affected by column loss. This is in 

accordance with the assumptions in Izzuddin et al. (2008) for floor systems with flexible 

connections, provided that there is uniformity of loading and geometry in the directly 

affected bays. On the other hand, in the infilled situations, considerable multi-floor 

coupling is observed. With the laterally restrained columns,  an increase of the 

generalised stiffness with increasing number of floors is noticeable, indicating that 

activation of more floors above the removed column results in an enhanced potential 

contribution of URM panels to the vertical stiffness. Conversely, if the columns are 

laterally un-restrained, following an initial increase, the modal stiffness tends to the 

value of the 2-floor frame. This is explained by the fact that increasing the number of 

floors, leads to increased forces being transmitted by the struts to the columns, 

eventually resulting in the deformed mode in Fig. 3.3b which imposes a limitation on the 

potential contribution of URM panels.  

 

Table 3.2 First vibration mode results: bare frame 

Number of Floors Period 

(sec) 

Modal Mass 

(%) 

2 5.40 73.7 

3 5.40 74.0 

4 5.91 74.4 

5 5.46 75.0 

6 5.49 75.7 

7 5.50 76.5 

 

 

Table 3.3 First vibration mode results: unrestrained infilled frame 

Number of Floors Period 

(sec) 

Modal Mass 

(%) 

2 1.85 80.9 

3 1.70 85.0 

4 1.71 88.4 

5 1.78 90.8 

6 1.88 92.2 

7 2.00 92.7 
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Table 3.4 First vibration mode results: restrained infilled frame 

Number of Floors Period 

(sec) 

Modal Mass 

(%) 

2 1.73 73.2 

3 1.50 76.3 

4 1.44 77.2 

5 1.40 77.8 

6 1.38 78.4 

7 1.37 78.9 

 

 

 

Fig. 3.4 Evolution of the equivalent modal stiffness with the number of floors above the removed 
column (stiffness values normalised to the respective bare frame cases) 

 

In the remainder of the thesis, because the scope is limited to peripheral infilled frames, 

it is assumed that infill panels are present in the bays adjacent to the bay affected by 

column loss, supplying sufficient lateral restraint to the columns. This assumption is 

confirmed in the analyses for the case study in Chapter 7, where the pushdown response 

explicitly considering the adjacent masonry panels is compared against the that 

determined using the sort of lateral restraints considered before (see Fig. 7.10).    

To conclude, the eigenvalue analyses showed an amplification of the effective 

contribution of infill panels as the number of activated floors (and URM walls) increases, 

when sufficient lateral restraint is provided. On the other hand, such enhancement is not 

readily retrieved if the columns are not laterally restrained, a fact that should be carefully 

addressed when extending the proposed framework to allow for corner column loss 

scenarios. 
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3.2.3 Three-Step Robustness Assessment 

Taking advantage of the simplifications inherent to the SDOF idealisation, the maximum 

dynamic response – which is directly linked to the progressive collapse resistance - is 

obtained from energy balance considerations, bypassing cumbersome nonlinear dynamic 

analysis. This procedure arises from earlier work in Izzuddin (2004) where the dynamic 

response of steel beams subjected to blast loading was effectively derived from its 

nonlinear static capacity.  

The assessment framework encompasses three main steps (Izzuddin et al., 2008):  

i. Nonlinear static analysis disregarding the removed column – a curve relating 

generalised load and displacement of the idealised SDOF system is obtained 

where relevant structural features are captured by increasing the model 

complexity; 

ii. Simplified dynamic response which implies the application of energy 

conservation principles to compute the dynamic response given the generalised 

nonlinear static curve; 

iii. Ductility assessment.  

At the last step, the direct comparison between ductility supply and demand provides a 

single rational measure of robustness, where the influence of redundancy, ductility, 

dynamic effects and energy absorption are combined leading to a ductility-centred 

procedure (Izzuddin et al., 2008, Izzuddin and Nethercot, 2009, Izzuddin, 2010). Each of 

the individual steps is detailed in the proceeding sections. 

 

3.3 Nonlinear Static Analysis of the Damaged Structure 

3.3.1 Multi-Level Implementation 

Depending on the degree of architectural and loading regularity, the nonlinear static 

response can be obtained at different levels of structural idealisation ranging from the 

simulation of multi-storey sub-structures with appropriate boundary conditions to single 

element analysis (Fig. 3.5). In the latter case, individual contributions are assembled 

utilising appropriate compatibility factors related to the relevant deformation mode. 

Different levels of modelling sophistication are easily embedded in this approach, 

deploying a strategy equally suitable for initial design assessment and advanced 

verifications for the retrofitting of existing facilities, where enhancing the order of 

idealisation tends to deliver higher predictions of progressive collapse resistance. This 

was pointed out by Zolghadr Jahromi et al. (2013) where different modelling techniques 

were adopted to represent the contribution of a composite floor system in the progressive 

collapse assessment of a multi-storey building. It was shown that a higher progressive 
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collapse resistance is predicted when using full modelling for the composite floor (Fig. 

3.5c) compared to the resistance predicted by a more simplified grillage model, where the 

individual beams are assembled according to a specific deformation mode (Fig. 3.5d). 

The rationale behind such conclusions is easy to understand, as the utilisation of a more 

realistic modelling technique enables enhanced resisting mechanisms to be accurately 

captured, such as membrane/catenary actions which develop at floor level.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Different levels of structural idealisation for progressive collapse assessment (Izzuddin et 
al., 2008): (a) multi-storey building, (b) multi-storey sub-structure, (c) floor system, (d) 

individual floor components 

 

Focusing on the lower level of structural idealization (Fig. 3.5d), a nonlinear static 

analysis is carried out for each individual member i obtaining a generalized capacity-

displacement curve, where the relevant mechanical features are captured with increasing 

levels of model sophistication (Fig. 3.7a). Secondly, the generalised SDOF capacities 

previously obtained for each i member are energetically transferred to the capacity at 

global level (Fig. 3.7b) by means of appropriate energy (αi) and compatibility factors ( i). 

In the case of bare frames with flexible beam-column connections, where most of the 

deformation is lumped at the joint locations, a linear or quasi-linear deformation profile 

is assumed for the floor members, as sketched in Fig. 3.6. Bearing this in mind, it is 

trivial to derive the work related factors αi to convert the actual load being supported by 

(a) 

(b) 

(c) 

(d) 
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the member as they deform into a generalized SDOF load assuming the typical cases of 

point load (PL) and uniformly distributed load (UDL): 

1

0.5
i

for PL

for UDL



 


  (3.2) 
 

 

 

Fig. 3.6 Quasi-linear deformation profile of beams under column loss in bare frame case 
(Izzuddin et al., 2008)  

 

The total floor static response in term of  generalised vertical force is obtained 

considering the compatibility factor  i  which establishes the ratio between the global 

generalised pushdown displacement considered for the global assessment (us) and the 

control displacement utilised for each individual member (us,i). Then using energy 

principles, where the incremental work done by the floor’s load equals the incremental 

energy stored by the floor’s members as pushdown deformation progresses, it gives: 

s i i i s

i

Pdu Pdu    
(3.3) 

where the factor α is employed to convert the total floor load P, given by the distributed 

uniform floor load multiplied by the area of the floor, into the generalized SDOF capacity 

(Fig. 3.7c). With reference to the trapezoidal deformed shape of the floor plate in Fig. 3.7 

which is the rational outcome of its constituents deforming linearly, α takes the value of 

0.25 assuming that the load is uniformly distributed over the floor plate. Manipulation of 

Eq. 3.3 allows the total floor nonlinear static capacity to be explicitly assembled as: 

1
i i i

i

P P 


   (3.4) 

Multiple-floor contribution can be simply extended from the single floor case, by 

employing appropriate compatibility factors as detailed in Izzuddin et al. (2008). A 

typical implementation of the multi-level method for a floor grillage is presented in Fig. 

3.7 for illustrative purposes. This example illustrates how the total combined floor 

capacity can be assembled from an idealisation level similar to that in Fig. 3.5d. 
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Fig. 3.7 Grillage assemblage of floor nonlinear static capacity from individual beams: (a) 
pushdown analysis of individual members, (b) energetic transformation of individual members’ 

capacity and (c) floor capacity assemblage 

 

3.3.2 Incremental Pushdown Deformation with Masonry Infill 

As expressed in the previous sub-sections, the occurrence of a dominant global SDOF 

mode constitutes the keystone of the proposed energy-based assessment framework. The 

results of the eigenvalue analysis presented before provided an initial insight of such 

mode for framed structures with masonry infill. However, the extent to which URM 

panels influence multi-floor coupling and the local deformations in the frame 

components must be carefully examined. 

(a) 

(b) 

(c) 



3.3 Nonlinear Static Analysis of the Damaged Structure 

89 
 

The first step towards this verification is simply the simulation of the four-storey infill 

frame in Fig. 3.1 subjected to incremental floor load. A uniformly distributed load is 

applied at every floor level and increased following a displacement control procedure to 

capture the softening response induced by the progressive failure of the masonry 

elements which are modelled using a material relationship with softening (Fig. 3.1c). The 

deformed shape at 150 mm vertical displacement at column lost location is shown in Fig. 

3.8, where it is compared against the deformation profile of the corresponding bare 

frame. The location of the node used as generalised DOF is also indicated as us in Fig. 

3.8b. Visual inspection of Fig. 3.8a-b indicates an obvious distinction between bare and 

infilled response. In the bare case, the clear linear deformation profile confirms that the 

deformation is mainly lumped at the joint locations as suggested by Izzuddin et al. 

(2008) for floor systems with beam-column flexible connections. Conversely in the case 

of infilled frame, the interaction among the frame components and the URM panels leads 

to non-negligible deformations in the beams giving rise to a nonlinear deformation 

profile.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                       (b) 

Fig. 3.8 Pushdown deformed shape of a) bare and b) infilled frame 

 

A quantification of this deviation from a perfectly linear deformation mode is presented 

in the graphs of Fig. 3.9a-b for the target locations specified in Fig. 3.8 as A, B and C. A 

departure from the linear profile can be noted in Fig. 3.9b, where the variation of the 
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discrepancy between the computed displacements and the displacements obtained 

assuming a linear profile is plotted as a function of the control displacement us. 

Interestingly, the displacement discrepancies at the inspected positions are quite large in 

the initial stages, while these differences reduce as the deformation ensues. This may be 

due to the contribution of the infill panels which remain undamaged for small us values 

inducing considerable forces into the beams, whereas, as the infill undergoes softening 

damage, these forces are progressively reduced. With respect to the methodology being 

presented, such difference in floor deformation profile has direct implications on the 

quantification of the energy and compatibility factors α and   respectively. For 

illustrative purposes, the evolution of the factor   with incremental pushdown 

deformation for the four-storey frame in Fig. 3.1b is shown in Fig. 3.10. In particular, 

here the factor   is the ratio between the control displacement us and the displacement at 

mid-span in the floors above. An initial displacement discrepancy is recorded due to the 

increasing force induced by the infill, which gradually disappears because of the damage 

evolution in the masonry panels.  

Altogether, the results in Fig. 3.9 and Fig. 3.10 confirm that the increase in total vertical 

resistance when moving from the bare to the infilled case, is not solely the result of the 

net infill contribution, but it also includes the enhanced contribution of the frame 

elements induced by the frame-infill interaction. Moreover, it can be noted that the 

observed modification of the response profile of the frame members corresponds to an 

increase in the absorbed internal energy, which is a governing factor in the collapse 

arrest, as explained below.  

  
(a) (b) 

Fig. 3.9 Vertical displacements at first floor beam: a) absolute displacements and b) relative 
error to linear deformation profile  
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Fig. 3.10 Evolution of the compatibility factor   with pushdown deformation  

 

To check if the contribution of URM infill becomes more relevant by increasing the 

number of floors, as disclosed by eigenvalue analysis for the elastic range, nonlinear 

static simulations have been performed to analyse the behaviour of the two-storey, four-

storey and seven-storey frames with the same mechanical characteristics, all subjected to 

pushdown deformations representing a column loss. In particular, the same UDL has 

been applied at all floor levels and incremented according to a displacement controlled 

procedure. The results are presented in Fig. 3.11 in the form of the applied UDL at each 

floor (i.e., initial load multiplied by current load factor) against the vertical displacement 

us. By comparing the different curves, it can be noticed that the load effectively carried at 

each floor by the seven-storey and four-storey frames is higher than that carried by the 

two-floor structure, thus confirming the enhanced contribution of masonry infill as the 

number of activated panels increases. In the same figure the pushdown responses of the 

three bare frames are also presented. In this case, the three curves coincide and match 

those in Vlassis et al. (2008) further confirming that, without infill panels, the pushdown 

response of framed structures with flexible connections can be assessed at single floor 

level, of course, provided that there is uniformity of loading and geometry above the 

removed column. Fig. 3.11 shows also a sheer increase of the nonlinear static capacity of 

the infilled frames (regardless of the number of floors involved) when compared to bare 

frame situations, pointing to the potential contribution of URM infill, especially at small 

deformations. 
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Fig. 3.11 Nonlinear static pushdown response for different number of floors 

 

At this stage, the results of the nonlinear static simulations are considered to provide an 

energy-based interpretation of the multi-storey coupling. Focusing on Fig. 3.12, the 

internal energy absorbed by the masonry panels (represented by simplified strut models) 

as function of the control vertical displacement is presented for the two-floor, four-floor 

and seven-floor frames, showing that for the multiple infill situations a practically 

constant value of internal energy is observed (the value for the intermediate floors are 

omitted as their values are similar to the top and bottom results). Moreover, such energy 

evolution is also in close agreement with that obtained for a single infill frame unit (2 

floor curve). In the latter, the relative smaller value of internal energy in the early stages 

of pushdown deformation is explained by the fact that in a single infill case, the forces 

transmitted by the upper floors into the URM walls are not captured. The use of the 

internal energy instead of the actual force evolution is justified within the proposed 

framework because  this quantity is a main driver for the collapse arrest potential, as 

shall be clear when introducing the energy balance statement below. Furthermore, by 

employing energy principles generality is gained over the fact that simple infill 

mechanical idealisations have been utilised, enabling the transfer of the conclusion 

herein drawn to the application of more advanced FE strategies, where all the detailed 

features of the frame-infill interaction can be properly addressed at single infill level. 
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Fig. 3.12 Evolution of the internal energy in the infill panels (strut elements) 

 

From the discussion above, it can be argued that under incremental pushdown 

deformations the results obtained by the analysis of a simple two-floor infilled frame unit 

can be effectively extrapolated for a more general case with a larger number of storeys, 

given there is sufficient lateral restraint. This is particularly significant, because it allows 

the direct use of the results from detailed FE simulations or experimental tests which can 

be more conveniently carried out at single infill frame level. Concerning the evolution of 

the frame-infill interaction, Fig. 3.13 to Fig. 3.15 show the variations of the internal forces 

at the most stressed cross-sections of the beam at the ground floor against the vertical 

displacement us. More specifically, Fig. 3.13 displays the variation of the bending 

moment at the mid span  (section M in Fig. 3.8b), Fig. 3.14 the shear force at the left 

beam-column joint (section S in Fig. 3.8b), and Fig. 3.15 the axial force at section H 

(Fig.3.8b). In the figures the forces for the different infill frames are compared showing a 

fair agreement with only slightly higher forces found in the seven- and four-floor cases 

due to the load transfer from upper storeys to the lower levels. Nonetheless, such 

differences are considerably smaller than the net forces induced by the in-plane 

deformation of the walls at each floor. These results have a significant practical 

importance, as they confirm that the frame integrity checks can be performed using 

efficient infilled frame unit models, which guarantee reasonable results when compared 

to the simulations of the whole frames for practical-oriented assessments. 
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Fig. 3.13 Comparative evolution of forces in the first floor: bending moment M 

 

 

Fig. 3.14 Comparative evolution of forces in the first floor: shear force S 

 

 

Fig. 3.15 Comparative evolution of forces in the first floor: horizontal reaction H 
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3.3.3 Introduction of Infill’s Capacity 

In general, the actual distribution of gravity loads on the floor plates is difficult to 

establish a priori due to geometric and stiffness changes occurring as the deformation 

progresses into the large displacements domain. This fact is further aggravated by the 

presence of URM panels with considerable in-plane stiffness. Nevertheless, while the 

assumption of a dominant deformation mode still holds, the precise quantification of the 

associated deformation profile depends upon the number of floors involved in the 

pushdown process. In fact, the influence of infill panels on collapse arrest is composed of 

two contributions: the net infill capacity and the enhanced response of the beams due to 

the frame-infill interaction. Nonetheless, the total infill’s contribution can be simply 

computed as the difference between the infilled frame response and the response of the 

bare frame. Alternatively, the individual contribution of the masonry panels can be 

isolated from the enhanced frame response using energy considerations. In general, the 

URM panels’ capacity can be obtained by either performing nonlinear static pushdown 

analysis on the full multi-storey infill frame or considering the two-floor (single infill) 

unit, bearing in mind that in the latter case the accurate contribution due to the 

enhanced frame response is lost. For this reason, when assessments are based on single 

infill models, the apparent contribution due to enhanced frame performance (either 

implicitly assumed or isolated in the energy analysis) constitutes only a lower bound of 

what this effect would actually be in the multi-storey scenario.  

Recalling the proposed strategy in this thesis, which is based on the use of advanced 

mesoscale FE models validated against real-scale physical tests,  the two-floor (single 

infill) level of representation is employed to determine the capacity of non-structural 

masonry within the procedure detailed below. The contribution of the masonry panels 

can be obtained following the same procedure adopted for the contribution of the 

flooring systems as displayed in Fig. 3.16. In the latter case, considering the equivalence 

between the incremental work done by the uniformly distributed floor load and the 

energy absorbed by the floor system, the generalised floor contribution to static capacity 

can be calculated as (Izzuddin et al., 2008): 

1
Floor FloorP P


 (3.5) 

where 
FloorP  is the equivalent floor nonlinear static force at su  displacement computed 

either using simplified grillage assemblages (as in Fig. 3.7; in that case Eq. 3.5 

corresponds to Eq. 3.4) or directly employing full floor models as suggested by Zolghadr 

Jahromi et al. (2013). 
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Fig. 3.16 Combination of floor system and infill capacity under the assumed pushdown mode 

 

In the case of masonry panel, the vertical displacement at mid-span in the bottom beam 

is taken as the control displacement considering αPanel = 1 which effectively means that 

the loads are transferred to the infill as a concentrated point force. Such assumption is 

supported by the fact that the actual mechanics of the load transfer between the frame 

and the infill panels depends upon a substantial number of parameters and displays 

considerable variation during the loading process. 

The net contribution of masonry infill is extracted from the analysis of the two-floor 

infilled-frame and subsequently converted into the generalised nonlinear static capacity: 

1
Panel PanelP P


 (3.6) 

where 
PanelP  represents the equivalent nonlinear static resistance at displacement su  of a 

single set of adjacent panels, assumed to be symmetrical unless specified otherwise. As 

mentioned above, 
PanelP might be the actual capacity of the panels, or implicitly include 

the enhanced frame performance as in Xavier et al. (2014). The former interpretation is 

adopted in this thesis, as it allows greater insight into the actual contribution arising 

directly from the energy absorbed by the masonry elements.  
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Taking the limit case where the floor’s triangular displacement profile is not affected by 

the URM walls, the trivial closed-form α factors can be readily employed in Eq. 3.5-3.6. 

In these cases the global static capacity can be calculated assuming complete loss of the 

masonry panels adjacent to the removed column as: 

1

, ,

1 1

n n

Total Floor i Floor j

i j

P P P


 

    
(3.7) 

where n is the number of floors above the removed column. For the cases where the 

enhanced frame performance is neglected, the differences in floor deflection shown in 

Fig. 3.10 might be disregarded, as the frame contribution is totally extracted from the 

bare frame situation. Also, with due reference to the results in Fig. 3.12, if infill 

contribution is taken as the actual net capacity of masonry walls, the results of a single 

infill model are representative of the multi-storey case. Adding up all these 

considerations, it is important to note that when the layout of the analysed structure is 

uniform and uniformly loaded across the floors above the removed column, only a single 

floor/infill nonlinear static curve needs to be computed. In this case the assemblage of 

the total system nonlinear static resistance is simplified as the weighted sum of the 

individual contribution of one floor and one set of adjacent infill panels: 

 1Total Floor PanelP nP n P    (3.8) 

Such total static capacity is illustrative of the varying importance of URM infill as the 

number of floors activated in response to column loss increases. To further clarify this 

point, dividing total capacity P by the number of active floors n, an equivalent single floor 

static response is obtained where infill panels’ contribution is affected by a factor γ: 

 1n

n



  (3.9) 

Clearly, this confirms that the effective contribution of URM infill increases as the 

number of floors above removed column is similarly increased, even if the modified 

frame response is ignored. This is in agreement with the findings from eigenvalue 

analysis presented earlier in this chapter referring to the laterally restrained columns, 

extending that conclusion into the nonlinear deformation range. Moreover, potential 

detrimental effects arising from frame-infill interaction can be accurately predicted using 

the simplified two-floor model, as shown by comparing the forces in the critical 

structural components using models with different number of floors plotted in Fig. 3.13-

3.15. 
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3.4 Simplified Dynamic Assessment 

3.4.1 Energy Balance Statement 

The second step in the assessment framework is designed to obtain the maximum 

dynamic response adopting energy balance considerations, circumventing the use of 

cumbersome direct dynamic simulations. With reference to Fig. 3.17, the maximum 

dynamic displacement (i.e., the generalised assumed DOF) induced by the sudden 

application of  nP0 is achieved when the absorbed energy (depicted as the area under the 

P-u curve in Fig. 3.17) is equal to the work done by the load  nP0 over the displacement u 

(effectively the change in potential energy of the gravity loading as the structure 

deforms). This condition occurs exactly at a displacement ud,n and can be expressed as: 

,

int 0 ,

0

d nu

ext n d nW W Pu Pdu      (3.10) 

where α is the deformation mode factor introduced in the previous section. Applying this 

energy balance at different load levels  n, a pseudo-static response curve is obtained (Fig. 

3.17). This directly provides the maximum dynamic displacement of the damaged 

structure if  nP0 is applied as a step load. Analytically, the pseudo-static curve is 

obtained as (Izzuddin et al., 2008): 

,

0

, 0

1
P

d nu

n n

d n

P Pdu
u

    (3.11) 

where P inside the integral represents the nonlinear static resistance obtained using the 

approach described in the previous section. The validity of this simplified procedure, 

when compared against the results determined by full nonlinear dynamic simulations, 

was confirmed by Vlassis (2007) for the case of 2D beams with varying joint flexibility, 

and Xu and Ellingwood (2011) considering plane steel frames encompassing both flexible 

and rigid beam-column connections. More recently, the accuracy of the energy balance 

procedure was assessed in Main (2014) employing full 3D composite floor models and 

Herraiz et al. (2015) focusing on concrete slabs. In particular, it was shown that for 

different levels of applied load, the maximum displacements predicted using the pseudo-

static method is practically coincident with that given by nonlinear dynamic analysis.   
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Fig. 3.17 Simplified procedure to obtain pseudo-static response (Izzuddin et al., 2008) 

 

The energy balance method also comprises advantages of significant practical relevance. 

The first arises by comparison with direct dynamic computations, as there is no need to 

explicitly define a time step discretisation for the application of loads and removal of 

elements which may significantly influence the accuracy of the results. Furthermore, as 

pointed by Dusenberry and Hamburger (2006), the application of such energy-based 

methods provides a general overview of the collapse response over a given range of floor 

loads and deformations. Moreover, if proper mechanical models are employed, this 

approach enables the prediction of off-cliff events due to potential brittle failures or 

instability. Conversely, in direct dynamic analysis only the response at a specified load 

level is computed. Of course, several dynamic simulations might be run with different 

loading cases, leading to a quite impractical assessment strategy.  

The application of the simplified dynamic assessment method to the analysed frames 

leads to the pseudo-static curves shown in Fig. 3.18. These have been obtained 

transforming the pushdown nonlinear static capacities presented in Fig. 3.11 by direct 

application of Eq. 3.11. In Fig. 3.18, the pseudo-static responses of the bare and infilled 

frames are displayed in terms of distributed load per floor (i.e. per beam) as this is a 

more perceptible quantity from a design perspective. Similarly to the static case, the bare 

frame response is independent from the number of floors involved.  
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Fig. 3.18 Pseudo-static response for the different infill frames 

 

For the sake of clarity, the curves in Fig. 3.18 provide a direct relationship between the 

applied load due to sudden column loss and the expected maximum dynamic 

displacement at column lost position. Recalling the assumed pushdown deformation 

mode, the maximum dynamic displacement can be used to interpolate the deformations 

in other parts of the structure, such as local deformations at connection level, enabling a 

rational ductility check.  

 

3.4.2 Multi-Level Assemblage of Pseudo-Static Response 

An attractive property of the energy-based approach rests in the fact that the multi-level 

implementation adopted for the assemblage of nonlinear static capacity can be applied 

directly at the pseudo-static level (Izzuddin et al., 2008). In the context of infilled frames, 

this is relevant for the already underlined benefit of using results from advanced FE 

analysis at single infill level to extrapolate the multi-floor resistance. In this way, the 

major practical simplification arises from obtaining an assembled pseudo-static response 

bypassing the difficulty of extracting the net contribution of masonry infill in terms of net 

forces, as would be required by Eq. 3.6. Such net forces are not straightforward to obtain 

due to the complex frame-infill interaction during pushdown deformation. On the other 

hand, such net contributions can be easily achieved in terms of internal energy regardless 

of the FE models employed for URM simulation. Thus taking advantage of the knowledge 

of the URM strain energy, the net pseudo-static curve can be determined using Eq. 3.10, 

where the right-hand side integral is substituted with the internal energy explicitly given 

by the FE analysis.  

An important aspect, which should be investigated to confirm the effectiveness of the 

proposed multi-level procedure, is related to the influence of the change in the 
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deformation profile induced by masonry panels. To highlight the infill panels’ 

contribution, a plot of the internal energy of the two-floor infilled frame is shown in Fig. 

3.19. In particular, the total energy is decomposed into the part associated with URM 

infill and that for the frame elements. The energy referring to the bare frame case is also 

presented.  

 

 

Fig. 3.19 Decomposition of internal energy for a two-floor frame 

 

This figure confirms the dominance of the infill contribution in comparison with the 

frame constituents. According to Eq. 3.10, for a given target displacement, higher 

absorbed energy means increased importance in collapse arrest resistance. A second 

comment focuses on the fact that the net energy absorbed by the frame changes from the 

infilled to the bare situation, indicating that the dynamic contribution of the frame 

elements is enhanced, as thoroughly discussed in the previous section. In short, it is 

shown trough energy considerations that the total pseudo-static capacity enhancement 

from the bare to the infilled case is the sum of the net capacity of masonry panels added 

to the modified beams’ response. 

In spite of the observations above, a practical drawback might be pointed due to the 

change in the deformation profile. In particular, attention is directed to the energy factor 

α which is required to convert the generalised pseudo-static capacity (or the nonlinear 

static counterpart) of the edge beams into the load effectively carried by these elements. 

As opposed to the deformation mode in Fig. 3.6 where the trivial values in Eq. 3.2 would 

apply, in reality, as demonstrated in Fig. 3.9 such assumption no longer holds true.  
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Fig. 3.20 Evolution of factor α with increasing pushdown displacement for the 2D frame. 

 

In order to quantify this deviation, the actual evolution of α is presented in Fig. 3.20 for 

the 2D frame under consideration using the four-storey example. Explicit computation of 

α is performed taking advantage of the system strain energy (directly obtained from the 

FE analysis) using the recursive formula: 

 int 1

1

2
n n sE P P u      (3.12) 

where ΔEint and Δus are the incremental system energy and the generalised DOF 

displacement for a given floor load increment from n-1 to n. The results plotted in Fig. 

3.20 confirm from an energetic standpoint the already evident departure from the linear 

profile which is more pronounced in the early stages of the pushdown deformation, being 

progressively reduced as damage in the walls ensues. For reference purposes, it is 

mentioned that the expected constant α factor of 0.5 in the bare frame case is actually 

retrieved from application of Eq 3.12, thus validating the procedure.   

Notwithstanding, a critical interpretation of the results in Fig. 3.20 is needed within the 

scope of the proposed robustness assessment framework. Although it has been shown 

that a variation in deformation exists, it must be emphasised that this is chiefly a local 

effect restricted to the edge beams. Globally, the total floor deformation profile is not 

significantly affected. This is explained with the aid of Fig. 3.7, where a typical floor 

grillage is subjected to column loss. In that case, only the edge beams would be directly 

affected by a severe change in deformation profile, and consequently in the 

quantification of the necessary factor α1.  
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For the reasons cited above, application of the multi-level pseudo-static assessment 

yields a rational and design-oriented method to include the effect of URM infill panels on 

progressive collapse mitigation under column loss. In this respect, the recommended 

steps required to obtain the net pseudo-static capacity of infill panels are listed below: 

1. Perform a nonlinear static analysis of the peripheral frame with masonry infill, 

where the use of detailed mechanical models generally leads to enhanced 

predictions, including a realistic representation of the frame-infill interaction. 

This step can be accurately executed with a single infill model, because it provides 

a good approximation of the masonry infill response at different floors (Fig. 3.12). 

Of course, this is strictly valid under the assumed deformation mode with lateral 

restraint and in the case of uniformity of geometry and loading; 

2. Consider the nonlinear static response and extract the net internal energy 

absorbed by the URM infill as a function of the control vertical displacement; 

3. Apply Eq. 3.10 using the previously computed internal energy combined with the 

application coefficient γ in Eq. 3.9 to account for the number of floors activated 

and the relevant energy factors. In particular, as explained before, the factor 

related to masonry infill αPanel can be taken as 1  and the global α for the assumed 

uniformly distributed floor load deforming in the trapezoidal shape can be 

assumed equal to 0.25 (Izzuddin et al., 2008). 

The capacity of the infill PPanel is then added to that of the floor system PFloor (Fig. 3.16). 

PPanel can be calculated accounting for the influence of the change in the deformation 

profile of the edge beams or simply considering the results from the bare frame analysis. 

The latter case is especially recommended for design purposes, as it allows a practical 

robustness assessment of infilled frames simply by adding the masonry panels’ 

contribution PPanel to the contribution of the bare frame and flooring systems. However 

in this case, as shown in Fig. 3.19, the potential contribution due to the enhancement of 

the beam response is neglected. In spite of the simplified nature, such potential 

contribution is not straightforward to quantify a priori. Furthermore, such enhancement 

of the peripheral frame response is highly dependent on frame-infill interface conditions, 

as demonstrated in the realistic case study in Chapter 7.  Thus, disregarding the latter 

effect will inevitably lead to conservative estimates of the actual influence of infill panels 

to collapse arrest, in any case suitable for practical design and assessment.  
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3.5 Ductility Assessment 

3.5.1 General Procedure 

Finally, the Robustness Limit State is established through the comparison of the ductility 

demand arising from the maximum dynamic response with the ductility limit. This 

overcomes the drawbacks of standard load-factor procedures as noted by Izzuddin & 

Nethercot (2009) and Izzuddin (2010).  Considering again the example of Fig. 3.17, the 

limit state is equivalently obtained from a comparison of the applied gravity load P0 

against the maximum pseudo-static capacity Pf available within the allowed ductility 

limit uf. This ductility limit explicitly accounts for the ductility of the individual 

components (connections elements, etc.) and possible incremental failure modes.  

It should be stressed that due attention should be paid to the possible detrimental effects 

of frame-infill interaction. For this reason, based on the structural analysis used to obtain 

the infill’s net contribution, a careful check must be performed on the relevant cross-

sections of the frame member and structural joints to verify any possible ductility limit 

not foreseen by bare frame response. Fortunately, as demonstrated in Fig. 3.13–Fig. 3.15, 

the evaluation of such ductility limits might be performed based on a two-floor (single 

infill) model and the results approximately extrapolated for multi-storey situations.  

3.5.2 Influence of URM Infill Brittleness 

In spite of the potential of URM infill for robustness enhancement revealed by the 

contribution to the global pseudo-static capacity, there have been arguments pointing to 

the brittleness of masonry panels as a key factor undermining the actual influence on the 

collapse arrest, especially at large displacements (Li and Qian, 2014). Although the tests 

in Chapter 4 demonstrate that a significant contribution is deployed at large 

deformations, an interesting insight on this issue is given simply by exploring the 

definition of pseudo-static capacity. 

In the example of Fig. 3.17, the nonlinear static response of the analysed structure is 

represented by a monotonically increasing curve meaning that the maximum pseudo-

static capacity is achieved at the maximum available ductility uf. However, the presence 

of infill panels is known to induce a considerably high maximum static resistance which 

is achieved at small deformations and is followed by a degradation of strength due to the 

quasi-brittle nature of URM. In the cases where the surrounding frame is not providing 

sufficient confinement to the wall, a global softening response could be triggered. This 

renders the maximum pseudo-static capacity not necessarily associated with the 

structural ductility limit.  
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Nonetheless, the direct application of Eq.3.11 reveals that a residual pseudo-static 

contribution exists also in the case of masonry infill panels modelled as perfectly brittle 

components with zero residual strength (as for instance assumed in Mosalam & G nay 

(2014)): 

 

,max

,max

( )

0

Panel Panel

Panel

Panel

P u u u
P

u u


 


 (3.13) 

In this case, the pseudo-static capacity P is given by: 
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where 
,PPanel max  is the infill panel maximum pseudo-static capacity immediately before 

URM failure (at 
,maxPanelu ), and u is the dynamic displacement considered for ductility 

assessment, limited by uf. To further illustrate the residual influence induced by an 

instantaneous removal of masonry walls, the idealised responses of three URM panels 

modelled adopting different softening behaviour are presented in Fig. 3.21. It can be 

observed that even for the perfectly brittle case, a contribution to the pseudo-static 

capacity due to the dynamic nature of the sudden column loss is still observed in 

accordance with the expression in Eq. 3.14. On the other hand, if the panel is modelled 

considering a softening behaviour, further pseudo-static capacity enhancement is 

achieved as shown in Fig. 3.21, where the maximum capacity of the overall structural 

system is obtained at the point where the nonlinear static curve intersects the pseudo-

static curve. In Fig. 3.21, all the capacities are normalised with respect to the static 

capacity (the same for all the three cases) and the displacements with respect to the 

corresponding static deformation. As expected, because a linear initial branch is 

considered, the maximum pseudo-static capacity for the brittle case is half of the static 

one. Moreover, it is seen that increasing the post-peak energy absorption (models with 

softening) leads to an increment in the maximum pseudo-static capacity up to 60 % of 

the static peak strength. This is quite significant because, despite the fact that URM 

displays a brittle response when acting in isolation, as part of a structural system it can 

provide a significant contribution to the overall system pseudo-static capacity at large 

deflections. Moreover, the ductility of URM panels can be substantially improved by the 

confinement provided by the surrounding frame elements or, if necessary, by the use of 
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reinforcement typically available for engineering applications (El-Dakhakhni et al., 

2006). 

  

(a) (b) 

Fig. 3.21 Graphical interpretation if the infill dynamic residual capacity: a) nonlinear static 
capacity, b) pseudo-static capacity 

 

3.6 Summary and Conclusions 

This chapter described the energy-based framework adopted for assessing the 

progressive collapse resistance of infilled structures. The method is based on the single 

column loss scenario, where a three-step procedure is applied considering the relevant 

sub-structure without the notionally removed column. These steps are: (i) nonlinear 

static response with increasing pushdown displacement, (ii) simplified dynamic 

contribution and (iii) ductility assessment. 

The method previously developed at Imperial College hinges on the fact that under 

column loss scenarios the global response is governed by a dominant downwards 

deformation mode. In this way, it is possible to idealise a generalised SDOF system, 

where all relevant mechanical features are inherently captured by increasing the 

complexity of the employed numerical descriptions. 

As in any SDOF approximation, the generalised system is equivalent to the real structure 

in terms of strain and kinetic energy. For this reason, simple energy balance principles 

can be employed to obtain the maximum dynamic deformation due to column loss as 
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function of the nonlinear static capacity. This represents one of the main practical 

advantages of this method, as it bypasses cumbersome direct dynamic computations. 

A multi-level implementation of the assessment framework was previously introduced, 

allowing the overall resistance to progressive collapse to be assembled from 

contributions of individual structural members. Typically, these correspond to the 

elements of the floor systems and, in the case of infilled frames also the masonry infill 

panels. The multi-level approach relies on the fact that under a governing deformation 

mode, each component might be individually subjected to an incremental pushdown 

mode mapped from its position in the structural floor system. Subsequently, by the 

application of energy and compatibility factors an effective transfer of the individual 

contributions to the global floor level capacity is achieved.  

According to the adopted framework, collapse resistance is evaluated in terms of pseudo-

static capacity. This quantity provides a direct relationship between the suddenly applied 

gravity load and the maximum dynamic displacement of the generalized DOF, herein 

assumed to be the vertical displacement at the lost column location. Afterwards, a 

ductility-assessment is carried out, where the dynamic deformations in the critical 

components (e.g. beam-column joints) are interpolated from the maximum displacement 

predicted by the pseudo-static method. This provides a measure of robustness combining 

in a unified fashion the influence of redundancy, ductility, dynamic effects and energy 

absorption. 

In this chapter, the possibility of applying the multi-level approach directly at the 

pseudo-static level is also emphasised. Different practical implications result from this 

fact. Focusing on the particular case of the individual contribution of URM infill, working 

directly with the pseudo-static curve yields a more practical procedure considering the 

energy absorbed by the masonry panels instead of using the net capacity in terms of 

generalised forces. This is especially relevant when the analysis is based on detailed FE 

models for infilled frames. Moreover, when total pseudo-static capacity is assembled 

from individual contributions, a significant insight is gained regarding the relative 

influence of the different members. Generally, from a design-oriented perspective this 

allows a critical assessment of the system response to sudden column loss by identifying 

the hierarchy of individual contributions, thus delivering a rational strategy for 

robustness design. This may improve decision making by listing which members should 

be reinforced, enhanced in terms of ductility or simply disregarded. Nonetheless, a 

detrimental effect should be underlined, which is related to the fact that using lower level 

assemblages (i.e., beams grillage systems) information about coupled mechanisms is lost, 

such as important floor membrane effects, which are properly captured by means of full 
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floor models. This can be addressed within the adopted framework which allows the use 

of full models for detailed analysis and simplified assemblages for design purposes.  

Despite the remarks above, it was shown in this chapter that it is possible to include the 

contribution of URM infill in parallel with full floor models which capture all secondary 

resisting mechanism. This was demonstrated in energy terms, where the pseudo-static 

capacity of the masonry panels is extracted from a 2D infilled frame model and 

subsequently added to the capacity of the 3D floor system (which in turn is obtained by 

any of the modelling strategies available). This particular point is important, as it allows 

the comparative assessment of infill vs floor mechanisms at different stages of the 

downwards deformation, as intended in the application case of Chapter 7. Nonetheless, 

some approximation is introduced in this approach with regards to the floor elements 

directly in contact with the infill walls. 

Finally, a crucial finding in this chapter is that under the dominant pushdown 

deformation mode the response of individual masonry panels and resulting forces due to 

frame-infill interaction are fairly independent from the number of floors above. In short, 

using simplified two-floor (single infill) models, an approximate assessment is obtained 

regarding the confined masonry behaviour and the evolution of frame-infill interaction. 

However, some approximation is introduced for the actual frame members, which is 

acceptable at this stage as the focus is directed towards the confined masonry response. 

Based on this conclusion, in the following chapters both experimental and advanced 

numerical FE methods will be employed to capture the relevant mechanical features of 

infilled frames under pushdown deformations using single infill representations, where 

the multi-storey capacity is inferred by the application of the appropriate factors derived 

within the presented framework. In particular, real-scale pushdown tests will be used to 

investigate the response under a wide range of vertical deformation, leading up to total 

damage of the URM panels. In parallel to this, high-fidelity FE mesoscale models, with 

advanced fracture-based capabilities, will be employed to assess the realistic contribution 

of masonry infill at relatively small deformations, where minimum damage to the walls 

and floor constituents is expected. 
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4 CHAPTER 4 
PUSHDOWN TESTS ON URM INFILLED FRAMES  

 

4.1 Introduction 

A general framework for progressive collapse assessment under column loss was 

introduced in the previous chapter, where it was shown that under such circumstances a 

dominant downwards deformation mode develops in the immediately affected bays. In 

particular, it was established that the potential to collapse arrest can be effectively 

quantified by the inspection of the relevant sub-structure under pushdown deformation 

in order to obtain the pseudo-static capacity. Furthermore, due to the specific 

deformation mode, it was concluded that the contribution of masonry infill to global 

multi-storey capacity can be accurately extrapolated from the response of a one-storey 

(single infill) frame. Motivated by these remarks, this chapter reports the results from a 

set of experimental tests on URM infilled frames subjected to incremental pushdown 

deformation. The tests were designed within the scope of the proposed robustness 

assessment method, enabling the observation of the realistic mechanical response of 

confined URM under column loss. 

There are different factors highlighting the relevance of the tests herein presented 

including the novelty of such experimental assessment involving real-scale masonry 

specimens. As discussed in the Literature Review of this thesis, the mechanics of infilled 

frames has received widespread attention in the context of earthquake engineering which 

reflects in the amount of scientific articles and technical reports available on this subject. 

Nonetheless, tests focusing on the vertical deformation of infill panels are not known to 

the author. In this respect, the novelty factor represents a particular motivation for the 

physical tests discussed below. Secondly, the relevance of these experiments arises from 

the possibility of direct comparison between the response under pushdown and the 

behaviour usually expected from lateral pushover tests. Specifically, due to the number of 

existing design-oriented procedures employed to model URM panels under lateral 

loading, it constitutes a rational step to inquire about the transferability of such models 

to the case of robustness assessment under column loss. Because the current modelling 

strategies for masonry infill panels have been extensively calibrated against the results 

from lateral pushover tests, it is necessary to confirm that the typical mechanisms 
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observed under lateral loading, where failure in the masonry panels is usually due to 

shear sliding, diagonal cracking and corner crushing (see Chapter 2) are noticed also 

under incremental pushdown deformations.  

For the reasons mentioned before, the tests herein reported serve qualitative and 

quantitative purposes. The qualitative aspects are related to the inspection of the damage 

patterns in the URM panels, as the vertical displacement at the column loss location is 

increased. On the other hand the quantitative output concerns the effective resistance of 

URM panels to incremental pushdown. This is critical to evaluate the collapse arrest 

potential in accordance with the framework discussed in Chapter 3. 

 

4.2 Test Setup 

4.2.1 Experimental Programme Overview 

To satisfy the research objectives, an experimental programme was designed to analyse 

the response of two two-bay one-storey infilled frames and the associated bare frame. 

The performed tests are listed in Table 4.1. Overall, the specimen layout is intended to 

reproduce the sort of deformation profile previously sketched in Fig. 3.7.  

The first infilled test contains a symmetric distribution with two identical solid URM 

panels. Conversely, a non-symmetric specimen is considered in the second test to 

investigate how different infill characteristics influence the response. For the sake of 

clarity it must be stressed that the tests are specifically intended to reproduce the 

response of a peripheral bay, i.e. edge beams and columns with the corresponding 

masonry infill. The particular cases of corner and interior column losses are outside the 

scope of this research project. 

 

Table 4.1 Summary of experimental tests 

Test Infill Layout 

BF Bare frame 
 

SS Two symmetric solid panels 
 

GO 
Right solid panels with gap, 

left perforated panel  
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4.2.2 Steel Frame and Reaction System 

The bare structure utilised in this experimental programme is composed of steel beams 

and columns with flexible bolted joints using angle cleats to connect the web of the beam 

to the flange of the column. A lateral bracing system was included in the test setup to 

represent the restraint conditions at floor level due to the adjacent bays in peripheral 

frames (excluding the corner case). A sketch of the steel apparatus is shown in Fig. 4.1, 

while the full technical drawings are presented in Appendix A for the sake of 

completeness. The structural steel components are made up of carbon steel S355 grade; 

geometrical and mechanical properties of bolts and other joint elements are listed in 

Appendix A. The labelling of the steel components is presented in Fig. 4.1 and the 

characteristics of the steel profiles are summarized in Table 4.2. The adopted labelling 

method is devised considering the intuitive location of the main steel elements. For 

instance, according to Fig. 4.1, RTB means right top beam, LC left column, FB foundation 

beam, and RDB right diagonal bracing.  Fig. 4.2 displays a plan view of the steel frame 

and the two lateral bracing systems which prevent the out-of-plane displacements of the 

two external columns of the frame (Fig. 4.3a). On the other hand, the central column is 

restrained out-of -plane by the central contrast frame which is connected to the central 

column with a device that allows vertical sliding but restrains the out-of-plane 

displacements at the top and bottom of the column (Fig.4.4a).  

In order to induce the pushdown deformation, vertical hydraulic actuators were placed 

on the top of the central column of the frame specimen and restrained by the rigid short 

beam of the contrast frame (Fig. 4.3b). As already mentioned, the main objective of these 

tests is to evaluate the confined response of URM infill to column loss events. For this 

reason, the structural frame was designed with the aim of displaying a quasi-mechanism 

response when subjected to the applied vertical load, thus allowing the resistance to the 

pushdown deformation to be transferred to the masonry panels. Of course, no perfect 

vertical mechanism was practical to implement due to the extremely high forces that 

would develop at joint level, as predicted during the design stage. Thus the adopted 

bolted connections deliver a compromise solution, as they provide low flexural strength 

and stiffness but significant shear and axial resistance, while allowing the development of 

large rotations at the beam-column joints. In the design of the test apparatus, all the steel 

members were dimensioned to resist the applied loads remaining well within the elastic 

limit, thus enabling the use of the same frame components for different tests with only 

minimum damage in specific parts of the connections (angle cleats) which can be easily 

substituted after each test. In this respect, the parts of the beams and columns close the 

beam-column joints were strengthened, because a preliminary analysis indicated the 

potential development of large local forces due to frame-infill interactions. 
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Fig. 4.1 Elevation view of the bare steel frame and the lateral bracings 

Table 4.2 Steel profiles for the members of the test specimens 

Type Label Profile 

Beam LTB, RTB, LBB, RBB IPE 330 

Column LC, CC, RB HEB 180 

Bracing LDB, RDB, L3, R3 HEB 180 

Beam FB, L4, R4 HEB 180 

Column L1, L2, R1, R2 HEB 180 

Beam LLB, RLB IPE 330 

 

 

 

 

 

Fig. 4.2 Plan view of the experimental apparatus 
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(a) (b) 

Fig. 4.3 Details of the testing apparatus: (a) out-of-plane bracing and contrast frame; (b) contrast 
frame with a hydraulic actuator 

 

  

(a) (b) 

Fig. 4.4 (a) Detail of a beam-column connection and the central out-of-plane restraint system; 
(b) reinforcement of beams and columns for frame-infill interaction 

 

4.2.3 Instrumentation and Data Collection 

The physical behaviour of the frame specimens was analysed considering the 

experimental data provided by a combination of strain gauges and displacement 

transducers distributed at target locations on the specimens. A pressure transducer 

applied in the hydraulic circuit was used to measure the load intensity. The arrangement 

of the instruments reflects the objectives of the tests, where emphasis is placed on a) the 

visual inspection of the damage evolution in the masonry panels and b) the 

quantification of URM contribution under pushdown deformation. With respect to the 
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former aspect, no instruments were placed on the panels’ surfaces to prevent view 

obstruction. The only exception was the introduction of two couples of transducers on 

the front face of both panels attached to the steel elements to measure diagonal 

displacements. The remaining displacement transducers, limited by the data collection 

capability, were distributed according to the specific test, as shown Fig. 4.5 and Fig. 4.6 

 

 

Fig. 4.5 Displacement transducers for specimen SS 

 

 

Fig. 4.6 Displacement transducers for specimen GO 

In both tests, a potentiometer transducer (R5) was placed at the bottom of the central 

column (Fig. 4.8d) to measure the vertical displacement, which usually represents the 

control DOF for robustness assessment under column loss. Concerning the 

instrumentation on the steel frame, a set of three displacement transducers were placed 

at specific connections as shown in Fig. 4.8b. Two of these transducers were 
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movement with respect to the column flange providing a measure of the joint rotation. 

The third instrument measured the vertical relative movement between the column and 

the beam, acting as an indicator of the shear deformation at joint level. With reference to 

Fig. 4.5, two connections of the specimen SS, one on the bottom of left panel 

(transducers T1, T2, T3) and the other on the top-central connection of the same panel 

(instruments T9, T10, T11), were monitored to register the level of ductility supply in the 

compressed corners of the URM strut. Conversely, focusing on Fig. 4.6, in the GO test, 

emphasis was placed on tracking the deviation from a symmetric response due to the 

non-uniform distribution of masonry panels. In this respect, the connections on both 

sides of the top end of the central column were monitored (transducers T1, T2, T3, T9, 

T10, T11).  

In both tests the potentiometer transducers N1, N2, N3 and N4 measured the diagonal 

deformations of the two bays of the frame, providing information about the shear 

distortion of each bay during the pushdown process.  

To investigate the frame-infill separation, transducers were placed at the interface 

between the central column and the panels to measure the relative displacements 

(openings and sliding) between the column and masonry infill (transducers N7 and N8 in 

Fig. 4.5 and Fig. 4.6). The same scheme was used for the left bottom beam (instruments 

N5 and N6). Nevertheless, it must be emphasised again that due to limited capability of 

data collection, the number of instruments used for monitoring beam-column joints and 

frame-infill separation did not cover the whole specimens. For that reason, the location 

of these gauges was modified according to the particular characteristics of the tests under 

consideration (compare Fig. 4.5 and Fig. 4.6). 

The schematic location of the 32 strain gauges used in the tests is shown in Fig. 4.7. They 

were placed in pairs on the top and bottom flanges of the elements allowing a 

decomposition of the deformation into bending and axial components which is crucial to 

identify the developed resisting mechanism. The numbering of the strain gauges follows 

the labelling used for the steel members in Fig. 4.1, to which the number 1 or 2 is added 

depending on whether the strain gauge is located on the top or bottom flange 

respectively. An example is presented in Fig. 4.7 for the left bottom beam of the frame. 

Due to constructional constraints, the strain gauges were glued on the inner parts of the 

elements’ flanges, as shown in Fig. 4.8a for the left bottom beam. 

 



CHAPTER 4 Pushdown Tests on URM Infilled Frames 

116 
 

 

Fig. 4.7 Position of strain gauges 

 

  

(a) (b) 

  

(c) (d) 

Fig. 4.8 Instrumentation details: (a) strain gauges on left bottom beam; (b) transducers for 
measuring the joint deformation; (c) transducers for measuring frame-infill separation at the left 
panels; (d) instrument R5 measuring the vertical displacement (the control DOF for robustness 

assessment)  
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4.3 Experimental Results 

4.3.1 Comparative Global Response 

Before discussing at length the results obtained in the individual tests, a general overview 

of the pushdown responses of the three cases listed in Table 4.1 is presented. The plots in 

Fig. 4.9 present the vertical load-displacement curves for the specimens under a quasi-

static loading regime. 

A first remark is directed to the bare frame case (BF), where the response shown in Fig. 

4.9 confirms that the structural system effectively behaved as a quasi-mechanism with 

negligible vertical resistance, yet ensuring the requested levels of ductility achieved in the 

infilled cases (SS and GO). This mainly arises from the beam-column connection 

characteristics, as the T-stubs of the bolted connections allowed for considerable ductility 

under a tensile regime, but the small distance between the external bolt rows led to a 

reduced bending stiffness and strength (see appendix A for full details). 

 

 

Fig. 4.9 Load-displacement pushdown response for the tests BF, SS and GO 

 

Concerning to the performance of the two masonry infilled frame specimens, Fig. 4.9 

reveals two fundamental aspects, namely the remarkable vertical capacity and ductility 

obtained in the tests. These two response characteristics guarantee significant energy 

absorption, which is a key factor for the resistance to progressive collapse.  

Moreover it is important to note that the two experimental responses show an almost 

monotonic behaviour with a limited degradation of strength at large vertical 

displacements for specimen SS. As discussed in the sections below, this response is 
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accompanied by extensive cracking in the masonry panels (in both tests SS and GO). This 

confirms that despite the significant damage in the unreinforced walls, the confinement 

provided by the frame components led to a de facto frame-infill composite behaviour as 

already mentioned in this thesis.  Furthermore, the overall stability of the panels was 

maintained to the end of the tests, even though the URM walls were characterised by 

considerably small thickness (90mm) and a significant slenderness ratio. This confirms 

that the contribution of infill panels to collapse arrest is significant well  beyond the early 

stages of deformation, a point which has been raised when introducing the scope of this 

research project. 

Curiously, despite the differences in the infill configuration between specimens SS and 

GO, a similar capacity was achieved towards the later stages of deformation. This might 

be indicative of a progressively transfer of forces between the infill and the frame: as the 

infill undergoes extensive softening caused by damage the forces in the steel beams 

increase allowing the overall capacity to maintain a fairly steady evolution.  

As a side note, the unloading branches visible in the load-displacement curves of Fig. 4.9 

correspond to the unloading phases which were required simply for the readjustment of 

the actuators and vertical displacement transducer as the limit stroke capability of these 

devices was achieved. Indeed, since the purpose of this research is focused on robustness 

considerations under column loss, there is no explicit interest in investigating the cyclic 

behaviour of URM under vertical loading. 

4.3.2 Bare Frame Test – BF 

As opposed to standard experimental programmes on infilled frames, in the 

experimental work herein presented there is no intention of proceeding with comparative 

assessments between infilled and bare frame performances. Instead, as underlined 

before, the objective is to quantify the pushdown capacity of masonry panels under 

pushdown deformation and identify the typical response mechanisms. For this reason, 

the adopted steel structure does not correspond to a realistic building configuration, 

meaning that the bare response is of no relevant interest if considered in isolation. 

Nonetheless, the pushdown testing of the bare frame is fundamental to evaluate the bare 

frame contribution, especially with regards to the flexible connection behaviour. As a 

matter of reference the final deformed profile in the BF test at 70mm is shown in Fig. 

4.10 with a close up of the connection local deformation presented in Fig. 4.11. 
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Fig. 4.10 General view of bare frame deformation 

  

                       (a)                      (b) 

Fig. 4.11 Details of joint response: (a) RBB to CC and (b) LBB to LC 

 

After the completion of the bare frame test, the angle cleats of the connections which 

were damaged (as seen in Fig. 4.11b) were replaced before erecting the solid URM panels 

for the test SS. A detail clearly perceptible in Fig. 4.11b is the considerable gap between 

the beam flange and the adjacent column flange. This 50mm gap was introduced in all 

the beam-column joints (see Appendix A for technical drawings) to avoid contact 

between the beams’ flanges and the columns which would have induced excessive forces 

leading to plastic deformations in the columns’ panel zone.  

4.3.3 Infilled Solid Symmetric Test – SS 

The first infilled test corresponds to a symmetric configuration with two adjacent single-

leaf panels with 2820×1570 mm2 in-plane dimensions and 90 mm thickness. The URM 

panels are composed of solid clay bricks (250×90×55mm3) joined by 10mm bed and 15 

mm head thick mortar joints. The relevant material properties are summarised in Table 

4.3.  
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Table 4.3 Material properties for specimen SS 

Mortar 

compression 

fc,m 

(MPa) 

Mortar 

tension 

ft,m 

(MPa) 

Brick 

compressio

n  

fc,b 

(MPa) 

Brick 

tension 

ft,b 

(MPa) 

Masonry 

compression 

fc,M 

(MPa) 

7.9 1.3 18.3 4.2 15.9 
 

In the SS test, the panels were laid in perfect contact with the frame elements by casting a 

10mm mortar layer between frame and infill (Fig. 4.12a). A small piece of wood was used 

as formwork to cover the gap between beams’ flange and columns during the erection 

process. This was removed before the test execution to maintain the desired gap for 

structural purposes. 

 

   

(a) (b) (c) 

Fig. 4.12 (a) Detail of the left panel building process; (b) frame-infill interface – left panel-CC; (c) 
frame-infill interface – left panel-TLB 

 

Overall, the response on the solid infilled frame followed a deformation history quite 

similar to that experienced in lateral pushover tests. In particular, it was observed that 

stepped cracking developed along the compressed diagonal, eventually resulting in 

severe crushing and spalling at the compressed corners. Also extensive frame-infill 

separation in the tensile region was noticed. This behaviour can be effectively portrayed 

by displaying in a sequence manner the evolution of damage and cracking in both panels 

during the pushdown procedure. A general view of the specimen is given in Fig. 4.13a 

immediately before the loading process commenced. It is possible to observe the 

temporary timber supports underneath the bottom beams introduced to avoid potential 

cracking in the panels due to self-weight. The loading process was initiated by activating 

the actuator placed beneath the central column (Fig. 4.13b) providing the necessary 

10mm 
mortar layer 



4.3 Experimental Results 

121 
 

reaction to the specimen’s self-weight as the temporary supports were statically removed. 

Following this stage, after careful examination of the masonry panels for unwanted initial 

cracks, the actual vertical downwards loading started.  

The specimen response was characterized by an initial stage where nearly imperceptible 

cracks coalesced in the masonry panels and frame-infill separation initiated. The onset of 

more significant damage is captured by inspecting the early branch of the force-

displacement curve, which is zoomed-in in the graph of Fig. 4.14.  It is seen that at 

around a vertical force of 132kN (4.0mm vertical displacement) a first noticeable crack 

induced a sudden change in the initial branch with an almost constant stiffness.   

 

  

(a) (b) 

Fig. 4.13 (a) specimen immediately before load; (b) actuator for self-weight after removal of 
temporary support 

 

Fig. 4.14 Early stage response of specimen SS 
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As the vertical force was increased, a continuous coalescence and propagation of 

horizontal and diagonal stepped cracks eventually branching into multiple diagonal 

cracks were observed. This is reflected into an extremely irregular shape of the force-

displacement curve until the maximum capacity is achieved (Fig. 4.9). A view of this 

crack pattern in the left panel is shown in Fig. 4.15. At this stage cracks propagate 

essentially through head and bed mortar joints; at later stages some of these initial cracks 

extended through brick units. Similarly a remarkable widening of cracks width happened 

under increasing vertical displacement as seen in Fig. 4.16. As expected from the analogy 

with lateral pushover response, the onset of crushing in the compressive corners was 

observed together with fracture at the tensile zones. In particular, at the top-left corner of 

the left panel (tensile corner) a significant separation at the frame-infill interface was 

noticed and the rotation imposed to the top part of panel by the interaction with the 

confining structural elements caused the development of wide horizontal cracks to 

accommodate such imposed deformation (see Fig. 4.16). 

 

 

Fig. 4.15 Crack pattern in the left panel at 20mm vertical displacement 
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Fig. 4.16 Crack pattern in the left panel at 150mm vertical displacement 

 
Overall, the two panels presented a similar damage pattern, but the evolution of cracks 

was not synchronized or symmetric, as a result of the inherent random distribution of 

mechanical characteristics and defects in masonry assemblages. In fact, even in physical 

tests on bare steel symmetric structures subjected to incremental pushdown, a deviation 

from symmetry response is observed, especially following the onset of damage at the 

connections, e.g. Lew et al. (2013).  

 

 

Fig. 4.17 Deformation of panels’ diagonals (test SS) 
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Interestingly, regardless of a non-synchronized crack evolution in the masonry panels, 

the infilled frame specimen presented a symmetric response, as the differential damage 

evolution in the two panels was accommodated by the surrounding steel frame. This is 

hinted by the identical variation of the diagonal deformations on the front face of the 

panels plotted in Fig. 4.17, where the perturbations in the response at large 

displacements of the left part of the frame were caused by a series of detachments of 

masonry parts which impacted the diagonal instruments.   

 

 

(a) 

 

(b) 

Fig. 4.18 Axial force in the beams of specimen SS: (a) top beams; (b) bottom beams 

 

To investigate the contribution of the frame steel components on the symmetric response 

of the infilled frame system, the strain measured by the strain gauges during the test have 

been considered. They allowed the analysis of the redistribution of forces between the 

infill panels and the frame elements, as damage evolved in the former. As mentioned 

before, the measured strains were well below the elastic limit, confirming that all the 
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steel members remained elastic during the test. Thus assuming an elastic behaviour for 

all the steel elements, a post-processing of the experimental data was performed to 

convert the strains into bending moment and axial forces in the steel members. The plots 

for the axial force and bending moments are shown in the graphs of Fig. 4.18 and Fig. 

4.19, respectively. It is seen that both axial forces and bending moments present a 

monotonic increase during the pushdown deformation (except during the unloading 

stages for instrument readjustment). 

 

 
(a) 

 
(b) 

Fig. 4.19 Bending moments in the beams for specimen SS: (a) top beams; (b) bottom beams 

 

 

The experimental behaviour indicates a possible progressive transfer of forces between 

the softening infill and the frame, where the initial increase of the bending moment in 

the beams may be associated with an increase in the forces resisted by the ‘diagonal 

struts’ forming in the panel. A reduction of the bending moment may be due to a 

variation of the stress distribution in the panel and the softening behaviour of masonry. 
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On the other hand, the monotonic increase of the axial force in the beams also at large 

displacements, when the bending moments reduce, may indicate the transition towards a 

catenary action.  As to the non-symmetrical forces in the beams, they are the result from 

a combination of unavoidable imperfections in the frame and the uneven response of the 

masonry panels. Nonetheless, globally, the confinement provided by the steel frame 

allowed the pushdown distortion of the panels to maintain a fairly symmetric shape (Fig. 

4.17). The variations of bending moment confirm that hogging bending moments develop 

at mid-span of the top beams, whereas sagging bending moments are observed in the 

bottom beams (according to the sign convention herein adopted, sagging is associated 

with compression at the top flange and tension at the bottom flange, the opposite for 

hogging). 

It is important to emphasise that the substantial deformation of the frame was allowed 

by large local rotations associated with plastic damage at the beam-column joints. To 

provide an insight into the magnitude of the local deformations at the flexible bolted 

connections, the displacements measured according to the instrument scheme in Fig. 4.5 

are shown in Fig. 4.20 and Fig. 4.21. In the two figures, the local relative displacements 

at the connections joining the bottom-left beam to the left column and the top-left beam 

to central column are presented. In both cases a picture of the actual deformed pattern is 

presented for illustrative purposes. In the figures, a positive displacement value refers to 

a separation between beam’s flange and column. These results clearly indicate significant 

rotations at the joints with a considerable stretching of the T-stubs. In Fig. 4.20, the 

irregular trend of the vertical displacements measured by the transducer attached to the 

top flange is due to the malfunctioning of the instrument for displacements exceeding 

230mm.  

 

 

                          (a)                           (b) 

Fig. 4.20 Connection between LBB and LC: (a) relative displacements; (b) local deformations 

-15 

-10 

-5 

0 

5 

10 

15 

20 

0 100 200 300 

H
o
ri
z
o
n
ta

l 
d
is

p
la

c
e
m

e
n
t 

(m
m

) 

Vertical displacement (mm) 

Top 

Bottom 



4.3 Experimental Results 

127 
 

 

 

 

                          (a)                           (b) 

Fig. 4.21 Connection between TLB and CC: (a) relative displacements; (b) local deformations  

 

 

  

(a) (b) 

Fig. 4.22 Frame-infill separation: (a) CC-RBB and (b) LC-TLB corner 

 

Another essential feature to be duly investigated regards the evolution of the frame-infill 

separation. Inspection of the crack pattern (Fig. 4.16) indicates an effective compressive 

strut forms in the panel, transferring the vertical load to the lateral supports. For this to 

happen, a separation between the frame and infill has to occur in the opposite corners. 

This is visible in Fig. 4.22a at the central column-right bottom beam corner, and in Fig. 

4.22b at the left column-top left beam area. In these pictures it is seen that a pronounced 

separation occurs at the interface between the panels and the columns, where the 
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fracture is clearly localised along the frame-infill interface maintaining the adjacent 

mortar layer practically intact. Although relevant, this behavioural characteristic may be 

due to the generally weak mechanical characteristics of the physical interface between 

mortar layers and steel components. It is important to note that as opposed to the infill-

column interface, no such evident separation is visible at beam-infill interface. This is a 

consequence of the high stiffness of the beams composing the frame, which do not 

deform extensively in bending due to frame-infill interaction. Focussing on the bottom 

beams, the combination of such high stiffness with the large rotations at the joint induces 

a rigid rotation of that portion of the panel causing the sort of cracks seen in Fig. 4.22a. 

Of course, if the beam-infill relative stiffness were reduced, bending deformation of the 

beams would be more significant, leading to a more pronounced separation from the 

masonry panels (as often found in infilled frames under lateral loading). 

 

 

Fig. 4.23 Separation between left panel and bottom of central column (test SS) 

 

 The variation of the relative displacements between the frame and the infill at the left 

bottom beam-central column tensile corner in presented in Fig. 4.23, where the total 

separation is given by: 
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The initial interface response is governed by the relative sliding between the column and 

infill, but an increasing dominance of the normal opening mode is observed at large 

displacements. Importantly, these measurements indicate that frame-infill separation is 

essentially a mixed mode problem as far as the nature of fracture is concerned.  
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Fig. 4.24 Damage pattern in the left panel of specimen SS  

 

 

Fig. 4.25 Damage pattern in the right panel of specimen SS  

To conclude the discussion on the experimental response of specimen SS, a general view 

of the two panels in the final stages of the pushdown deformation is shown in Fig. 4.24 

and Fig. 4.25. In these pictures, the standard damage patterns associated with a strut 

idealisation for the confined infill are clearly visible in both panels, including the stepped 

cracks along the diagonal direction and the crushing of the corners in compression.   

The inspection of damage in the panels with the removal of the masonry parts which 

were practically detached from the load bearing walls confirmed the full extent of the 
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through thickness cracks in the brick-units.This highlights the triaxial nature of the 

failure mode of masonry assemblages subjected to high compressive forces. 

Finally, with respect to the masonry infill contribution to progressive collapse arrest, it 

should be pointed out that even though substantial damage developed in the masonry 

infill the global stability of the slender unreinforced panels was maintained during the 

whole range of pushdown deformations. The practical outcome is a monotonic increase 

of the energy absorption noticeable from the force-displacement curve in Fig. 4.9. A 

survey of the final damage pattern is sketched in Fig. 4.27.  

 

  

(a) (b) 

Fig. 4.26 Detail of through thickness damage in the bottom compressed corners: (a) left panel, 
(b) right panel 

 

4.3.4 Infilled Test with Gap and Opening – GO 

After the removal of the damaged solid masonry panels and the flexible connections 

components, a new specimen was assembled utilising the same steel structural system. 

This specimen presented a clear non-symmetrical configuration with a solid right panel 

featuring a 20mm gap between the wall and the flange of the top beam (Fig. 4.28a) and a 

left panel with a central 520×943mm2 window-type opening corresponding to the 11% of 

the panel area (Fig. 4.28b). The opening in the right panel was topped by a reinforced 

concrete lintel with a 130×90 mm2 cross-section. The masonry panels in the GO tests 

were also assembled utilising the same brick-units (250×90×55 mm3) and 10mm bed and 

15 mm thick mortar joints, where the relevant material properties are listed in Table 4.4. 

A much higher mortar compressive strength than that found in the material tests for 

specimen SS can be noticed. This large strength has been obtained despite the same 

mortar composition was prescribed for both test specimens, highlighting the scattered 

nature of the material properties of masonry components.  
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Fig. 4.27 Survey of the final damage pattern of specimen SS 
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Table 4.4 Material properties for GO specimen 

Mortar 

compression 

fc,m 
(MPa) 

Brick 

compression 

 fc,b 

(MPa) 

Brick 

tension 

ft,b 

(MPa) 

13.9 18.3 4.2 
 

  

(a) (b) 

Fig. 4.28 Details of specimen OG: (a) left panel’s gap; (b) right panel’s opening 

 

The test protocol followed the same scheme previously described for test SS, including 

the initial removal of the temporary supports. The initial branch of the force-

displacement response is plotted in Fig. 4.29, where it is observed an initial stiffness 

similar to that for the solid symmetric case. Two main reasons might explain this 

outcome. Firstly, the higher strength (and associated elastic modulus) of the masonry in 

GO test could compensate for the reduction in structural stiffness due to the gap and the 

opening. On the other hand, recalling the initial structural gaps at the connections (see 

Fig. 4.11b) inducing an initial response governed by column-to-infill interaction, thus 

insensitive to the prescribed gap between the top beam and infill. However, despite the 

similar initial stiffness, the force at the end of this initial linear response is reduced from 

132kN (obtained in the previous test with solid panels) to approximately 80kN. In fact, 

even at displacement levels below 3mm, an early onset of cracking is observed in the 

perforated panel eventually propagating in a stepped manner from the corner of the 

central opening downwards along the mortar joints. This early stage cracks are presented 

in the pictures of Fig. 4.30 pointing to the relative weakness of masonry infill at the 

opening’s corners, in accordance to common knowledge related to lateral pushover 

response. 

20 mm gap 
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Fig. 4.29 Early stage response of specimen GO 

 

  

(a) (b) 

Fig. 4.30 Initial crack pattern in the left panel: (a) stepped crack starting from an opening 
corner; (b) detail of an opening through thickness crack 

Following this initial cracking, damage developed in both panels, fact reflected by the 

highly nonlinear force-displacement curve in Fig. 4.9. It is interesting to compare the 

global response of specimen GO against that obtained in test SS. In particular, the two 

pushdown curves display similar trends. In general, the vertical forces measured in the 

test on specimen GO are lower in the early and intermediate deformation stages. As the 

URM walls are extensively damaged and the capacity is transferred to the steel frame, the 

response of specimens SS and GO are characterised by about the same vertical force for 

the same vertical displacement. 
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Fig. 4.31 shows the variation of the relative displacements measured along the diagonal 

directions on the front face of the two panels. In particular, the displacement values 

obtained in this test are compared with those found in the test with solid panels.  

 

 

Fig. 4.31 Deformation of panels’ diagonals (test GO) 

 

The diagonal relative displacements in the two tests are practically coincident, 

confirming that the global frame response is symmetric also in the second test. This 

finding is particularly important, as it highlights that also in the case of non-symmetric 

distribution of masonry infill, which is typically found in peripheral frames of realistic 

multi-storey buildings, the confinement effects provided by the frame to the URM panels 

leads to a symmetric deformation profile for adjacent frame bays. Of course, this 

observation has practical implication within the progressive collapse assessment 

framework mentioned in the Introduction, as its underlying principle is the activation of 

a dominant pushdown mode. In this way, it has been demonstrated experimentally that 

such pushdown mode is still valid for initially non-symmetrical layouts provided there is 

a structural frame stiff enough to accommodate the differential internal response of the 

URM panels. Nevertheless, this conclusion should be regarded for structural systems 

with flexible connections, where the frame deformations are chiefly lumped at the joint 

locations. Extrapolation of this behaviour to other sorts of structural typologies, as well 

as irregular spans, deserves careful examination. 

The variations of the axial forces and bending moments at the mid-span of the four 

beams are shown in Fig. 4.32 and Fig. 4.33, respectively. 
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(a) 

 

(b) 

Fig. 4.32 Axial force in the beams of specimen GO: (a) top beams; (b) bottom beams 

As for the previous test, the analysis of the force distribution in the frame members is 

crucial to examine the different evolution of damage in the infill panels, as the steel 

elements are differently strained to accommodate such events. Fig. 4.32a shows a 

remarkable difference in the variations of the axial force in the top beams. This reflects a 

dissimilar frame-infill interaction at this location, where the transfer of forces between 

masonry infill and the top beam is more significant in the right panel. Conversely, in the 

left panel, the initial gap limits such transfer during the whole pushdown process. 

Concerning the variations of the axial forces in the bottom beams, the responses in the 

two spans are almost symmetrical, as previously observed for specimen SS, and the 

intensity of these forces is higher than in the top beams. The bending moments at the 

same mid-span cross-sections are presented in Fig. 4.33. The plots in Fig. 4.33a are quite 

illustrative of the progressive gap closure, where an increase rate of the bending moment 
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registered in the left top beam after 50mm vertical displacement indicates the contact 

between the beam and masonry infill. Similarly to specimen SS, hogging moment are 

recorded in the top beams whereas a sagging response is observed in the bottom ones, as 

expected by the consideration of the strut analogy for representing the masonry infill 

contribution. 

 

 

(a) 

 

(b) 

Fig. 4.33 Bending moments in the beams of specimen GO: (a) top beams; (b) bottom beams 

The local joint deformations are shown in Fig. 4.34, where the relative horizontal 

displacements between the beam flanges and the adjacent column are plotted at the 

location shown in Fig. 4.6. Observing these experimental curves it can be concluded that 

despite the non-symmetrical configuration the joint response is fairly symmetrical. 

Moreover it is important to stress that significant levels of joint deformation were 
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achieved which reinforces the key requirement of joint ductility to ensure the necessary 

levels of pushdown deformation.        

 
 

 

Fig. 4.34 Deformation of the connection between the top beams and the central column (GO) 

 

A noteworthy difference in comparison to the SS case regards the recorded evolution of 

frame-infill separation at the central column-left panel interface. As opposed to the 

results in Fig. 4.23, in the current case a predominantly sliding separation occurs. The 

actual separation is given in Fig. 4.35, where the instruments layout is the same as in Fig. 

4.6 and the total separation is computed according to Eq (4.1). This dissimilar behaviour 

reflects the different response of the two panels as the frame deforms downwards. This 

underlines the importance of the frame-infill interaction at the physical interface 

between the frame components and masonry infill in the evolution of the forces 

transmitted to the panels. Visual details of the frame-infill interaction are presented in 

Fig. 4.36, where it is shown the partial closure of the initial gap with the top beam and 

the initial separation at the bottom tensile corner, both referring to the left masonry 

panel. Moreover it is observed that a separation is maintained in the tension dominated 

region throughout the pushdown procedure. 

Refocusing on the main objective of the experimental campaign, inspection of the 

damage pattern in the perforated and solid (with gap) panels is performed in order to 

enquire on its equivalence with the response expected from a lateral pushover test.  

With regards to the solid left panel, it is observed that an initial strut mechanism formed 

from the central column to the opposite compressed corner, even before the initial gap 

was closed. As the incremental downwards deformation progressed after the initial gap 

was partially closed, a diagonal crack pattern similar to that in test SS was also noticed in 
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the left solid wall which confirms a compressive strut mechanism. A survey of the 

stepped diagonal cracks visible during the intermediate stage of deformation is shown in 

Fig. 4.37. At this stage, cracks mainly run along the mortar joints. Finally, towards the 

final phase of the pushdown process, the solid left panel displayed the typical damage 

modes expected from a lateral pushover test, with emphasis on the crushing in the 

compressed corner. A close-up inspection of the final damage in this panel is presented 

in Fig. 4.38. The crushing at the bottom corner confirms that masonry infill transferred 

the vertical force to the lateral supports through a compressive action along the diagonal 

direction. Similarly, the crack pattern in the top tensile region indicates the severity of 

the permanent damage imposed on the masonry wall, yet conserving global stability. The 

remarkable quasi-vertical crack seen in Fig. 38b reflects the particular manner the load 

was transferred from the frame to the infill, which differs from that in the previous case 

(SS) as a result of the initial gap (hinting an eccentric strut due to vertical friction 

between masonry and column) 

 

 

Fig. 4.35 Separation between left panel and bottom of central column (test GO) 

 

Attention is now devoted to the response of the right panel with a central perforation. 

Also in this case, an analogy with the behaviour typically observed in infilled panels 

under horizontal forces can be established. The cracks shown in Fig. 4.39 developed from 

the corner of the window-type opening at the early stages of pushdown deformation. 

Subsequently, a new major crack coalesced and propagated from the top right corner of 

the opening eventually branching vertically and joining the initial crack in the panel’s 

bottom compressed corner area as displayed in Fig. 4.39a. Simultaneously, cracks 

formed and propagated on the left region of the perforated panel (Fig. 4.39b), where a 

group of stepped cracks formed mainly along the mortar joints, running from the central 
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column to the bottom beam. In Fig. 4.39b, horizontal shear sliding along the bed joint at 

the level of the bottom part of the window can be also observed. Such sliding led to the 

fracture of the frame-infill interface at mid-height of the central column. 

 

  

(a) (b) 

Fig. 4.36 Details of frame-infill interaction: (a) partial closure of initial gap; (b) separation at 
tensile corner 

 

 

Fig. 4.37 Diagonal cracking in the solid left panel at 100mm displacement (test GO) 

 

Multiple diagonal cracks 
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(a) (b) 

Fig. 4.38 Details of final damage in the left panel: (a) compressed area; (b) tensile area 

 

  

(a) (b) 

Fig. 4.39 Crack pattern at approximately 100 mm vertical displacement: (a) right side of the 
opening; (b) left side of the opening 

 

Shear sliding 

Diagonal cracks 
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(a) (b) 

Fig. 4.40 Final damage pattern in the right side panel: (a) right of the opening; (b) left o side of 
the opening 

The propagation of damage in the perforated panel mainly corresponds to the widening 

of the cracks already visible in Fig. 4.39, until crushing of the compressed corners 

developed towards the final stages of the pushdown test. Nonetheless, stability of the 

masonry wall was maintained and no out-of-plane deformations were noticed. A close 

view of the crack patterns in the right panel at the end of the experiment is presented in 

Fig. 4.40. Focussing on Fig. 4.40a, it is observed that this area of the panel is divided into 

two diagonal zones separated by the major diagonal crack. The overall stability of this 

part of the panel was ultimately guaranteed by the interaction between masonry and the 

RC lintel beam. As a matter of reference, the RC lintel displayed no cracks during the 

whole procedure. Finally, the ultimate damage pattern in Fig. 4.40b shows a combination 

of diagonal cracking with horizontal shear sliding. It is interesting to note that the 

horizontal shear crack develops along the brick-mortar interface, whereby the mortar 

head joint remains practically intact. Similarly to the previous case, a survey of the final 

damage pattern in the GO specimen is sketched in Fig. 4.41.    

To conclude, the experimental results indicate that the failure mechanisms of infilled 

frame units subjected to pushdown deformations are similar to those typically found in 

masonry infill under lateral forces (pushover deformations). In particular, clear diagonal 

stepped cracks developed in all tests which is in accordance to the common observation 

that diagonal cracking typically occurs in infilled frames composed of weak joints (El-

Dakhakhni et al., 2003). Nonetheless, diagonal cracking is not regarded as a failure mode 

per se, as the confinement provided by the steel frame allows the masonry panel to 

accommodate such cracks and maintain a substantial load-carrying capacity until corner 

crushing develops.  
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Fig. 4.41 Survey of the final damage pattern of specimen GO 
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4.4 Energy-Based Interpretation of Pushdown Response 

4.4.1 Simplified Numerical Modelling 

In the previous discussion of the experimental results, it was concluded that infilled 

frames subjected to pushdown deformations respond in a similar fashion as in case of 

lateral pushover deformations. More precisely, evidence was found of a compressive strut 

forming diagonally in the masonry panels, transferring the central vertical load to the 

lateral supports. Such strut analogy, which is widely accepted in the context of lateral 

pushover analysis, was noticed by the appearance of clear indicators like diagonal 

stepped cracks, shear sliding at bed joints and ultimately crushing at the compressed 

corners. Likewise, the evolution of the frame-infill separation at the tensile interface 

regions reinforced these previous observations. This experimental outcome is relevant, 

among other issues, for providing a logic basis for the transferability of existing design-

oriented models describing the mechanics of infilled frames. In this respect, a strut-

based model is employed to complement the analysis of the experimental results. The 

three-strut model proposed in El-Dakhakhni et al. (2003) is employed as representative 

of the multi-strut procedures available in the literature. Opting for a multi-strut instead 

of a single-strut model arises from the experimental observations that the evolution of 

frame-infill interaction is too complex to be captured by a single strut representation. A 

sketch of the adopted simplified model is shown in Fig. 4.42, where the area of the strut 

is given as (El-Dakhakhni et al., 2003): 

 

 1

cos

c cht
A

 




   

(4.2) 

 
where t = 90mm is the thickness of the masonry panels. 
 

 

Fig. 4.42 Three-strut model proposed by El-Dakhakhni et al. (2003) 
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With regards to the material model employed within the strut elements, a typical non-

linear compressive softening uniaxial model with zero-tensile strength (Fig. 3.1c) is used 

to capture the brittle nature of URM (Farazman et al., 2013). In spite of the myriad of 

available models, in the current study, due to the observation that ultimate failure was 

governed by corner crushing, only compressive related strength values are considered. In 

particular the suggestion in FEMA (2000) is taken, where the ‘strut elements’ strength is 

approximated by 50% of the compressive strength obtained from a stacked masonry 

prism. The necessary input parameters are listed in Table 4.5. 

 

Table 4.5 Geometrical and material properties for the strut model (SS test) 

αc 

- 

αb 

- 

A 

(mm2) 

fc 

(MPa) 

εcr 

- 

0.4 0.4 51923 7.95 0.01 

 

Before proceeding with the simplified analysis, a proper calibration of the bare frame 

model is needed. In particular, the adopted type of beam-column connection poses a 

substantial challenge, because its mechanical behaviour is difficult to quantify according 

to current design guidelines. It is recalled that the flexible bolted joints with clearance 

holes were designed to provide significant axial and shear strength to accommodate the 

forces arising from frame-infill interaction, while displaying reduced bending strength 

and flexibility. The post-test calibration of the steel frame is shown in Fig. 4.43, where a 

suitable choice for the stiffness and resistance of the rotational spring modelling the 

flexural behaviour of connections provides an accurate numerical prediction of the bare 

frame response.  

 

 

(a) (b) 

Fig. 4.43 Calibration of the steel frame FE model: a) experimental vs numerical response; b) 
rotational spring model 
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A comparison between the pushdown curves computed with the simplified model and 

that obtained in test SS is plotted in the graph of Fig. 4.44. Overall, the numerical 

prediction represents an envelope of the experimental response. Clearly the initial 

branch of the pushdown curve computed with the simplified model over-predicts the real 

capacity, whereas as the peak resistance is approached, a better match with experimental 

values is achieved. This is explained by the inherent inability of the utilised simplified 

model to capture the actual damage evolution in the panels which comprises an initial 

stage with formation and propagation of diagonal cracks followed by the crushing at the 

compressed corner. The latter event limits the maximum vertical resistance. On the other 

hand, the adopted simplified model solely accounts for the crushing mode on an explicit 

manner, meaning that the progressive degradation of stiffness due to the evolution of 

cracks within the panels is disregarded. For this reason, only the maximum capacity is 

fairly estimated.  

 

 

Fig. 4.44 Numerical-experimental comparison for test SS 

Notwithstanding, to improve the accuracy of the numerical predictions, multi-branch 

material models for equivalent struts (see Chapter 2) could be used. These models 

consider an explicit stiffness degradation which accounts for the evolution of the shear 

cracks after the initial elastic regime. An application of such models was shown in Uva et 

al. (2012b) for seismic assessment purposes. Nonetheless, a proper use of those 

simplified models requires the evaluation of several input parameters which, as already 

mentioned, may lead to a considerable scatter in the predicted responses. Of course, this 

is a matter that should be duly investigated, because the consideration of equivalent strut 
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concepts represents a promising strategy for incorporating the URM infill contribution 

into practical robustness assessment.  

In order to complete this note on simplified methods, a prediction of the response of the 

GO test is shown in Fig. 4.45. In this case, because no direct prism compressive strength 

was available, an estimate was given by using the Eurocode 6 – EN 1996-1-1 (CEN, 2005) 

formula to compute the compressive strength fc from the knowledge of mortar (fm) and 

brick-units (fb) strength: 

0.3 0.7

c m bf k f f    (4.3) 

where k is a prescribed factor. Based on the values reported in Table 4.4 and taking k 

equal to 12, a compressive strength of 16.9MPa is obtained. The influence of the opening 

in the right panel was modelled according to the method proposed in Mondal and Jain 

(2008) leading to a reduction factor of 0.33 which was applied to the cross section of the 

struts representing this panel. As to the 20mm gap in the left panel, a contact element 

was introduced between the top beam and the upper off-diagonal strut connected to this 

beam. Fig. 4.45 shows a poor response prediction which is mainly due to the inability of 

the adopted strut modelling in representing the contribution of openings within masonry 

infilled panels. Nevertheless, as in the context of earthquake engineering (i.e. lateral 

pushover), this constitutes a matter of refinement of the modelling parameters.  

 

 

Fig. 4.45 Numerical-experimental comparison for test GO 

 
                                                        
2
 According to EN 1996-1-1, a value the value of k is limited to 0.8 for the category of brick masonry used 

in the SS and GO tests. However, this is intended for calculation of the characteristic design value, which is 

not the intention herein. As a matter of confirmation, the same formula was applied to the SS masonry 

specimen confirming that using a value k of 1 would in fact predict the value experimentally obtained in 

Table 3 and for this reason the same procedure was applied in the prediction of fc for the GO specimen. 
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4.4.2 Masonry Infilled Frame Pushdown Capacity 

Following the above note on simplified modelling, the pushdown response obtained in 

tests SS and GO are investigated within the scope of the progressive collapse assessment 

framework described in Chapter 3. In particular, the experimental nonlinear static curves 

in Fig. 4.9 are transformed into pseudo-static responses (recall Fig. 3.17), with the results 

plotted in Fig. 4.46. This pseudo-static capacity represents the actual collapse resistance 

of the affected structure, providing a singular measure accounting for strength, 

redundancy, energy absorption and dynamic effects on a unified manner (Izzuddin et al., 

2008). In this way, a crucial finding arises from a comparative assessment of the 

nonlinear static and pseudo-static curves in Fig. 4.9 and Fig. 4.46. While in the former, 

both SS and GO capacities converge to the same value towards the end of the pushdown 

test, inspection of the pseudo-static curves clearly indicates that the collapse resistance of 

specimen SS is actually substantially higher than the GO counterpart. Such difference in 

robustness enhancement is chiefly governed by increased energy absorption when solid 

panels are used. 

 

 

Fig. 4.46 Pseudo-static curves for the infilled tests 

Furthermore, an energy-based interpretation of the tests, as in Fig. 4.46, constitutes a 

fundamental aspect in a realistic appraisal of the progressive collapse potential of 

structural systems, as merely inspecting the static pushdown capacity might lead to 

erroneous conclusions. In line with this comment, the pseudo-static curve related to the 

simplified model of test SS is contrasted to that of the real test in Fig. 4.47. The reason 

for this comparison is to raise awareness to the fact that even though the nonlinear static 

response from the simplified model could be regarded as acceptable for design-purposes, 

especially for the large displacement domain (Fig. 4.44), when the energy-based 

robustness assessment framework is employed a more pronounced discrepancy is 

evident. It is known that typical engineering assessments are based on force (or stress) 
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checks for a given target displacement (ductility) level. What the example in Fig. 4.47  is 

emphasising is that under progressive collapse considerations such approach is 

insufficient, meaning that a proper account of energy absorbed until a given 

displacement is reached must be simultaneously analysed with strength requirements. 

Moreover, this finding implies that for meaningful robustness assessments, it is 

necessary to trace the realistic incremental energy absorption for the whole equilibrium 

path until the desired displacement is reached. A close-up view of the initial branch of 

the pushdown curve in Fig. 4.47 confirms this discrepancy is also pronounced at this 

stage, which is particularly important, since according to the preliminary numerical 

results in Xavier et al. (2014) one of the main advantages ensuing from due consideration 

of URM infill in robustness assessment is the potential to arrest collapse at small vertical 

displacements due to frame-infill interaction, avoiding the activation of other secondary 

mechanism such as floor membrane and beam catenary actions. 

 

 

Fig. 4.47 Experimental and numerical pseudo-static capacity (test SS) 

 

4.5 Summary and Conclusions 
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pushdown responses of two URM infilled frames are investigated within the scope of 
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pushdown deformations displays the same features as expected from lateral pushover 

tests. In particular, it is observed the development of the so called compressive strut 

mechanism, effectively transferring the applied force at central column to the lateral 

supports. Such mechanism was highlighted by the appearance of diagonal stepped 

cracking at early stages of deformation, eventually leading to crushing of the compressed 

corners. Similarly, noticeable fracture and separation at the tensile frame-infill interface 

is visible.  

The presented experimental tests confirm the potential robustness reserve associated 

with URM infill, provided adequate confinement is supplied by the structural frame, as 

often found in existing constructed facilities. Also noteworthy is that a stable resisting 

capacity is achieved, even when accompanied by extensive damage in the masonry 

panels, further underlining the importance of frame-infill interaction. In this way it is 

shown that a considerable pushdown capacity is sustained even at large displacements. 

Nevertheless, the role of the joint ductility in accommodating this level of deformation 

deserves due consideration. 

Two typologies of masonry infill were tested: a) a simple solid symmetry case and b) a 

non-symmetrical layout including a solid wall with a gap between the frame and infill 

and a perforated panel. Both cases displayed significant pushdown capacity, meaning 

that walls with gaps and openings so common in exterior building cladding can 

significantly increase robustness under column loss. Finally, it is pointed that careful 

interpretation of the tested static capacity is necessary for inferring progressive collapse 

resistance. In this respect, the experimental results are analysed in the light of the 

robustness assessment framework developed by Izzuddin et al. (2008). Such analysis 

reveals that, despite similar static capacities are obtained at later stages of deformation, 

the higher energy absorbed in the SS specimen leads to noticeable enhanced robustness. 

As a side note, an illustrative application of simplified models was also presented with 

the aim of providing initial insight into such procedures, as it is believed that such 

methods should be the focus of special attention as far as design-oriented applications 

are concerned. Nonetheless, more sophisticated modelling techniques will be employed 

in future work to assess important aspects of the presented tests, including frame-infill 

interaction at small pushdown deformations  

In conclusion, this experimental campaign provided mechanically sound and 

quantifiable evidence that non-structural masonry infill panels in peripheral frames 

constitute a reliable and efficient source of enhanced robustness under column loss 

events.   

With these results, the first stage of the research work is completed whereby, so far, an 

energy-based framework was proposed to include the capacity of URM infill, followed by 
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an experimental assessment of the actual capacity of these masonry elements. 

Nonetheless, fundamental aspects still need clarification, such as the individual energy 

absorbed by the masonry walls and the interaction between infill panels with realistic 

framed structures. For this reason, in the proceeding chapters numerical investigations 

are carried out employing advanced mesoscale FE models, in accordance to the research 

methodology developed in Chapter 1. 
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5 CHAPTER 5 
MESOSCALE MODELLING OF URM INFILL  

 

5.1 Introduction 

In the previous chapter, the static behaviour of infilled frame one-storey two-bay units 

subjected to pushdown deformations representing a column loss has been investigated. It 

was found that the contribution of URM infill provides a significant resistance to the 

vertical movement of the central column. The infill frame response showed large ductility 

with no significant degradation of strength for very large vertical displacements (up to 

350 mm). Simple diagonal strut models (El-Dakhakhni et al., 2003) within a frame 

representation were adopted to describe the experimental behaviour, and it was shown 

that a satisfactory prediction of the infill frame maximum resistance can be achieved by 

using FEMA (2000) recommendations with a strength for the strut elements obtained 

considering 50% of the masonry compressive strength. However, the adopted simplified 

description with diagonal struts does not provide an accurate response prediction at 

different displacement levels. The difference between the numerical response and the 

behaviour observed in the physical tests is quite large at small displacements.  In general, 

conventional simplified models with diagonal struts do not allow a realistic 

representation of the progressive damage in the masonry infill and the cohesive and 

frictional interaction between the frame and the masonry panels at the frame-infill 

interface which play a critical role at small deformations. On the other hand, an accurate 

representation of the response at small displacements is quite important for a realistic 

estimate of the infill frame capacity to arrest progressive collapse. In this respect, the 

experimental test on a realistic six-storey infill frame building (Sasani and Sagiroglu, 

2008) showed that the removal of two columns at the ground floor did not cause global 

collapse but only small deformations with a maximum vertical displacement of about 6.4 

mm, thanks to the interaction between the transverse and longitudinal frames with the 

participation of infill walls. Moreover, the investigation of the potential for progressive 

collapse arrest at small deformations is critical for understanding the actual robustness 

of typical steel infilled medium- and high-rise buildings found in the U.K. and U.S.A, 

where the detailing of steel joints (based on common practice in the 1930s-1960s) might 

not guarantee the necessary ductility to accommodate the frame-infill interaction 
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observed experimentally at large pushdown deformations (Xu, 2011). In these cases, the 

remarkable robustness reserve seen in Chapter 4, might not be properly activated. For 

this reason, exploring the contribution of URM panels at small deformations, thus  

imposing reduced ductility demand on structural elements, constitutes a step forward in 

the argument for due consideration of masonry infill in progressive collapse assessments. 

Also, from a reliability standpoint, according to Marjanishvili et al. (2012) the 

uncertainty associated with robustness quantification substantially increases as the 

ductility limits of the constituent elements is further utilised. As the quantification of 

reliability of old structures constitutes a particularly challenging topic, providing a means 

to achieve the target robustness requirements at small deformations is highly desirable 

within the context of retrofitting operations for robustness enhancement of existing 

structures. In fact, such assessments are increasingly important due to the growing 

demand for upgraded resilience of urban infrastructure (Hudson et al., 2012). On the 

other hand, advanced design procedures can lead to increased confidence in the 

quantification of ductility for structural components in new buildings, allowing the 

reliable utilisation of the full URM contribution for a wide range of pushdown 

displacements. 

In this chapter, an accurate finite element mesoscale modelling strategy is adopted to 

provide a realistic description of the development of cracks in brick/block-masonry and 

the interaction between the frame components and masonry infill. According to this 

approach (Macorini and Izzuddin, 2011), each masonry unit is represented by two or 

more 3D solid elements and the mortar joints are described using nonlinear interface 

elements. Additional nonlinear interface elements are used to connect the solid elements 

for each brick/block allowing the representation of potential cracks within the masonry 

units. Previous research has shown that this modelling strategy enables an accurate 

prediction of the nonlinear response of masonry components of different form with 

different masonry bond and subjected to generic static and extreme dynamic loading 

(Macorini and Izzuddin, 2013a). To analyse the behaviour of infill frames subjected to 

pushdown deformations, a multi-dimensional framework is adopted (Fig. 5.1), where the 

mesoscale masonry description is incorporated within an efficient frame model similar to 

the frame representations used in the previous chapters to model the bare frame 

response. This necessitates the use of multi-dimensional coupling (Jokhio, 2012) to 

connect the masonry domain with the elements of the frame, where nonlinear cohesive 

elements are employed for modelling frame-infill interaction at the interface between the 

masonry panels and the surrounding frame components. The multi-dimensional  
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Fig. 5.1 Multi-dimensional framework for nonlinear analysis of URM infilled frames 

 

framework will be discussed in detail in Chapter 6, where the proposed modelling 

strategy for URM infill frames will be validated against the results obtained in the 

experimental tests at small displacements. 

In the following, the main characteristics of the nonlinear interface elements are 

discussed. According to the adopted modelling strategy, nonlinear interfaces are the 

critical components for capturing material nonlinearity within the masonry domain and 

the frictional interaction between the frame and the infill masonry. In this work, an 

existing nonlinear interface element formulation (Macorini and Izzuddin, 2011) has been 

enhanced allowing the brick\block-mortar interaction to be accounted for. This is 

especially relevant under compressive forces, where lateral expansion of soft mortar is 

restrained by the adjacent stiffer brick units, leading to the development of a triaxial 

compressive state in the bed joints. This in turn is complemented by in-plane bi-axial 

tension and vertical compression in the bricks (Fig. 5.2). Bearing in mind the 

heterogeneous micro-structure of masonry units, these tensile stresses promote crack 

coalesce around initial defects (Roberts and Hughes, 2006) eventually propagating 

quasi-vertically as shown in the sketch of Fig.1.9. Importantly, this failure mechanism is 

essentially 3D, where cracks propagate in both planes of the compressed prism (Fig. 1.9) 
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as shown in experimental tests on solid wallets (Binda et al., 1988), stacked prisms with 

hollow blocks (Barbosa et al., 2010) and infilled frames under pushdown deformations  

 

Fig. 5.2  Schematic stress state in URM prism subjected to uniaxial compression with units stiffer 
than mortar joints 

 

(Fig. 4.24). As a remark, for the situations where mortar is actually stiffer than the 

masonry units, a different mechanism is expected which largely depends on the bond 

strength between mortar and bricks (Sarangapani et al., 2005). 

In short, the main developments for the enhanced interface elements representing 

mortar joints used within the proposed mesoscale masonry model include (i) the 

consideration of triaxial elasticity embedded in the interface elements, (ii) the ability to 

capture tensile stresses in brick units and the subsequent onset of cracking, (iii) the use 

of a co-rotational formulation for large displacements, especially relevant for the out-of-

plane response under extreme loading, (iv) the consideration of the elastic triaxial effects 

within a mixed-mode interface cohesive model for the representation fracture along the 

interface surface. 

5.2 Interface Element Formulation 

Interface elements have a long and successful record of applications in computational 

mechanics as an efficient tool to simulate fractures and discontinuities in solids and 

structures (Giambanco et al., 2001; Alfano and Crisfield, 2001; Carol et al., 2011; Day and 

Potts, 1994). Such elements usually incorporate fracture models providing traction-

separation relationships, where the relevant kinematical quantities are the relative 

displacements of the two surfaces on both sides of the discontinuity. In the following 

sections, such standard formulation is extended to include stretching of the discontinuity 

surface as an integrated component of the local kinematics. This enables an effective 

coupling of the Mode-I crack opening with the in-plane strains induced by Poisson’s 
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effect. The developed interface element can be used in detailed 3D mesoscale analysis of 

URM structures, allowing a more realistic representation of the complex combined brick-

mortar response under compression. 

The basic assumption for the proposed 16-noded interface element formulation is 

associated with the dimensions of the joints, as illustrated in Fig. 5.3. In particular, it is 

assumed that the joint thickness h is relatively small in comparison with the in-plane 

dimensions. In this way, the joint can be effectively described by zero-thickness interface 

elements where the joint thickness h is assumed as an embedded geometrical parameter. 

 

 

 

 

 

 

Fig. 5.3 Interface virtual volume in the context of mesoscale analysis of URM structures 

 

5.2.1 Co-rotational framework 

A co-rotational framework is employed to efficiently handle large rigid body 

displacements and rotations. This enables the use of simple linear kinematic 

relationships at local level, thus transferring the cumbersome treatment of continuum 

large rotations to discrete degrees of freedom, where transformations from a local co-

rotational to a global fixed coordinate system are considered to allow for geometric 

nonlinearity. As such, it is assumed that the interface separations due to cracking and the 

new membrane strains remain small during the analysis, which is reasonable when 

dealing with quasi-brittle materials. Examples where large interface deformations are 

accounted for can be found elsewhere (van den Bosch et al., 2008, Ortiz and Pandolfi, 

1999). Notwithstanding, as opposed to the procedure described in Macorini and Izzuddin 

(2011), where the nonlinear interface element allows only for surface relative 

displacements, in the present case the existence of in-plane strains (and conjugate 

stresses) requires the explicit evaluation of interface rigid body rotations in a similar 

manner  to continuum/shell elements (Izzuddin, 2005). This is shown in Fig. 5.4, where 

x y 

z 

Top Surface S
+ 

Bottom Surface S
- 

h 
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the incremental deformation of a 16-noded interface is displayed. This moves from the 

initial configuration C0, where the top and bottom surfaces are coincident, to the current  

 

 

Fig. 5.4 Definition of the global and the local co-rotated reference systems 

 

configuration Cn through a rigid body rotation from C0 to CR which is followed by 

interface (including the added membrane) deformations from CR to Cn. As highlighted in 

Izzuddin (2005), the effectiveness of any co-rotational framework depends upon the 

proper choice of the local reference system and its relationship with a fixed global 

system. In this work, similarly to Izzuddin (2005) and Li et al. (2013) in the case of plate 

and shell elements, and to Macorini and Izzuddin (2011) for standard interface elements, 

the diagonal bisectors of the mid-surface at the deformed configuration are utilised as 

the basis for the co-rotated reference system (0, xn, yn, zn). This simultaneously satisfies 

the requirement of orthogonality of the two planar axes and delivers a local system 

invariant to the specific element nodal ordering (Izzuddin, 2005). With regards to this 

latter aspect, the eight possible sets of axes due to different nodal ordering represent 

permutations over three orthogonal directions relative to the global system which lead to 

the same global element forces and tangent stiffness matrix (Izzuddin, 2005).  
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With reference to Fig. 5.4, a global fixed reference system (0, X, Y, Z) is established; a 

local system at the initial configuration (0, x0, y0, z0) is derived based on the direction 

cosines cx,0, cy,0 and cz,0  given by: 

0 0 0 0 0

1 3,0 2 4,0 1 3,0 2 4,0

1 3,0 2 4,0 1 3,0 2 4,0

; ;
x y z x y

c c c c
c c c c c

c c c c

   

   

 
   

 
 (5.1) 

where the direction cosines along diagonals 1-3 and 2-4 are: 

1 3,0 2 4,0

1 3,0 2 4,0

1 3,0 2 4,0

;
v v

c c
v v

 

 

 

   (5.2) 

with: 

1 3,0 3,0 1,0 2 4,0 4,0 2,0;v X X v X X      (5.3) 

in which Xi,0 is the initial position of node i (i = 1,2,3,4) in the global reference system. As 

deformations occur, the current co-rotated system is explicitly computed from the 

current global nodal displacements: 

  1, 16
T

i X Y Z i
U U U U i   (5.4) 

which are required for the definition of the current mid-surface Sn: 

       1 3 1 3,0 3 11 1 9 2 4 2 4,0 4 12 2 10

1 1 1 1
;

2 2 2 2
v v U U U U v v U U U U              (5.5) 

where the mid-surface diagonals direction cosines are: 

1 3 2 4
1 3 2 4

1 3 2 4

;
v v

c c
v v

 
 

 

  , (5.6) 

and the current co-rotated reference system direction cosines result from: 

1 3 2 4 1 3 2 4

1 3 2 4 1 3 2 4

; ;n n n n nx y z x y

c c c c
c c c c c

c c c c

   

   

 
   

 
 (5.7) 

Finally, the local displacements used to obtain interface strains (including Mode I and II 

separation) are given by: 

1, 16n n n

T

i x y z i
u u u u i  

 
 (5.8) 

These are computed from the global nodal displacements U allowing for rigid body 

rotations using the expression: 

 0 1,0 1, 16i i iu RU R R v i     (5.9) 

where a rigid body rotation around node 1 is assumed (Fig. 5.4), being 
1,0iv 

the vector 

connecting node i to node 1 in the initial configuration: 

1,0 ,0 1,0i iv X X    (5.10) 

and R and R0 are two matrices containing the local reference system direction cosines in 

the current and initial configurations, respectively: 
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0 0 00;n n n

T T

x y z x y z
R c c c R c c c    

   
 (5.11) 

A further advantage of the implemented co-rotational formulation results from the 

symmetric local stiffness matrix, of course provided the local constitutive matrix is also 

symmetric (Izzuddin, 2005). Unfortunately, the nonlinear cohesive material model 

detailed below delivers a non-symmetrical tangent operator, preventing the use of 

symmetric stiffness matrices in the range of mixed-mode crack propagation. 

5.2.2 Local Enhanced Kinematics 

In the proposed formulation, in-plane strains are introduced as an enhancement to the 

standard interface element kinematics, which assumes only relative top-bottom 

displacements as ‘strain’ measures. Referring to the current configuration Cn in Fig. 5.4, 

and recalling the initial assumption that mortar thickness is considerably smaller than 

the in-plane dimensions (see Fig. 5.3), the displacement field u(x,y,z) within the interface 

virtual volume may be approximated by a linear interpolation of the corresponding top 

and bottom surface displacements. In a similar fashion to Giambanco et al. (2012), the 

displacement components through the thickness h are: 

1
( , , ) ( ) ( )

2

z
u x y z u u u u

h

        (5.12) 

where u are the surface displacements at a given position (x,y) and the superscripts +/- 

refer to S+/-. Resulting from a through thickness linear interpolation, the representative 

strain vector    
T

av x y z xy xz yz        in the interface virtual volume can be 

obtained as the average strain in the local co-rotated direction z (Giambanco et al., 2012): 

2 2

2 2

1 1
( , , )

h h

av

h h

dz Lu x y z dz
h h

 

 

  
 

(5.13) 

 in which  L is the standard kinematic differential operator: 

0 0 0

0 0 0

0 0 0

T

x y z

L
y x z

z x y

   
 
  
 
   

  
  

 
   
 

   

 (5.14) 

As a result of the choice of local co-rotational system passing through the mid-plane, the 

magnitude of uz is negligible at this plane. This allows the terms  x  and y    in Eq. 
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5.14 for the definition of the shear strain xz and yz to be neglected, thus the integral in 

Eq. 5.13 leading to the local interface strain components can be solved as: 

( )1

2

( )1

2

( ) ( )1 1

2 2
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 (5.15) 

Inspection of Eq. 5.15 reveals that the typical interface kinematic quantities (Mode I and 

II separations) are still explicitly considered, these being smeared along the interface 

thickness h. The new interface strains are the two in-plane normal strains and the in-

plane shear strain, which correspond to the average of the top and bottom surfaces 

strains.  

5.2.3 Local Stiffness and Resistance Forces 

Following previous work (Macorini and Izzuddin, 2011), the enhanced interface 

formulation is introduced into a 16-noded element as depicted in Fig. 5.4. Nodes 1 to 8 

are associated with the top surface S+ and nodes 9 to 16 with the bottom surface S-,the 

two surfaces being coincident in the initial undeformed configuration. Standard finite 

element techniques (Zienkiewicz and Taylor, 2005) are employed to compute the 

element stiffness matrix k and nodal resistance forces f where virtual work equations are 

integrated by means of Gauss quadrature leading to: 

1

det( )
ng

T

i i i i i

i

k h B k B w J


   (5.16) 

and 

,

1

det( )
ng

T

i av i i i

i

f h B w J


   (5.17) 

In Eq. 5.16 and Eq. 5.17, h is the joint thickness, Ji the Jacobian matrix at Gauss point i 

transforming natural (ξ,η) to local real (x,y) co-rotated coordinates and wi the 

integration weight. σav,i is the 6-component stress vector associated with av,i and ki is the 
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66 local constitutive matrix. Finally, the matrix Bi collects the first derivatives of the 

shape functions and is given by: 

6 48i i iB B B 


     (5.18) 

where 
iB  is related to the local freedoms on the top surface: 
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(5.19)  

and 
iB  is related to those on the bottom surface: 
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(5.20) 

where Nj (j= 1,8) represent the Serendipity shape functions (Zienkiewicz and Taylor, 

2005) evaluated at Gauss points natural coordinates (ξi,ηi).  

It is important to note that Gauss numerical integration is considered here instead of 

Newton-Cotes integration. In previous research (Schellekens and De Borst, 1993) this 

latter technique has been recommended for stiff interface elements, as it provides a 

smoother stress distribution. However, as the proposed interface element is intended to 

represent realistic mortar joints with a limited initial stiffness, application of Gauss 

integration has proven itself to provide accurate predictions with no spurious stress 

oscillations (Macorini and Izzuddin, 2011). Moreover, in the cohesive crack propagation 

domain Gauss numerical integration outperforms Newton-Cotes especially when using 

relatively coarse meshes (Do et al., 2013, Bak et al., 2014), as the typical meshes 

considered within the mesoscale modelling for URM adopted in this work. 
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5.2.4  Transformation from Local to Global Response 

Considering the principle of virtual work, the relation between the nodal resistance 

forces Ri in the global fixed reference system and the nodal forces fi in the local co-

rotated system: 

  ; , 1, ,16
TT

i X Y Z j x y zi j
R R R R f f f f i j      (5.21) 

can be expressed as: 

, , 1, ,16T

i i j jR T f i j   (5.22) 

where T is the transformation matrix containing the partial derivatives of the local 

freedoms with respect to the global freedoms: 

, , 1, ,16i
i j T

j

u
T i j

U


 


 (5.23) 

In matrix notation it is given by: 

 

1 1

1 16

16 16

1 16 48 48

T T

T T

u u

U U

T

u u

U U


  
  
 

  
 
  

   

 (5.24) 

For the sake of completeness, the terms containing the partial derivatives in Eq. 5.24 are 

explicitly expanded in Appendix B. 

The global element stiffness matrix K can be obtained from: 

, , 1, ,16i
i j T

j

R
K i j

U


 


 (5.25) 

where R and U are the global nodal forces and displacements respectively. Application of 

the product rule leads to the following expression: 

T T
T T

T T T

f T T
K T f T k T f

d d d

  
   

  
 (5.26) 

resulting in: 

16

1

T

i i

i

K T kT f G


   (5.27) 

where k is the local stiffness matrix defined above in Eq. 5.16, T is the transformation 

matrix and f the local nodal forces. Matrix G contains the second partial derivatives of 

local freedoms with respect to global ones: 

2

, , , , 1, ,16i
i j k

j k

u
G i j k

U U


 
 

 (5.28) 

or in matrix form: 



CHAPTER 5 Mesoscale Modelling of URM Infill 

162 
 

 

2 2

1 1

1 16

2 2

16 16

1 16 48 48 48

T T T T

T

T T T T

u u

U d U d
T

G
d

u u

U d U d
 

  
 
   
 
  

  
  

     

 (5.29) 

which reveals that G results from the partial derivatives of the transformation matrix T 

terms with respect to global freedoms. The individual components featured in Eq. 5.29 

are detailed in Appendix B. 

 

5.3 Interface Constitutive Model 

5.3.1 Elastic regime 

According to the proposed formulation, the stress state in the interface element is 

represented by the average of the stress state in the interface virtual volume given as: 

2

2

1

h

T

av x y z xy xz yz

h

dz
h

       



      (5.30) 

where σx and σy correspond to the average normal stresses in x and y directions, σz is the 

normal stress along z (Mode I), while shear stresses τxz and τyz are equivalent to the 

interface sliding (Mode II) tractions and τxy is the average shear stress in the x-y plane. 

In the elastic regime, the average stresses can be calculated using a degenerated Hook’s 

law:  

0av avk   (5.31) 

where the elastic local constitutive matrix k0 allows for Mode I deformation and the in-

plane strains: 
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 (5.32) 

in which E is Young’s modulus and v Poisson’s ratio. In Eq. 5.32 the shear terms Gx and 

Gy do not necessarily stand for elastic shear coefficients as expressed by Lame’s second 

parameter, rather they represent actual brick-mortar interface sliding stiffness obtained 
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directly from standard laboratory specimen tests, e.g. (Rots, 1997, Sharma and Desai, 

1992), hence the word degenerated employed when referring to Hook’s law. 

5.3.2 Cohesive Fracture Model 

In general, material nonlinearity in quasi-brittle interface elements can be accounted for 

by using softening plasticity (Carol et al., 2001), damage formulations (Alfano and Sacco, 

2006), or formulation combining plasticity and damage (Grassl and Rempling, 2008, 

Spada et al., 2009). In the proposed interface description for mortar joints, the cohesive 

material model presented in Macorini and Izzuddin (2011) is modified to accommodate 

the augmented strain and stress vectors. Moreover it is assumed that these quantities do 

not interfere with the adopted failure criterion, as this is supposed to be related to the 

brick-mortar interface but not to the actual mortar material. Thus the adopted Mohr-

Coulomb type failure surface, which does not consider in-plane stresses, is given by: 

 
22 2 tan tan 0xz yz t zF C f C            (5.33) 

where ft  is the tensile strength, C the (apparent) shear cohesion and tan  the tangent of 

the friction angle of the brick-mortar interface obtained from standard laboratory tests, 

see Rots (1997) for details. This surface shrinks with the development of plastic/cohesive 

work that is the driving parameter governing material softening. The evolution laws 

proposed by Caballero et al. (2008) are used in this work: 

   0 0 01 ; resA A B B B B       (5.34) 

where A0 and B0 correspond to the initial value of a given material property, and Bres the 

corresponding residual value when applicable.   is computed as: 

*

*

*

1
1 cos 0

2

1

co
co
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W
W G

G

W G





   
     

    




 (5.35) 

where Wco is the amount of plastic/cohesive work and *G  the relevant fracture energy 

value (Gf,I or Gf,II). The parameters A, B and *G  for the relevant material properties are 

specified in Table 5.1, whereas a schematic illustration of the evolving failure surface is 

shown in Fig. 5.5. 
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Table 5.1 Initial values and primary variables correspondence for cohesive model 

Parameter A  0A  B  0B  resB  *G  

tf   tf  ,0tf  - - - ,f IG   

C   C  0C   - - - ,f IIG  

tan   - - tan  
0tan  tan r  ,f IIG  

QC   
QC  

,0QC  - - - ,f IIG  

tan   - - tan  
0tan  tan r  ,f IIG  

 

 

Fig. 5.5 Plastic/cohesive surfaces for different levels of dissipated cohesive work (left); single 
mode softening response: Mode I (top right) and Mode II (bottom right) 

 

 
The accumulated plastic/cohesive work is assumed as an internal history variable, which 

is a measure of the work dissipated during the fracture process. In its rate form it is given 

by: 

 

 

' '
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0
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z z co xz xz co yz yz co z
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xz yz z xz yz z

h d d

W
h d d

      

      

   


 
   



 (5.36) 

where the inclusion of thickness h in the expressions stems from the fact that the 

considered interfaces strains are no longer the relative top-bottom displacements. 
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Nonetheless, objectivity of dissipated energy is fully maintained as in the standard 

interface formulation, because energy dissipation is still associated to a prescribed 

fracture surface. The expressions in Eq. 5.36  imply that under tensile normal stresses all 

dissipated energy is channelled to the cohesive fracture process, but under compression 

the energy dissipated by friction is not accounted for. In other words, when the interface 

is subjected to compressive normal stresses, material degradation (softening) is governed 

by pure Mode II cohesive cracking. 

In order to provide a more realistic treatment of dilatancy, which is characteristic of 

frictional brick-mortar interfaces, a plastic potential Q is employed: 

 
2

2 2 tan tan 0xz yz Q t Q zQ C f C            (5.37) 

where 
QC  is a modified shear (apparent) cohesion and tan  the tangent of the dilatancy 

angle. These two quantities are subjected to the same evolution laws as their 

counterparts in the surface previously presented in Eq. 5.33. This dilatancy related 

potential is in good agreement with intrinsic features of dilatancy in granular materials 

which is known to decrease with increasing shear sliding and is extensively limited in the 

case of applied high compressive stresses (Macorini and Izzuddin, 2011). 

5.3.3 Plasticity Based Framework 

The local material model for cohesive crack simulation is formally implemented in a 

standard work-softening elasto-plasticity framework (Carol et al., 2001), where relative 

displacements (divided by interface thickness h) are related to cohesive crack opening.   

In accordance to the assumption of small interface crack opening, the total average strain 

,av n  can be calculated considering small strain additive decomposition which reads: 

, , ,

el co

av n av n av n     (5.38) 

where the first term ,

el

av n  corresponds to the interface average elastic strains whereas the 

second entity ,

co

av n  includes the non-linear interface average strains resulting from 

mixed-mode cohesive fracture. Following this formulation, the averaged interface stress 

is 

 0

co

av av avk     (5.39) 

with k0 the elastic constitute matrix at Gauss point level defined inEq. 5.32. The rate of 

plastic/cohesive strains is given by: 

co

av

av

Q
 







 (5.40) 
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where   is the typical plastic multiplier and Q the plastic/cohesive potential surface 

defined inEq. 5.37. The plasticity based problem is integrated employing the Kuhn-

Tucker loading/unloading and complementary conditions: 

   0, , 0, , 0av co av coF W F W       (5.41) 

The numerical solution of the rate equations is performed adopting a backward Euler 

trial/corrector algorithm. At each strain increment 
,av n  from time (or pseudo-time) n-1 

to n a trial stress state is computed as: 

, , 1 0 ,

trial

av n av n av nk      (5.42) 

If this trial stress state does not violate the failure criterion delimited by the surface in 

Eq. 5.33 the material is elastic and further strain increment is introduced. Otherwise, the 

plastic corrector procedure is activated. The first step in the corrector stage corresponds 

to the calculation of the residual form of the rate equations R : 
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 (5.43) 

Expanding the above residual as Taylor series yields: 

       2, , , ,
T

n av av co co n av co n av coR W W R W J W O                       (5.44) 

where Jn is the Jacobian matrix at a given time (or pseudo-time) step n: 

 (5.45) 

The terms necessary to assemble the above Jacobin are explicitly presented in Appendix 

B. At this stage, an iterative process is established by truncation of the Taylor series 

expansion after first order terms (i.e.  2 0O   ), resulting in: 

 (5.46) 

in which the relevant iterative quantities are explicitly obtained as: 
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    (5.47) 

At the end of each iteration these quantities are updated at step n: 
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  (5.48) 

The corrector stage procedure is eventually terminated when the criterion below is 

fulfilled:  

, ,n i n i tolR R   (5.49) 

where Rn,i is the residual computed at the last iteration i and  tol is a specific tolerance 

value.  

When the corrector stage is complete, the actual stress state at Gauss point is found and 

the local consistent constitutive operator can be calculated as: 

av
n

av n

k








 (5.50) 

which can be directly computed taking advantage of the previously assembled Jacobian 

matrix Jn in a procedure described by Pérez-Foguet et al. (2001) leading to: 

1

0

T

n nk P J Pk  (5.51) 

where k0 is the elastic constitutive matrix and P an auxiliary projection matrix defined as 

 6 6 40
T

P I    (5.52) 

with I6 a 6 × 6 identity matrix and 06×4 is a 6 × 4 null matrix. This tangent operator is 

then employed as described above in Eq. 5.16 to compute the local element stiffness 

matrix when the interface is subjected to cohesive cracking. 

If convergence difficulties are encountered at Gauss point level, a multi-level sub-

stepping technique adopted in Macorini and Izzuddin (2011) can be used. Because the 

extension of this technique to the proposed enhanced interface element requires no 

further modification, its description is omitted for the sake of brevity. 

 

5.4 Frame-Infill Interface 

5.4.1 General Description 

As depicted in Fig. 5.1, the frame-infill interface region is modelled using the standard 

cohesive interface developed by Macorini and Izzuddin (2011). This is so since focus is 

directed towards the actual separation between frame and infill without significant 

interaction as reported above for the intra-panel response in compression. 

As opposed to the enhanced interface presented in the previous section, the formulation 

for frame-infill interface only accounts for the separation displacements, i.e., the relative 

displacements between the top and bottom surfaces of the discontinuity. In fact, it is 
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possible to establish a formal connection between the two types of interface elements. 

Based on the approach detailed in Remmers et al. (2013), the internal virtual strain 

energy in the enhanced interface (Fig. 5.3) is given as: 

int n

T

av av
S

W h dS     (5.53) 

which, explicitly considering the strain definitions in Eq. 5.15, results in: 

int ( )
n x x y y xy xy x z z x xz y yz

S
W h dS                       (5.54) 

where Δi means the relative top-bottom displacement (i = 1, 2, 3). It is now clear that in a 

standard interface formulation representing zero-thickness, discontinuities without 

embedded volume parameters can be obtained assuming h = 0 which leads to: 

int n z z x xz y yz
S

W dS             (5.55) 

The equation above is the expected expression for a standard interface element, whose 

elastic constitutive equation is simply given as (Macorini and Izzuddin, 2011): 

0 0

0 0

0 0

z z z

xz x x

yz y y

K

K

K







     
     

      
          

 (5.56) 

It is important to clarify the meaning of parameter h in both interface formulations. With 

regards to the enhanced version with triaxial elasticity, h is an explicit parameter 

embedded in the element formulation that represents the actual mortar joint thickness 

according to Fig. 5.3. In this way, the response of mortar is governed at structural level by 

h as if it were part of a typical continuum formulation. On the other hand, in the case of 

standard interfaces the joint thickness h is not directly considered in the element FE 

formulation, where it is only used for the derivation of the stiffness coefficients Ki in Eq. 

5.56 following, for instance, the procedure recommended in Rots (1997). Also, in the 

frame-infill interface utilised in this work, h is employed as a control parameter to avoid 

excessive interpenetration of the URM infill into the structural frame. This is 

accomplished by activating a penalty factor if the negative relative displacement in Mode 

I (i.e., inter-penetration) exceeds the prescribed mortar joint thickness h. 

5.4.2 Multi-Surface Failure Model 

The standard interface element is equipped with a multi-surface failure model as 

depicted in Fig. 5.6. The surface related to Mixed Mode I-II cohesive fracture F1 and 

corresponding plastic potential Q1 in Fig. 5.6 are similar to that described above, Eq. 5.33  

and Eq.5.37 respectively, where the constitutive relations are simplified according to the 

stress and strain measures in Eq.5.56. As to the compressive cap, an associated 

formulation is adopted being the failure surface F2 and plastic potential Q2 given by: 
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2 22 2

2 2 tan tanxz yz z cF Q D D f            (5.57) 

where fc  is the compressive strength, D the (apparent) cohesion and tan  the tangent of 

the friction angle for the compression-shear related failure surface. Similarly to F1, 

shrinkage of the compressive failure surface is governed by Eq. 5.35where the control 

parameter is the crushing energy Gc. The rate evolution of plastic/cohesive work as F2 is 

derived as: 

, , , ,c c z z c xz x c yz y cW d d d         (5.58) 

Finally interaction between the two surfaces is captured by Koiter’s flow rule in 

combination with Kuhn-Tucker conditions within a multi-surface plasticity implicit 

framework presented in Macorini and Izzuddin (2011). 

  

(a) (b) 

Fig. 5.6 Multi-surface model: a) initial surfaces and b) degraded surfaces as function of fracture 
work (Macorini and Izzuddin, 2011) 

 

5.5 Illustrative Numerical Examples 

Some numerical results are presented and discussed to show the potential of the 

proposed enhanced nonlinear interface element for mortar joints. In particular, 

numerical simulations have been carried out to investigate (i) the role played by brick-

mortar interaction in the evolution of cohesive fracture, (ii) the development of tensile 

stresses in brick units induced by brick-mortar interaction, (iii) the importance of the co-

rotational formulation under large displacements, and (iv) the ability of the proposed 

interface description to reproduce nucleation of cracks in URM prisms subjected to 

uniform compression. Extensive verification and validation of the interface element 

adopted to model the frame-infill interaction are available elsewhere (Macorini and 

Izzuddin, 2011; Macorini and Izzuddin, 2013b; Macorini and Izzuddin, 2014). 
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5.5.1 Single Interface Response – Mode I and Mode II 

The behaviour of a single interface element enclosed by two rigid bricks (Fig. 5.7) has 

been assessed under uniform Mode-I tension and Mode-II shear for a 10mm thick 

mortar joint. The analysed specimen represents a boundary limit case of a typical basic 

brick-masonry assemblage, where the stiffness of the brick units is considerably higher 

than the stiffness of the mortar joint. In the first set of numerical simulations, the FE 

model depicted in Fig. 5.7 is subjected to a constant vertical displacement rate inducing 

Mode-I cracking at interface level. The interface cohesive parameters are listed in Table 

5.2 while the load-displacement curves corresponding to different interface Poisson’s 

ratios are plotted in Fig. 5.8.  

 

Fig. 5.7 Masonry specimen under Mode-I tension 

 

Table 5.2 Material properties for mode I application 

E  ,0tf  
0C  0tan  tan r  ,f IG  

(MPa) (MPa) (MPa) - - (N/mm) 

10000 3.0 14.0 0.8 0.2 0.01 

 

It can be observed that the maximum tensile stress is not affected by this parameter, 

because the fracture function is independent from the new membrane stresses, see Eq. 

5.33. On the other hand, an increase in Poisson’s ratio leads to an increase in the global 

stiffness and as a result an earlier initiation of cohesive cracking. This is expected, since 

the Poisson’s ratio effect gives rise to higher tensile stresses in the interface for the same 

level of vertical displacement. The graph in Fig. 5.9a, displaying the evolution of Mode-I 

plastic/cohesive work, further confirms the observed response. Fig. 5.9b displays the 

evolution of in-plane stresses in the x direction (the stresses in y direction show equal 

values). These increase linearly with the interface separation normal stresses z until 
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cracking, and then when the out-of-plane stresses enter the softening regime, they follow 

an unloading path. A small deviation from the elastic unloading is observed at the early 

stages of the softening response, which is attributed to the small error accumulation 

during the plastic update procedure at gauss point level, as the in-plane stress 

components appear in the consistent tangent matrix. 

 

 

Fig. 5.8 Opening stress vs. crack opening for Mode-I single interface problem 

  

(a) (b) 

Fig. 5.9 a) Evolution of dissipated fracture energy as function of Mode-I crack; b) relationship 
between opening stress  z and in-plane normal stress  x for a single interface subject to Mode-I 

opening 

Additional numerical simulations have been carried out to assess Mode-II response (Fig. 

5.10a), considering the interface material properties reported in Table 5.3. In all the 
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analyses, a pre-compression of 2 MPa was applied and kept constant during the 

simulation. In this case, as Mode-II separation is uncoupled from the in-plane strains, 

Poisson’s ratio does not influence the shear behaviour of the considered specimen which 

is confirmed in the results presented in Fig. 5.10b, where the Mode-II response is shown.  

However it is important to note that the predictions obtained in the examples above 

reflect the cohesive failure condition established in Eq. 5.33. Thus the use of a more 

advanced material model allowing for the triaxial stress state in the interface might lead 

to different results. 

 

Table 5.3 Material properties for mode II application 

E  xG  ,0tf  
0C  ,0QC  

0tan  tan r  tan  ,f IG  
,f IIG  

(MPa) (MPa) (MPa) (MPa) (MPa) - - - (N/mm) (N/mm) 

250000 250000 3.0 4.5 45 0.8785 0.2 0.04 0.03 0.06 

 

 

 

 

 

 

 
 

(a) (b) 

Fig. 5.10 Mode II application: a) Masonry specimen and b) Shear stress vs. shear sliding 

5.5.2 Elastic Masonry Prism subject to Compression 

In the following numerical example, the ability of the proposed mesoscale description 

with the enhanced interface elements to accurately capture the stress state within brick 

units is investigated. The URM prism sketched in Fig. 5.11 is considered. It consists of 

five bricks (250×120×55 mm3) and four 10 mm thick mortar layers, and it is subjected to 

a uniform 1mm downwards displacement applied at its top. Due to symmetry, only half 

the prism is modelled as shown in Fig. 5.12, where two alternative mesoscale 

descriptions, model 1 and model 2, are considered. Model 1 employs 250 20-noded solid 

elements for half brick and 100 20-noded solid elements for half mortar joint, effectively 
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approximating the so called microscale level mentioned in the Literature Review in 

chapter 2. The same number of solid elements is used for half brick in model 2, while 25 

16-noded enhanced interface elements are utilised for describing half mortar joint. The 

material properties  

 

 

Fig. 5.11 Elastic prism under uniaxial compression 

 

Fig. 5.12 FE meshes for models 1 and 2, with lateral stresses in the brick units (only tensile 
stresses are shown) 

 

for mortar, bricks and interface elements considered in model 1 and model 2 are reported 

inFig. 5.11. In particular, the mechanical properties for the zero-thickness interface 
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elements have been determined as suggested in Rots (1997) to account for the expanded 

brick units. 

The distributions of horizontal stresses (x direction) in the bricks obtained using the two 

models are compared in Fig. 5.12. In both descriptions, such stress distribution is 

characterised by high tensile stresses in the solid elements representing brick units at the 

free lateral end of the prism close to the mortar joints. This is due to the different 

mechanical properties of mortar and bricks, where the mortar lateral expansion due to 

Poisson’s effect is restrained by the bricks. This intrinsic behavioural characteristic of 

URM components under compression cannot be predicted by using standard interface 

elements for mortar joints, as they neglect Poisson’s effect determining zero horizontal 

stresses in solid elements when a URM prism is loaded under vertical compression. 

Conversely, as shown in Fig. 5.12, the use of the proposed enhanced interface element 

enables an accurate prediction of the distribution of horizontal stresses in the solid 

elements. These are very close to the values obtained using a detailed mesoscale 

description (model 1) with solid elements also for mortar joints. 

Further analyses on the URM prism under compression are performed to assess the 

accuracy of the proposed mesoscale description when using a lower number of solid and 

interface elements. The same material properties considered for model 2 are assumed 

employing three different meshes (Fig. 5.13). In the new models, as suggested in 

Macorini and Izzuddin (2011), rigid interface elements are also arranged to connect the 

different solid elements used to represent each brick (yet, cracking is not considered at 

this stage). In the coarsest mesh, 4 solid elements are used for each half brick (model 3a, 

Fig. 5.13), while 8 solid elements are considered in the intermediate model (model 3b, 

Fig. 5.13) and 32 solid elements in the model with the finest mesh (model 3c, Fig. 5.13). 

In particular, model 3b represents a refinement along z of model 3a, while model 3c is a 

refinement of model 3a along the three directions x, y and z.  

Similar to the detailed mesoscale cases, Fig.5.13 shows the horizontal normal stress 

distribution (σx) in solid elements representing bricks for the three models. The stress 

distribution for model 3b and model 3c are very close and in good agreement with the 

results obtained using the two detailed mesoscale models, model 1 and model 2 (Fig. 

5.12). The coarsest mesh (model 3a) only approximates the actual stress field, where the 

maximum horizontal stress is significantly lower than the highest stress obtained using 

the refined meshes (Fig. 5.13). It is remarked that such deterioration of the obtained 

solution with coarser meshes is an inherent feature of continuum FE analysis and not 

attributable to the particular current implementation, meaning the enhanced interface is 

actually reproducing the response of its continuum counterpart in the elastic domain.   
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Fig. 5.13 FE meshes for model 3a, 3b and 3c, with respective lateral stresses in the brick units 
(only tensile stresses are plotted to highlight the problem) 

Fig. 5.14 shows the comparison between the different models in terms of vertical 

displacement against the applied compressive force. The curve obtained using model 1 is 

coincident with that for model 2, while models 3a, 3b and 3c determine the same 

response with an elastic stiffness only 1% lower than the value obtained with the finer 

models. When employing models 3a-3c with standard interface elements (i.e. no 

Poisson’s effect), named model 4 in the graph of Fig, 5.14 , the global response is again 

mesh independent, but the predicted elastic stiffness is 15% lower than the value 

obtained by model 1. It is therefore clear that neglecting Poisson’s effect influences not 

only the stress distribution in the bricks and mortar joints but also the global composite 

response in compression. The results obtained point out that a model with 8 solid 

elements for each half brick is required to capture both the local (stresses) and the global 

behaviour of URM components under compression. This represents a numerical 

description more computationally demanding than that which is usually employed to 

investigate URM components under bending and shear, where the use of only 2 solid 

elements per brick generally guarantees accurate results, as demonstrated in Macorini 

and Izzuddin (2011). However, the proposed mesoscale description with enhanced 

interface elements represents an accurate and effective alternative when compared to the 

detailed mesoscale model (and microscale) with solid elements also for mortar joints. 
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This is confirmed in Table 5.4, where the number of freedoms required by different 

models is reported. In particular, it can be observed that the number of freedoms for 

model 1 is about 10 times higher than that for model 3b which uses 8 solid elements for 

half brick providing a similar level of accuracy for the local stress distribution and global 

elastic response. 

 

 

Fig. 5.14 Comparison of different mesoscale refinement levels in terms of global stiffness 

 

Table 5.4  Number of DOFs employed for different mesoscale descriptions 

 Model 1 Model 2 Model 3a Model 3b Model 3c 

DOFs 27951 23535 1440 2880 10560 

 

5.5.3 Elastic Out-Of-Plane Response 

The influence of the proposed co-rotational formulation for the enhanced interface 

element has been investigated considering the elastic wallet sketched in Fig. 5.15. This is 

composed of 10 brick units bonded by 10 mm thick mortar joints and subjected to a 

lateral uniformly distributed load along the specimen height. 

The adopted finite element mesh, which represents only half of the structure accounting 

for the symmetry condition along x, is shown in Fig. 5.16. The proposed example is 

intended to provide insight into the importance of properly handling large 

displacements, with emphasis on the detrimental effect of non-negligible rigid body 

rotations on the computed strains (and stresses) which are based on linear kinematics. 

0 

100 

200 

300 

400 

500 

600 

700 

800 

0 0.2 0.4 0.6 0.8 1 1.2 

V
e

rt
ic

a
l 
re

a
c
ti
o

n
 (

k
N

) 

Vertical displacement (mm) 

Model 1 
Model 2 
Model 3a 
Model 3b 
Model 3c 
Model 4 



5.5 Illustrative Numerical Examples 

177 
 

To this end, the model in Fig. 5.16 is analysed by increasing the lateral pressure pn 

considering a linear geometrical or a nonlinear co-rotational formulation for the 

interfaces representing mortar bed joints.  

 

  

Fig. 5.15 Masonry wallet subject to lateral loading (dimensions in mm) 

 

 

As large displacements are intrinsically accounted for in the solid elements for brick units 

due to the use of the Total Lagrangian formulation, any variability in the results are 

associated with the different interface formulations. In Fig. 5.17, it can be observed that 

the model with co-rotational interfaces predicts a linear stress evolution as function of 

lateral displacement at the top of the wallet, typical of a bending type response. When 

linear geometrical interfaces are employed, a deviation from the linear stress evolution is 

achieved. This is because the local reference system is kept constant while the structure 

rotates out-of-plane, which in combination with a linear strain kinematics, induces the 

observed strain (stress) variations.  
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Fig. 5.16 FE mesh with interfaces and solid elements and normal stresses σz in the brick units 
and mortar layers at maximum lateral displacement 

 

 

  

(a) (b) 

Fig. 5.17 Comparison between stress response considering linear-geometric and co-rotational 
interfaces for mortar bed joints: a) σz at point A and b) σy at point A 

 

 

 

0 

10 

20 

30 

40 

0 10 20 30 40 50 60 

σ
z
 (

N
/m

m
2
) 

Lateral displacement (mm) 

Linear Interfaces 

Corotational Interfaces 

-8 

-6 

-4 

-2 

0 

0 10 20 30 40 50 60 

σ
y
 (

N
/m

m
2
) 

Lateral displacement (mm) 

Linear Interfaces 

Corotational Interfaces 



5.5 Illustrative Numerical Examples 

179 
 

 

A remark is necessary with regards to the stress levels obtained in this numerical 

example which are extremely high to be actually resisted by realistic brickwork URM 

panels. However, in this case only elastic material response is assumed in both bricks and 

mortar joints in order to clarify the influence of the kinematical formulation. If realistic 

brittle material models are employed such stress levels are not reached. Notwithstanding, 

there are realistic instances where masonry walls are reinforced with high-strength 

composites allowing large out-of-plane deformations to be achieved (especially under 

blast loading) requiring proper treatment of large displacements in order to ensure 

accurate response predictions. 

 

 

5.5.4 Onset of Cracking under Uniform Compression 

In this example, the proposed mesoscale model is applied to the analysis of an URM 

panel which was tested under uniform compression by Binda et al. (1988). The URM 

component, designated MU1 in the original source, is 500×250×600 mm3 large and 

made up of 250×120×55 mm3 brick units connected by 10 mm thick bed and head 

mortar joints arranged as shown in Fig. 5.18a. In the mesoscale description 8 solid 

elements are adopted for representing each half brick unit adopting the refinement level 

of model 3b discussed before in Fig. 5.13. Moreover, while mortar bed joints have been 

discretised with the enhanced interface element, brick-brick interfaces and head mortar 

joints have been modelled employing the standard nonlinear interface elements Macorini 

and Izzuddin (2011) accounting for the combined Mode-I and -II crack propagation but 

not Poisson’s effect. Concerning the material properties utilised in the analysis, Young’s 

modulus and Poisson’s ratio for bricks, Eb = 4865 MPa and νb = 0.094, as provided in 

Binda et al. (1988) are considered together with the adjusted material property for 

mortar joints Em = 355 MPa proposed in Lourenço and Pina-Henriques (2006). The final 

crack pattern as reported in Lourenço and Pina-Henriques (2006) is shown for 

illustrative purposes in Fig5.18b, where main cracks propagate in both orthogonal faces 

reemphasising the 3D nature of the problem. Likewise, the micromodel FE mesh 

employed by Lourenço and Pina-Henriques (2006) to analyse this specimen is presented 

in order to provide a sense of the sort of model typically utilised when brick-mortar 

interaction under compression is addressed. Of course, this should be contrasted to the 

mesoscale FE proposed in this paper (Fig. 5.20). 
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Fig. 5.18 a) Sketch of the URM wall subjected to uniform compression; b) final crack pattern 
and example of microscale FE mesh from Lourenço and Pina-Henriques (2006) 

 

 

Fig. 5.19 shows the experimental curve reported in Binda et al. (1988) up to failure which 

is compared against the numerical response obtained employing the proposed mesoscale 

description. The position of point A identifies the onset of cracking observed in the test 

(6.0 MPa), whereas point B indicates the moment when the first cohesive nonlinearity 

was activated (5.1 MPa), confirming the effectiveness of the proposed mesoscale 
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description with the novel interface elements to provide a realistic prediction of the stress 

state within the URM panel which is determined by Poisson’s effect in mortar joints. 

Further continuing the simulation until point C, it was even possible to predict the 

propagation of the main vertical crack and simultaneously activate a major cohesive 

crack in the orthogonal direction, which is in close qualitative agreement with the 

recorded failure mode in Fig. 5.18b.   

 

 

 

Fig. 5.19 Comparison of predicted onset of cracking load with experimental results of Binda et al. 
(1988) 

 

The contours of Mixed-Mode cohesive work associated to Points B and C in Fig. 5.19 are 

shown in Fig. 5.20. Of course, comparison between cohesive cracking and in-situ 

observed thin cracks (according to the designation used to define the onset of cracking in 

Binda et al. (1988)) is subject to different possible interpretations. Nonetheless, as far as 

the current developments are concerned, the key aspect is to show the ability to capture 

the onset of damage with a reasonable match to physical observations (compare Fig. 

5.18b with Fig. 5.20b) maintaining a FE description suitable for structural applications. 

The analysis was terminated at Point C because from this stage onwards, the triaxial 

stress state in the mortar bed joints requires the application of proper nonlinear 

constitutive models for realistic predictions. In particular, as mentioned above, the full 

nonlinear response up to peak load and through softening stage until collapse is 
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characterized by a combination of damage in the actual mortar layers and extensive 

cracking and spalling in the wall (shaded areas in Fig. 5.18b). 

Importantly, it has been shown the feasibility of capturing structural features due to 

Poisson’s effect at mortar level, including the propagation of major vertical cracks, which 

is associated with the after peak sudden drop in the force-displacement curve of Fig. 519, 

even with the mortar layers remaining perfectly elastic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                   (a)                                                             (b) 

 

Fig. 5.20 Distribution of cohesive work at the onset of vertical crack propagation 

 

5.6 Summary and Conclusions 

An enhanced mesoscale strategy for masonry in infill frames is proposed, focusing on the 

new developments for the enhanced interface elements modelling mortar joints. 

According this novel formulation, Mode-I separation is coupled with in-plane 

deformation of the discontinuity surface. This coupling allows brick-mortar interaction 

Wco (N/mm) 

Onset of major 
vertical crack 

Propagation of major cracks 
in the two orthogonal 
directions  



5.6 Summary and Conclusions 

183 
 

to be captured, enabling a realistic mesoscale response prediction of URM structures 

under compression. Importantly, despite the existence of a triaxial stress state in the 

interface, the discrete cracking representation typical of a strong discontinuity 

representation is maintained, because the fracture energy is still associated with a 

prescribed surface, which in the current formulation corresponds to the mid-plane of 

mortar joints in URM walls. The enhanced interface has been implemented within a co-

rotational framework to efficiently handle the detrimental effects of large rigid body 

rotations in local kinematics which renders the interface suitable for general 3D 

applications.  

Analysis of URM prisms under compression employing the new interface element 

highlighted the influence of Poisson’s effect on the development of lateral tensile stresses 

in brick units, leading to crack nucleation and propagation. Also noteworthy is the fact 

that significant stresses developed in both in-plane directions pointing out the relevance 

of utilising a 3D framework to capture the effects of brick-mortar interaction in URM 

structures. 

The proposed mesoscale strategy is a step towards the characterisation and simulation of 

3D masonry structures accounting for any in-plane stacking mode and through-thickness 

geometry, while inherently capturing in-plane and out-of-plane behaviour in a fully 

coupled manner. Furthermore, the consideration of brick-mortar interaction represents 

a crucial step towards an accurate mesoscale analysis of URM based on the knowledge of 

individual components, constituting a sort of virtual testing facility. However, 

characterization of mortar material properties when integrated in masonry assemblages 

is still under research also from an experimental stand point, as it is known that material 

properties obtained from mortar specimens cast individually could vary to some extent 

from those properties related to mortar that withstood curing process integrated in a 

masonry assemblage (Mohamad et al., 2007, Barbosa et al., 2007). Nevertheless, taking 

advantage of the triaxial stress state now available at interface level, a nonlinear model 

for mortar joints under compression can be employed at interface level, which differs 

from the compressive cap proposed in Macorini and Izzuddin (2011), as it is not related 

to the masonry composite behaviour but instead is intended to capture the confined 

response of mortar joints.  

A potential drawback of this sort of representation regards the numerical stability of 

cohesive crack propagation (Oliver et al., 2006, Foulk Iii, 2010), as in the scope of the 

proposed mesoscale framework a relatively coarse FE mesh is envisaged. This sort of 

discretisation is known to induce numerical difficulties when dealing with crack 

propagation, where several procedures have been proposed to alleviate such drawback 
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including special integration techniques (Yang et al., 2010, Do et al., 2013) and the 

introduction of artificial damping at constitutive level (Gao and Bower, 2004).  

Finally, it is important to point out that use of a general 3D representation with solid and 

2D nonlinear interface elements for modelling masonry in infill frames allows not only a 

proper consideration of the 3D effects due to unit-mortar interaction, but also the 

possibility of exploring the coupled response due to the application of in-plane and out-

of-plane loading, such as in the cases of earthquake actions and, potentially, combined 

blast and pushdown response.  
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6 CHAPTER 6 
MULTI-DIMENSIONAL ANALYSIS FRAMWORK 

 

6.1 Introduction 

The experimental results presented in Chapter 4 confirmed that the frame-infill 

interaction is a crucial phenomenon governing the pushdown response of infill frames. 

This is important due to the evolving transfer of forces between the frame and infill, 

resulting in a monotonic supply of pseudo-static capacity, even at the expense of severe 

damage in the URM panels. In this respect, as already discussed in Chapter 5, any 

meaningful simulation of infilled frames under column loss should properly account for 

the interface region between the primary structural system and the confined infill. This 

fact is further highlighted if focus is placed on the early stages of the vertical 

deformation, as in the case study presented later. In this work, such interaction is 

captured by means of advanced interface elements equipped with cohesive models able 

to describing separation and frictional sliding, as sketched in Fig. 5.1. 

Following from the presentation of the enhanced mesoscale strategy utilised to represent 

URM panels, a multi-dimensional framework is herein described to effectively couple the 

3D masonry representation with standard 1D beam/column elements. The underlining 

relevance of the proposed approach stems from the integrated application of more 

rational modelling techniques for the surrounding frame, with substantial gains in 

computational efficiency, especially regarding future extensions to full building 

simulations. Typically, advanced FE simulations of infilled frames rely on the application 

of the same dimensional order for frame and infill. As an illustrative example, in 

Stavridis and Shing (2010) and Koutromanos et al. (2011) the masonry panels were 

modelled using a mesoscale approach based on 2D plane stress continuum elements for 

expanded brick units and line interfaces for mortar joints; simultaneously, the 

surrounding RC frame was discretised employing the mentioned continuum elements. A 

similar modelling strategy is found in Baloević et al. (2013) and Asteris (2003), where the 

model for masonry infill is based on a macroscale representation (see Chapter 2).  

Despite displaying good accuracy characteristics, the above referred single-dimensional 

formulations impose considerable computational demand, because the frame members 

are discretised with the same mesh refinement as the infill panels. Moreover, continuum 
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damage models often are applied to the structural elements, further increasing the 

computational burden. In this respect, the multi-dimensional framework described 

below aims to accurately couple general 3D models for URM infill with efficient 

structural FE elements (beam/column elements in this work, although extension to 

plate/shell elements is also possible).  

With regards to possible accuracy deterioration for the primary structural system, it was 

shown elsewhere that a good match between full 3D models and beam/column 

representations is achieved in pushdown simulations (Alashker et al., 2011). In 

particular, application of simplified 1D beam/column models allows the concurrent use 

of nonlinear component-based mechanical models for structural connections, which 

greatly enhances the realistic simulation of composite structures, while circumventing 

the need for detailed 3D solid models for the joint areas. Another practical advantage of 

the proposed multi-dimensional scheme arises from the potential to directly employ 

structural models existing from previous robustness assessments, simply adding the 

URM panels’ mesoscale FE mesh through the coupling methodology described in this 

chapter. Of course, this facility greatly improves the ability to perform comparative 

progressive collapse assessments aimed at rationally quantify the influence of masonry 

infill, as demonstrated in the case study in Chapter 7. 

The efficiency gains resulting from multi-dimensional coupling are further increased by 

the application of a partitioned hierarchical computational strategy also presented in this 

chapter. These two techniques have been previously applied on a combined manner to 

infilled frames by Macorini and Izzuddin (2014) considering out-of-plane blast loading 

and Xavier et al. (2014) focusing on early stage pushdown response in composite frames.  

At the end of this chapter, the effectiveness of the computational framework is 

demonstrated by the simulation of the initial pushdown response of the solid symmetric 

(SS) test, validating the procedure to be subsequently employed in the benchmark 

building robustness assessment, where the merits of the infill contribution at small 

vertical displacements are discussed at length. 

 

6.2 Multi-Dimensional Coupling 

6.2.1 Master-Slave Formulation 

The multidimensional scheme presented in Jokhio (2012) is used to efficiently couple the 

developed  3D masonry model with nonlinear 1D beam/column FE. As already stated, 

this is an alternative to the typical methods of analysis for infilled frames, where 

structural members are modelled with the same dimensional order of the infill masonry 

panels (i.e., continuum 2D or 3D solid finite elements), thus increasing the 
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computational burden. An illustration of the dimensional coupling is shown in Fig. 6.1, 

where the frame-infill interface is modelled using the standard nonlinear interface FE 

enabling cracking, friction, and crushing to be accurately captured by means of advanced 

cohesive models (Macorini and Izzuddin, 2011). The outer surface of the frame-infill 

interface is then connected to the beam/column elements in accordance with the master-

slave procedure described in Jokhio (2012). This enables an effective coupling of 

structural elements with rotational degrees of freedom (DOF) with continuum solid 

elements (and zero-length interfaces) characterised by only translational DOFs.  

 

Fig. 6.1 Multi-dimensional coupling at frame-infill interface (Macorini and Izzuddin, 2014) 

 

The master-slave procedure is further analysed with the aid of Fig. 6.2. The basic 

assumption of this method imposes that the outer face of the frame-infill interface 

behaves as a rigid section, meaning that the 8 nodes slaved to the master node (see red 

lines in Fig. 6.1) maintain the same relative positions throughout the analysis. 

Consequently, the total nodal displacements of the slaved nodes might be decomposed 

into a component related to the translation (Fig. 6.2a) and rotation (Fig. 6.2b) of the 

master node. The global translational freedoms at the interface node i are given by: 

 

 
T

i X Y Z i
U U U U   (6.1) 

and the 6 DOFs of the master structural node are listed as (Izzuddin and Elnashai, 1993): 

 

 
TmU u v w     (6.2) 

where the last three components represent the rotational freedoms. Finally, the slaved 

interface displacements at node i are computed as a function of the master node 

freedoms as: 
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where (xi,yi,zi)T represents the position of the slave node with respect to the master node 

(Fig. 6.2b) and Tr is a rotation matrix derived in (Izzuddin and Elnashai, 1993): 
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(a) (b) 

Fig. 6.2 Master-slave displacement compatibility: a) effect of translation of master node; b) effect 
of rotation of master node (Jokhio, 2012) 

 

In this way, displacement compatibility is assured for large displacements and rotations 

at structural level, which in turn is accounted for in the URM infill mesoscale model by 

means of the co-rotational framework detailed in Chapter 5.  

The presented compatibility between interface and structural freedoms is then 

recursively employed to derive the necessary nodal force vectors and stiffness matrices, 

following the procedures derived in Jokhio (2012).  

6.2.2 Beam-Interface Example 

A simple example is utilised to assess the effectiveness of the master-slave coupling 

method applied to frame-infill interface. The simply supported beam depicted in Fig. 6.3 

is analysed considering the variant FE models shown in Fig. 6.4.  
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Fig. 6.3 Schematic representation of the brick-steel beam example 

 

The beam is composed of a steel joist with solid rectangular cross-section, made up of 

carbon steel with yield strength fy = 355MPa modelled using a bilinear elasto-plastic 

relationship with Young’s modulus Es = 210,000 MPa and a kinematic hardening factor 

equal to 0.01. The beam is connected to a row of solid bricks (Fig. 6.3)  by a 10mm thick 

mortar layer, which is modelled using standard interface elements whose material 

properties are introduced in Table 6.1. Nonlinear dynamic simulations were performed 

to represent a quasi-static loading and a constant downwards velocity was applied at 

mid-span to induce a steady increasing pushdown displacement. In general, when 

analysing the response of structures with quasi-brittle components, the use of dynamic 

simulations is preferred to standard static force or displacement controlled procedures, 

as it mitigates convergence issues associated with sudden crack propagation. In this way, 

as pointed out by Macorini and Izzuddin (2011), the use dynamic analysis allows a 

compensation of the suddenly released strain energy following crack nucleation and 

propagation which is  accommodated by a variation of kinetic energy due to the vibration 

of the wall. For this reason, all the nonlinear simulations  presented in this chapter and 

in the case study in Chapter 7 have been performed considering dynamic analysis with an 

implicit integration scheme3, where the pushdown deformations are imposed by applying 

constant nodal velocities.  

As the main assumption of the master-slave formulation forces the slaved nodes to 

behave as if they were part of a rigid cross-section, the different cases presented in Fig. 

                                                        
3
 In particular, the HHT Hilbert-Hughes-Taylor scheme with α = -0.33 is used according to the 

recommendation in Macorini and Izzuddin (2014). 

900 mm 
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6.4 have been considered to investigate the effects of varying the number of interface 

nodes slaved to a single master node. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

                                                       Beam elements                    Rigid links 

Fig. 6.4 Different variations of master-slave implementation for beam-interface example: (a) 
standard; (b) without rigid links; (c) mesh refinement; (d) just beam mesh refinement and (e) 

increasing the number of master-slave relations 

 

In particular, the following models have been analysed: 

 Beam 1 - reference case using 1 master node per 8 slave interface nodes (Fig. 

6.4a); this means that there is direct correspondence between each interface and 

beam node, as initially sketched in Fig. 6.1; 

 Beam 2 – the same as the reference case, but instead of using a rigid link to 

connect the master node to the respective position on the beam’s central axis, the 

master-slave relations are directly applied between the interface nodes and the 

relevant beam node (Fig. 6.4b); 

Beam1 

Beam2 

Beam3 

Beam4 

Beam5 
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 Beam 3 – refinement of  both masonry and beam FE meshes, maintaining the 

same master-slave scheme including rigid links with 8 slave nodes to 1 master 

(Fig. 6.4c); 

 Beam 4 – refinement of beam mesh in order to allow for better accuracy on the 

prediction of the deflection profile keeping the original brick representation and 

master-slave scheme, i.e. 8 slave nodes per master node (Fig. 6.4d); 

 Beam 5 – the same as the previous case, but the master-slave scheme is refined 

whereby each through thickness line of interface nodes is attached to the 

immediately below beam node (Fig. 6.4d). This model has been developed to 

check the influence of assuming a rigid section at the outer surface of the frame-

infill interface.   

 

Table 6.1 Material properties for brick-beam interfaces 

nk  tk  ,0tf  
0C  ,0QC  

0tan  tan r  tan  ,f IG  
,f IIG  

(N/mm3) (N/mm3) (MPa) (MPa) (MPa) - - - (N/mm) (N/mm) 

82 36 0.25 0.375 37.5 0.75 0.75 0.01 0.18 1.25 

 

 

Fig. 6.5  Force-displacement response for vertical load at mid-span 

 

The comparative response of the 5 cases under considerations is plotted in the graph of 

Fig. 6.5. In the first place, it is observed that modifying the master-slave connection by 

directly linking the slave nodes to the beam node does not affect the global response 

(beam1 vs beam2). For this reason, the solution with rigid links is preferable, as it 

provides the analyst with a better visualization of the master-slave relations. On the other 

hand, mesh refinement (beam 3 and 4) leads to a reduction in the peak load. 
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Interestingly, such reduction is mainly related to the beam refinement, which provides a 

more accurate description of the deflection profile. This is so because both beam 3 and 4 

adopt the refined mesh density for the beam but not for the brick units, where beam 3 

utilises the finer mesh and beam 4 the original (coarser) mesh. At last, in the case of 

beam 5 a further reduction in peak load is observed. In this case, the influence of the 

previous enhancement at beam level is fully captured by the refinement of the master-

slave scheme. In fact, with the beam 5 model the higher accuracy in the beam’s deflection 

profile is directly introduced into the beam-brick interface, which results into a more 

accurate distribution of the interface stresses. In order to quantify such variations in the 

interface behaviour, the evolution of Mode I and Mode II deformations (e.g. relative 

displacements) are shown in Fig. 6.6 and Fig. 6.7.  The interface deformations are plotted 

for the two Gauss point marked in Fig. 6.3. Overall, there is a good agreement among the 

predictions for the different meshes, with the exception of Mode I opening at the point 

close to mid-span (i.e. point B - Fig. 6.6b) where the influence of the improved accuracy 

in the prediction of the deflection profile is more evident due to a more refined 

distribution of master-slave connections. The evolution of plastic/cohesive work in the 

two mentioned gauss points is presented in Fig. 6.8, where a higher scatter at Gauss 

point B is due to the already discussed differences in the prediction of Mode I 

deformation. 

 

  

(a) (b) 

Fig. 6.6 Evolution of Mode I opening at: (a) Gauss point A and (b) Gauss point B 
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(a) (b) 

Fig. 6.7 Evolution of mode II sliding at: (a) Gauss point A and (b) Gauss point B 

 

  

(a) (b) 

Fig. 6.8 Evolution of mix-mode plastic/cohesive work at: a) Gauss point A and b) Gauss point B 

 
An additional investigation has been carried out using the same structure depicted in Fig. 

6.3, where the imposed pushdown velocity is replaced by a constant rate of horizontal 

displacement along the beam’s length, effectively imposing a uniform Mode II sliding at 

beam-brick interface. The results for the five beam models are shown in Fig. 6.9, where it 

is seen that for this case with uniform interface stress there is no differences arising from 

the refinement of master-slave relations. 

Finally it is important to note that the refinement of the master-slave scheme, i.e. the 

consideration of more than one master-slave connection per interface element is only 

important if significant deformation gradients are expected within the length that is 

effectively conditioned by the master-slave relation at structural level. On the other hand, 

it should be clarified that such refinement leads to increased computational demand. Of 

course, in large structures this might jeopardise one of the key aspects of the multi-
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dimensional coupling, which is in fact related to the computational efficiency. In this 

respect, the scheme depicted in Fig. 6.1 and Fig. 6.4a is employed in this work, as it 

provides a reasonable balance between accuracy and efficiency. Moreover, as shown 

below, this modelling strategy actually delivers accurate results for representing frame-

infill separation at small deformations, which is a critical response characteristic for this 

research project.  

 

 

Fig. 6.9 Force-displacement response for uniform shear force applied at the top face of the brick 
units 

 

6.3 Partitioned FE Computational Strategy 

6.3.1 General Considerations 

In the adopted multi-dimensional modelling strategy, further computational 

enhancement is achieved by the use of parallel computing procedures associated with 

dual partition super-elements (Jokhio and Izzuddin, 2013) as demonstrated in previous 

applications on 3D URM structures by Macorini and Izzuddin (2013b). An illustration of 

this computational procedure is shown in Fig. 6.10, where a masonry wall is decomposed 

into 4 partitions. Using this domain decomposition procedure, the original (monolithic) 

structure is divided into n partitions representing a unique part of the total physical 

domain. According to the notation in Jokhio (2012) and Jokhio and Izzuddin (2013) the 

domain subdivisions are termed child partitions, whereas the collection of the boundary 

nodes between the different n partitions is the parent structure.  

This is clarified in Fig. 6.10 where the original wall is dived into 4 child partitions, each 

one containing the respective mesoscale model for the corresponding masonry volume. 

Communication (compatibility) between the 4 child parts is achieved through the parent 
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structure (red nodes in the scheme of Fig. 6.10) which collects all the nodes at the 

partition boundary. In this way, the parent structure is represented by a dual super-

element, with one super-element used in the parent process and another used as a 

wrapper around the partitioned boundary in the child process (Jokhio and Izzuddin, 

2013). This decomposition strategy was applied by Macorini and Izzuddin (2013b) to 

nonlinear analysis of URM structures. 

 

  

 

Fig. 6.10 Schematic example of a 4-partition 3D masonry wall (Macorini and Izzuddin, 2013b) 
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Focusing on the wall in Fig. 6.10 subjected to in-plane shear, it was observed that a 2.75 

computational time speed-up can be achieved when employing 4 partitions which can be 

further increased to a 16.33 speed-up when the wall is divided into 16 child units. 

However, utilising 32 parts led to a 16.42 speed-up, whereas 64 partitions only to a 8.28 

increase in computational efficiency. As a result, there is not a monotonic relation 

between increasing the number of processors and the gains in computational clock-time. 

The reason for this behaviour is explained by the fact that increasing the number of child 

sub-domains increases the number of nodes composing the parent structure, eventually 

turning this parent structure into the bottleneck of the whole computational process. In 

this respect, to maximise efficiency using this sort of flat partitioning, a proper balance 

between the number of DOFs contained in the child partitions and the number of DOFs 

composing the parent structure should be reached.  

Nonetheless, in order to circumvent this shortcoming, a solution strategy was proposed 

in Jokhio (2012) and subsequently applied to 3D analysis of URM structures by Macorini 

and Izzuddin (2013a). The enhanced methodology was coined hierarchical partitioning, 

and corresponds to the recursive partitioning of each sub-domain leading to the desired 

DOFs balance between the different computational processes. With respect to the 

example in Fig. 6.10 (which corresponds to a simple flat portioning), hierarchical sub-

division can be introduced by partitioning each of the 4 child domains into a specified 

number of partitions. Assuming that each sub-domain is divided into 4 partitions, the 

decomposition shown in Fig. 6.11 is obtained. 

 

 

Fig. 6.11 Schematic hierarchic partitioning of the URM wall in Fig. 6.10 (Macorini and Izzuddin, 
2013a) 
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Based on this enhanced approach, a monotonic increase of computational speed-up can 

be achieved by increasing the number of partitions (and sub-partitions), effectively 

delivering a suitable framework for nonlinear simulations of large URM structures 

employing the developed mesoscale models. 

Moreover, the hierarchical partitioning framework allows an effective incorporation of 

the detailed multi-dimensional modelling strategy into a global parallel computation 

procedure. In this way, the structural frame is regarded as the parent structure and the 

URM infill is hierarchically partitioned to improve the computational efficiency. 

For the sake of demonstration, the flowchart in Fig. 6.12 presents a case where the infill 

wall is partitioned into n child domains in the first level, where each partition is divided 

in j sub-partitions. Of course, the number of sub-partitions might be different for all the 

first-level child domains, depending on the subdivision strategy adopted by the analyst 

for the specific analysed structure.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.12 Flowchart for the computational processes in a parallel analysis with frame-infill multi-
dimensional coupling and 2-level hierarchic partitioning 

 

A relevant advantage introduced by the mentioned computational framework, regards 

the potential of using this modelling strategy for the nonlinear simulation of whole infill 

framed building structures. This global simulation capability is paramount for the 

extension of the results achieved in this work to irregular structures with non-uniform 

distribution of masonry panels. 
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6.3.2 Square Infilled-Frame  

The simple steel frame with solid URM infill sketched in Fig. 6.13 is utilised as an 

illustrative case to show the potential of the combined parallel computing and multi-

dimensional coupling strategy. The frame is subject to both lateral pushover and 

pushdown deformations to compare the infilled response under these two different 

conditions.  

 

 

 

 

 

 

 

 

 

Fig. 6.13 Schematic representation of an infill frame model subjected to lateral pushover or 
pushdown deformations 

 

Because the frame is squared, and assuming that a compressive strut will develop from 

the compressed corners, the global response obtained in both cases should be similar and 

only minor differences in the actual cracking pattern are expected.  The elastic frame is 

formed by beams and columns with square solid cross-section as shown in Fig. 6.14a. In 

the mesoscale description for masonry infill, each individual brick unit is modelled by 

two 20-noded continuum elements connect by a vertical interface capturing intra-brick 
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fracture (Fig. 6.14b). The material properties for the 10mm mortar (head and bed) joints 

are listed in Table 6.2. In this analysis no Poisson’s effect are considered, thus it is 

assumed that the Poisson’s ratio is equal to zero. Frame-infill interface is composed of a 

10mm thick mortar layer with the same material properties attributed to the mortar 

joints of the URM panel. At last, the intra-brick fracture properties are presented in 

Table 6.3. Similarly to the previous numerical example, pushover/pushdown 

deformations are imposed as constant velocities in the respective direction. The URM 

panel is divided into 16 child partitions according to the flat partitioning strategy 

discussed before. 

 

 

 

 

 

 

 

 

  

(a) (b) 

Fig. 6.14 (a) Brick units and steel members, dimensions in (mm); (b) mesoscale model for a 
single brick unit 

 

Table 6.2 Material properties for mortar joints and frame-infill interfaces 

nk  tk  ,0tf  
0C  ,0QC  

0tan  tan r  tan  
,f IG  

,f IIG  

(N/mm3) (N/mm3) (MPa) (MPa) (MPa) - - - (N/mm) (N/mm) 

48 21 0.15 0.35 0.35 0.60 0.60 0.01 0.02 0.05 

 

 

Table 6.3 Material properties for ‘brick-brick’ interfaces 

nk  tk  ,0tf  
0C  ,0QC  

0tan  tan r  tan  
,f IG  

,f IIG  

(N/mm3) (N/mm3) (MPa) (MPa) (MPa) - - - (N/mm) (N/mm) 

1.0×104 1.0×104 2.0 2.8 2.8 1.0 1.0 1.0 0.08 0.5 
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Fig. 6.15 Comparison between the lateral pushover and pushdown response 

  

(a) (b) 

Fig. 6.16 Deformed shape at 0.71 mm displacement: (a) lateral pushover and (b) pushdown 

  

(a) (b) 

Fig. 6.17 Plastic/cohesive work contours (N/mm) at 0.71 mm: (a) lateral pushover and (b) 
pushdown 
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The results of the numerical simulations are plotted in Fig. 6.15, where the variations of 

the horizontal/vertical reactions with the horizontal/vertical prescribed displacements 

are shown. It can be easily seen that the two responses are effectively similar, with only 

negligee discrepancies. However, it is noticed that while maintaining the same time-step 

refinement, the pushdown analysis displayed higher convergence stability visible by the 

longer softening branch. Nevertheless, due to the abrupt post-peak response, such 

difference is of no practical relevance.  

A comparison of the deformed shapes at peak load is presented in Fig. 6.16 and the 

corresponding plastic/cohesive work contours in Fig. 6.17. Overall, a similar frame-infill 

separation and crack pattern in the URM panel is observed in both cases. In particular, a 

clear shear sliding failure type is registered regardless the imposed deformation is 

vertical or horizontal.  

 

6.3.3 Simulation of Frame-Infill Separation in the SS Test  

The last illustrative example addressed in this chapter regards the early stage pushdown 

response of the solid symmetric (SS) infilled frame unit analysed experimentally in 

Chapter 4. This numerical-experimental comparison is fundamental for the validation of 

the proposed multidimensional numerical strategy for infilled frames. 

Due to the symmetric layout, resource is made to the model of half test specimen with 

appropriate boundary conditions (Fig. 6.18). As the geometrical layout was presented in 

Chapter 4, reference is made to the specific sections in that chapter for a detailed 

description of the analysed structure. 

The steel frame was modelled considering the constructional profiles listed in Table 4.2 

and using elasto-plastic beam elements (Izzuddin, 1991)with a bi-linear relationship for 

structural steel allowing for strain hardening with Young’s modulus Es = 210GPa, yield 

strength fy = 355Mpa and a kinematic strain hardening factor of 0.01. A set of decoupled 

axial/shear/moment multi-linear springs was used to represent the flexible beam-

column joints. These springs were calibrated against the results from the bare frame test 

as discussed in Chapter 4. 

The material properties for the URM mesoscale model were obtained using advanced 

inverse analysis procedures as discussed in Chisari (2015). These include the material 

properties for the interface elements representing mortar joints which are reported in 

Table 6.4 and the elastic properties for the clay brick units: Eb 1100MPa and vb 0.18. As 

the advanced inverse analysis computations performed by Chisari (2015) were based on 

the standard interface element for mortar joints which disregards the influence of 

membrane effects in the plane of fracture, degenerated (standard) interface elements 

(i.e., h=0, see Chapter 5) were employed in the masonry mesoscale model. In spite of this 
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limitation, because the validation under consideration is strictly focused on the initial 

pushdown response, which in turn is governed by frame-infill separation and onset of 

damage in the walls, the influence of brick-mortar interaction is of secondary 

importance. As discussed in Chapter 5, brick-mortar interaction is a relevant feature 

under high compressive forces, meaning that due account for that effect is necessary 

when extending the current simulation framework to the prediction of the ultimate 

response of infilled frame structures. 

 

 

Fig. 6.18 Multi-dimensional FE model for early stage pushdown simulation of the SS test 

 

Table 6.4 Material properties for mortar joints in SS test 

nk  tk  ,0tf  
0C  ,0QC  

0tan  tan r  tan  ,f IG  
,f IIG  

(N/mm3) (N/mm3) (MPa) (MPa) (MPa) - - - (N/mm) (N/mm) 

233.0 126.0 0.25 0.60 0.60 1.00 1.00 0.01 0.1 0.2 

 

Although the material properties for the steel frame and the masonry wall (bricks and 

mortar) are known with a good degree of confidence, the material characteristics of the 

frame-infill interface lacks the same level of quantification. As already mentioned in this 

thesis, an accurate modelling of the physical interface between masonry infill and the 

frame members is critical to represent the infill frame response at the initial stage of the 

deformations. Due to the lack of information of the actual properties of the frame-infill 

interface, a sensitivity study is performed where the interface properties are varied 

according to Table 6.5. Taking the mortar properties as the reference case, the first case 

(Model A) considers a stiffness reduction of one order of magnitude, accompanied by a 

x 

z 

y 

Multi-dimensional coupling 

Steel frame members   
(Table 4.2) 

Vertical displacement us 

Symmetry 
conditions 
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reduction in the strength properties. Frame-infill friction is assumed following the 

suggestion in (CSA, 1994). The first variation (Model B) is similar to Model A, except the 

elastic parameters are further reduced by one order of magnitude. In Model C, the 

reduction is applied to the strength parameters, keeping the original elastic input. 

Finally, Model D is a variation of Model C with a reduced frame-infill friction coefficient.  

 

Table 6.5 Material properties for frame-infill interface of SS specimen 

Model 
nk  tk  ,0tf  

0C  0tan  tan r  ,f IG  
,f IIG  

(N/mm3) (N/mm3) (MPa) (MPa) - - (N/mm) (N/mm) 

Model 

A 
23.3 12.6 0.05 0.15 0.35 0.35 0.1 0.2 

Model 

B 
2.33 1.26 0.05 0.15 0.35 0.35 0.1 0.2 

Model 

C 
23.3 12.6 0.005 0.015 0.35 0.35 0.1 0.2 

Model 

D 
23.3 12.6 0.005 0.015 0.035 0.035 0.1 0.2 

 

The comparative pushdown curves are plotted in Fig. 6.19. It can be seen that the cases 

with reduced frame-infill cohesion present the better fit to the experimental results. This 

might be interpreted as an indication that the cohesion between mortar and steel is 

effectively very small. On the hand, shrinkage of masonry materials might have caused 

initial micro-cracking at the frame-infill interface leading to an apparent reduced 

cohesion. This interpretation needs careful consideration of different aspects including 

the curing process and the influence of time-dependent effects (i.e. creep and shrinkage) 

which are beyond the scope of this research. However, the incorporation of hygro-

mechanical constitutive models (van Zijl et al., 2004) in the mesoscale description could 

provide enhanced capabilities including the consideration of initial damage at the frame-

infill interface due to the material’s curing process. 

Notwithstanding, for the purpose of the current research work, the important aspect is 

that it is has been shown that a reasonable approximation of the frame-infill interaction 

at early stages of the pushdown deformation is captured with the proposed numerical 

framework. In this respect, the possible effects of initial frame-infill interface 

deterioration will be considered by the reduction of the cohesive properties, delivering a 

realistic envelope of the actual contribution of URM infill for collapse arrest at small 

pushdown displacements (Chapter 7). For the sake of completeness, a qualitative 
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appraisal of the results is shown in Fig. 6.20 by the comparison of the crack pattern 

observed in the left panel during the SS test and the pattern predicted by Model C. 

Similar crack patterns were retrieved by the other models listed in Table 6.5. It is 

remained that, despite the evolution of damage in the infill panels of the SS specimen 

was not perfectly symmetric neither synchronized, the confinement provided by the steel 

frame enforced a global symmetric response, allowing the effective use of a symmetrical 

FE model. At last, the evolution of the equivalent stress in the early stage of pushdown 

response is visualised in Fig. 6.21. This is based on the mesoscale Model C, where the 

distribution of equivalent von Mises stresses within the panel clearly illustrates the 

typical strut between the compressed corners (Fig. 6.21a). This develops until the point 

where shear cracks in the mortar joints promote a redistribution of forces from the 

progressively damaged area (Fig. 6.21c). Finally, at 6 mm vertical displacement a more 

complex mechanism within the panel is activated to transfer the central vertical load to 

the lateral supports (Fig. 6.21e).  

The contours of mixed-mode cohesive fracture in the interface elements (both frame-

infill interface and mortar joints) are similarly presented, confirming the expected 

damage patterns associated with the activation of the strut mechanisms. 

Once again the analogy with lateral pushover has been shown, this time with resource to 

high-fidelity FE models.   

 

 

Fig. 6.19 Initial pushdown response of SS test: numerical and experimental results 

 

  

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

0 1 2 3 4 5 6 7 8 9 

F
o

rc
e

 (
k
N

) 

Vertical displacement us (mm) 

SS test 

Model A 

Model B 

Model C 

Model D 



6.3 Partitioned FE Computational Strategy 

205 
 

 

(a) 

 

(b) 

 

Fig. 6.20 Comparison between (a) observed crack pattern in the left panel of the SS test and (b) 
deformed shape at 8mm vertical displacement obtained using the proposed modelling strategy for 

infilled frames (numeral results magnified 50 ×) 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 6.21 Visualization of strut mechanism during the early stage of pushdown response with 
Model C. At 1.4mm (a) equivalent von Mises stresses and (b) mixed-mode cohesive work; at 

4.5mm (c) equivalent von Mises stresses (d) mixed-mode cohesive work; at 5.7mm (e) equivalent 
von Mises stresses and (f) mixed-mode cohesive work  

 

6.4 Summary and Conclusions 

The multidimensional modelling strategy presented in Jokhio (2012) is used to efficiently 

couple the 3D mesoscale masonry description with nonlinear 1D beam-column elasto-

plastic finite elements. This contrasts with typical methods of analysis for infilled frames, 

where structural members are modelled with the same dimensional order of the infill 

(MPa) 

(MPa) 
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masonry panels, significantly increasing the computational burden. Moreover, coupling 

masonry mesoscale models with a simplified frame formulation also facilitates the 

incorporation of component based mechanical models for structural joints in a 

computationally efficient fashion combining nonlinear springs, contact elements, and 

rigid links. As shown in the subsequent case study in Chapter 7, realistic joint models are 

very important in capturing the nonlinear response of steel frames with masonry infill 

under column loss scenarios. Further computational enhancement is achieved by parallel 

computing procedures associated with dual partition super-elements (Jokhio and 

Izzuddin, 2013) as demonstrated in previous applications to unreinforced masonry 

structures (Macorini and Izzuddin, 2013b, Macorini and Izzuddin, 2013a). Moreover, the 

proposed framework can be employed for modelling 3D framed buildings to investigate 

the influence of non-uniform distribution of peripheral URM infill and irregular 

structural layout. Applicability of the described numerical methods was demonstrated 

with a few simple examples. At the end, the initial stage of pushdown response of the SS 

test, including frame-infill separation, was successfully reproduced with the proposed 

multi-dimensional FE model. Using the proposed modelling strategy, a benchmark 

composite building will be analysed in the following chapter, where the capability to 

simulate the early stage pushdown response is employed to assess the influence of 

masonry infill in effectively contributing to collapse arrest, avoiding excessive damage 

propagation in the structure subjected to column loss. 
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7 CHAPTER 7 
CASE STUDY: MULTI-STOREY COMPOSITE BUILDING 

 

7.1 Introduction 

In Chapter 4, the potential contribution of masonry infill panels towards progressive 

collapse mitigation was investigated through experimental testing on real-scale 

specimens. Moreover, the experimental results were interpreted within the scope of the 

assessment framework described in Chapter 3 which provides a quantitative measure of 

robustness holistically incorporating the influence of ductility, strength, dynamic effects 

and energy absorption. In this respect, the contribution provided by URM infill was 

established for a wide range of vertical displacements, highlighting the fact that a 

substantial pushdown resistance is activated despite severe damage is observed in the 

masonry panels. This reveals the effective influence of URM infill under column loss 

scenarios, as a significant amount of energy is actually stored in these elements provided, 

of course, that proper confinement is supplied by the surrounding frame. In short, for a 

rational robustness assessment explicit account of infill panels’ contribution is advisable, 

even if the target maximum deformation is not specified. 

In this chapter, the influence of the contribution due to URM panels to progressive 

collapse is investigated considering the response of a realistic steel-concrete framed 

building with masonry infill subjected to column loss. The multi-dimensional mesoscale 

modelling strategy presented in Chapter 6 is adopted to model the infill framed structure. 

This enables an accurate evaluation of the pseudo-static capacity under pushdown 

deformations also for small displacements, when the response is governed mainly by the 

frame-infill interaction taking place at the interface between masonry infill and the 

surrounding frame components, while the URM walls are only marginally damaged. A 

detailed analysis at the initial stage of deformations is particularly important to identify 

the dissipation mechanisms potentially inducing an early collapse arrest. The case study 

presented in this chapter allows also a critical comparison between the pseudo-static 

enhancements associated with URM panels and the contributions due to the other floor 

mechanisms. In this respect, previous robustness assessments performed on the same 

benchmark building have been reviewed investigating the influence of floor membrane 
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effects, composite action and joint ductility. These previous findings have been then 

compared against the contribution offered by the URM infill walls. 

  

7.2 Description of the Benchmark Structure  

7.2.1 Geometrical layout and Constructional Details  

The benchmark building corresponds to a typical steel-concrete composite building for 

offices in the U.K. This 7-storey framed structure, which is sketched in Fig. 7.1, has 

already been employed as a case study in previous progressive collapse assessments 

based on the framework described in Chapter 3. It should be noted that the analysed 

building structure complies with the tying requirements for prescriptive robustness 

assessment (see Chapter 2) according to the survey in Vlassis (2007). In the first place, 

Vlassis et al. (2008) investigated the response to column loss employing the lowest level 

of structural idealization, i.e., considering the capacity of individual floor members 

subsequently assembled according to the assumed pushdown deformation mode (Fig. 

7.4). Secondly, sophisticated FE models were utilised to capture the full composite 

response of the floor system to incremental pushdown by Zolghadr Jahromi et al. (2013). 

Also, it was verified that upon notional column removal the remaining columns can 

withstand the additional loading without suffering any sort of instability issues.  

 

 

Fig. 7.1 Schematic view of the benchmark building (Vlassis, 2007) 

 

The results obtained in the two studies on the benchmark building mentioned above are 

summarised in the next section, shedding light on the relevant mechanisms governing 

the response to sudden column loss (without infill panels). The same building was the 

object of an initial study to investigate the potential of URM infill for robustness 
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enhancement in Farazman et al. (2013). In this example, infill panels were represented 

by simplified strut models providing a preliminary insight into the remarkable increase 

in pseudo-static capacity attributed to the masonry walls. However in Chapter 4 it was 

shown that this simplified modelling strategy for infill panels can provide a good 

prediction of the infill frame maximum capacity under pushdown displacements when 

the strength of the strut elements is properly calibrated, but not an adequate 

representation of the response under small deformations. 

In Vlassis (2007) the two-column loss scenarios sketched in Fig. 7.1, namely a corner 

(left-end) and a peripheral column (mid-right) loss, were considered. In the study 

presented in this chapter only the peripheral case is analysed, in accordance with the 

configuration covered by the experimental tests in Chapter 4. A peculiarity of the corner 

case is the fact that the two URM panels in the affected bays have their planes of 

pushdown deformation perpendicular to each other. Of course this sort of interaction 

should be the subject of future research in order to check the impact on the floor 

governing displacement profile. Moreover, as hinted in Chapter 3, lack of full lateral 

restraint in the corner column case, might jeopardise the activation of the full capacity of 

the URM panels. Conversely for the peripheral column case, it was shown experimentally 

that the surrounding frame enforces the typical pushdown mode as depicted in Fig. 7.1. 

Such feature holds even if the adjacent walls are not initially symmetric. This 

experimental observation confirms the effectiveness of the progressive collapse 

assessment framework described in Chapter 3 which relies on the activation of a 

dominant dynamic deformation mode under column loss events. This assessment 

strategy is used hereinafter in the analysis of the benchmark building.  

A plan view of the affected bays in the peripheral case is shown in Fig. 7.2, and it is 

assumed that this layout is repeated throughout all the floors above. The steel profiles 

forming the floor members are listed in Table 7.1. Details of the connections are shown in 

Fig. 7.3, where it is seen that partial depth end-pate bolted connections are employed in 

beam-to-column joints, whereas the fin-plate typology is used for the beam-to-beam 

cases linking the secondary to the primary transverse beams.  In these drawings, it is also 

possible to observe the 130 mm thick concrete slab which is connected to the steel beams 

by shear studs forming steel-concrete composite members. Although in Vlassis et al. 

(2008) the bare steel situation, i.e. no composite action with concrete slab, was also 

considered, in this work only the composite layout is analysed as emphasis is placed on 

the realistic nature of the structural system, allowing the desired assessment of URM 

infill contribution. 
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Fig. 7.2 Plan view of the floor area affected by removal of peripheral column, dimensions in (mm) 

 

Table 7.1 Steel profiles for affected bays 

Edge Beams 

EB 

Transverse Beam 

TB 

Internal Beams 

IB 

Edge Columns 

EC 

UB 406 ×1 40 × 39 UC 356 ×368 × 153 UB 305 ×102 × 25 UC 305×305×118 

 

The position of the peripheral cladding masonry is marked in the plane view of Fig. 7.2. 

The cladding elements correspond to solid walls made up of running bond masonry with 

200×200×400mm3 concrete blocks and 10mm thick mortar joints. Variations on this 

configuration for the infill panels are also investigated, including the consideration of 

central openings, initial gaps between the frame and infill and degraded frame-infill 

interface cohesion. Altogether, the cases analysed constitute realistic cladding panels 

found in the U.K. which is appropriate considering the benchmark building herein 

employed. 

Finally it is important to note that, in the collapse assessment of the framed building, it is 

assumed that the connections at the top end of the removed column (Fig. 7.3a) are not 

affected by the initial event, supplying their original strength and ductility during the 

pushdown deformation. This is well acceptable within the scope of the adopted sudden 

column loss idealisation, because, as discussed at length in Chapter 3, there is no attempt 

to emulate a real damage event, but to establish a quantitative measure of sensitiveness 

to local failure.      

 

Infilled peripheral 
frame 
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(a) (b) 

 

(c) 

Fig. 7.3 Details of the partial-strength connections: (a) edge beams to column, (b) internal beams 
to central primary transverse beam and (c) primary transverse beam to column (Vlassis et al., 

2008), dimensions in (mm) 

 

7.2.2 Load Quantification for Robustness Assessment 

In order to maintain consistency with the previous robustness assessments related to this 

benchmark structure, uniformity of loading across the 7 floors is assumed, being the 

gravity load constituted by a uniformly distributed dead load (DL) and live load (LL) of 

4.2kN/m2 and 5.0kN/m2, respectively. Furthermore, a facade load of 8.3kN/m is applied 

on the edge beams to represent the cladding contribution on the imposed load. This edge 

load was also considered by Vlassis et al. (2008) and Zolghadr Jahromi et al. (2013), 

even though the actual presence of URM infill in the mechanical model was not 

addressed.  

Following the allocation of gravity loading, it is necessary to choose an appropriate 

accidental load combination. As remarked in the Literature Review of this thesis, typical 

recommendations for sudden column loss events vary from 25% to 50% of LL, being the 

combination 1×DL + 0.25×LL herein adopted in accordance with the previous works 

cited above, corresponding to the load prescribed in GSA (2003). In this respect, the 8.3 
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kN/m facade loading is assumed to belong to the DL category. Nevertheless, it is 

important to emphasise that the current progressive collapse assessment methodology is 

independent of the applied loading, as the pseudo-static capacity is computed for a wide 

range of pushdown deformations. This is an advantage of the employed robustness 

quantification method as opposed to load factor methods or direct dynamic analysis. In 

the latter cases each mechanical analysis is related solely to one input loading, whereas 

with the pseudo-static curve a wide range of applied loads can be addressed based on a 

single nonlinear structural analysis. As a matter of reference, this fact was further 

explored in Izzuddin et al. (2012), where the robustness of the current benchmark 

building (without URM infill) was investigated within a probabilistic framework, being 

both loading and material/geometrical properties explicitly taken as random variables. 

Therein, the number of requested structural analyses was set only to cover variations in 

material/geometrical input, being the probabilistic distribution of gravity loading easily 

accommodated in each structural case. This sort of probabilistic approach, which is 

nowadays gaining practical relevance due to an increasing interest in performance-based 

design solutions, can be directly extended to include URM infill according to the 

framework detailed in Chapter 3. However, as a result of the number of cases usually 

needed to attain statistical significance, current limitations in computational resources 

prevent the efficient application of mesoscale representations, pointing to the utilisation 

of calibrated strut models as an effective alternative. However, because the development 

of simplified models for masonry infill is outside the scope of the present investigation, 

additional considerations on this aspect are reported only in the concluding chapter of 

this thesis, as part of the recommendations for further works. 

Refocusing on the load case for the structure analysed below, taking in due account the 

floor’s dimensions in Fig. 7.2 and the adopted accidental combination, results in a total 

floor load Pi = 645.8kN. Similarly, a total edge beam load Pe = 99.6kN is obtained. At this 

stage, it is important to recall the basic principle of the robustness assessment method, 

where the real system is idealised as a SDOF approximation. This implies that the total 

load (Pi + Pe) should be converted into an equivalent force by the application of the 

appropriate energy factor α. In Chapter 3, it was stated that for a floor UDL under a 

linear deformation profile (see Fig. 7.4) the factor α takes the value of 0.25, whereas for 

the line UDL applied at a beam deforming on a triangular shape mode (edge beam in Fig. 

7.4) the value 0.5 is used. In this way the total generalised force is given by: 

  0.25 0.5i e i eP P P P     (7.1) 

Working on Eq. 7.1 with the particular load values of this case study yields a global factor 

α = 0.28 (Vlassis et al., 2008). For the sake of convenience, in practical applications the 
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factor obtained in Eq. 7.1 is not employed to convert the total load (Pi + Pe) , but instead it 

is used to obtain the equivalent building capacity according to Eq. 3.4 and Eq. 3.5 for the 

floor system and URM infill, respectively. In this way, the quantification of robustness is 

performed by direct comparison of the total load (Pi + Pe) against the generalised pseudo-

static capacity.  

Now it is important to discuss the influence of frame-infill interaction in the validity of 

Eq. 7.1. In Chapter 3 it was shown that the presence of URM panels could induce a local 

deviation from the linear deformation profile, fact highlighted by the displacement plots 

in Fig. 3.10. As a result, the evolution of factor α as function of pushdown displacement 

presented in Fig. 3.17 shows considerable departure from the expected 0.5 value, 

especially in the early stages of deformation. A discussion on this feature was given in 

Chapter 3, confirming that this effect is mainly localised on the edge beams. 

Consequently, the term Pe in Eq. 7.1 should be multiplied by a modified energy factor 

which is not known a priori as it depends on the particular frame-infill interface 

properties and displays substantial variation during the actual deformation process. The 

logic remedy for this drawback is readily available by computing the actual αe for the edge 

beam using the results of the nonlinear static pushdown analysis, in accordance to the 

procedure proposed in Chapter 3. Notwithstanding, to gain insight into the magnitude of 

this effect, it is possible to directly consider the most unfavourable condition from an 

energetic standpoint (i.e. αe = 1), which corresponds to the limiting case where the total 

edge load is lumped at column loss location. In this scenario, by re-working Eq. 7.1 a 

global energy factor α = 0.35 is obtained. 

In summary, according to the robustness assessment discussed in the following sections, 

progressive collapse is arrested if the maximum pseudo-static capacity, which is given by 

dividing the net pseudo-static capacity obtained from pushdown analysis by the global 

factor α (ranging from 0.28 to 0.35 in the infilled cases), is equal or higher than the total 

floor load Pi + Pe = 745.4 kN. At the end, a measure of robustness reserve is available as 

the ratio between the maximum pseudo-static capacity and the total floor load. 

 

7.3 Review of Robustness Assessment without URM Infill 

A summary of the previous progressive collapse assessments on the analysed building is 

given in this section for subsequent comparison with the infilled cases.  

The first application was presented by Vlassis et al. (2008) employing the lowest level of 

structural idealization. As a result, each individual member of the floor grillage was 

subjected to incremental pushdown deformation according to the assumed linear profile. 

This is sketched in Fig. 7.4 where the floor plate and edge beam loads are shown. Based 

on this approximation, the global pseudo-static capacity was limited by failure of the 
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outer bolt rows in tension of the partial-depth connection joining edge beam to the 

peripheral column. Such capacity was achieved at a maximum dynamic displacement at 

the lost column location of 392.3 mm. 

A second application study was performed by Zolghadr Jahromi et al. (2013) utilising 

mechanical model with increased complexity. The first case presented therein was an 

improvement of the assemblage process in Vlassis et al. (2008), where the modelling of 

the transverse beam explicitly included the influence of the rotational stiffness due to the 

edge columns and perpendicular beams. Interestingly, this fact alone was responsible for 

an increase in the ratio capacity supply/demand from 1.040 to 1.135. In the second 

instance, Zolghadr Jahromi et al. (2013) proposed a full grillage model, where the floor 

grillage was integrated into a single FE model as shown in Fig. 7.5. It is seen in this 

sketch that the composite beams are modelled as a set of parallel beam elements 

representing the steel joist and the concrete flange connected through vertical rigid links 

acting as shear studs. Because this modelling strategy for the frame components has been 

utilised in the simulations with URM infill, it is properly discussed in the next section. In 

performing this full grillage analysis, Zolghadr Jahromi et al. (2013) used the typical 

rules of tributary areas to allocate the floor load to the different beams. The results 

obtained from this analysis yielded an increase in the pseudo-static capacity leading to a 

supply/demand ratio of 1.42. The results from this study confirm that the use of more 

advanced models, capable of describing the actual interaction among the floor 

components, allows a realistic representation of the force redistribution at floor level, 

resulting in a higher computed collapse resistance. Also noteworthy, it was observed that 

the deformation mode of the full grillage model displayed differences in comparison to 

the assumed linear mode initially used for assemblage of the previous modelling 

approach. In particular, it was shown that the deformation compatibility factors   

relating the vertical displacement of the individual floor members to that of the lost 

column location were higher than those predicted by the linear profile assumption. In 

fact this outcome illustrates that the influence of bending in the floor beams reduces, as 

the pushdown deformation develops when floor membrane/catenary action 

progressively dominate the overall response. A similar conclusion was underlined in 

Chapter 3 with respect to the influence of frame-infill interaction, being that case limited 

to the edge beams effectively in contact with the masonry panels. Nonetheless, the 

observed changes in the deformation profile are associated with an increase in pseudo-

static capacity because they reflect an enhanced energy absorption by the floor’s 

members. In practice, neglecting such changes in the deformation profile delivers a lower 

bound (thus conservative) robustness estimate, especially suitable for early design stages.  
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a) 

 

b) 

Fig. 7.4 Peripheral column loss: a) structural floor grillage and b) deformation mode (Vlassis et 
al., 2008) 

 

 

Fig. 7.5 Mechanical model for grillage idealization of the composite floor (Zolghadr Jahromi et 
al., 2013) 

 

In Zolghadr Jahromi et al. (2013), a full 3D FE model of the composite floor was finally 

used to investigate the pushdown response of the floor plate in Fig. 7.2. This model 

combined beam elements for the steel profiles with advanced shell elements for the 

concrete slab allowing for both geometric and material nonlinearities (Izzuddin et al., 

2004). A view of the FE mesh is shown in Fig. 7.6 at a 392.3mm vertical displacement at 

the lost column position. Application of such advanced model yielded a supply/demand  
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Fig. 7.6 Detailed FE model for full composite floor (Zolghadr Jahromi et al., 2013) 

 

ratio of 1.564, accounting for a 10.1% increase in pseudo-static capacity with respect to 

the grillage model and 37.8% to the lowest level of idealisation.   

A relevant verification presented by Zolghadr Jahromi et al. (2013) regarded the 

comparative response of the detailed floor model in Fig. 7.6 considering two load cases: i) 

UDL floor load and ii) loads distributed according to conventional tributary area rules 

similarly to the grillage model. It was observed that only negligible differences resulted 

from this load variation, meaning that allocation of gravity load according to tributary 

area rules remains accurate for incremental pushdown analysis, at least in the cases 

where the dominant deformation mode is activated. Also, this highlights that the 

enhanced pseudo-static capacity computed by using advanced model is actually due to 

proper representation of complex mechanisms rather than the effect of different initial 

load distribution. Finally, in Zolghadr Jahromi et al. (2013) assessments on the influence 

of boundary conditions, namely axial restraint and rotational stiffness due to the outer 

columns, were presented showing that ignoring the latter leads to a reduction of 27% of 

the computed pseudo-static resistance.  

A summary of the described robustness assessments is listed in Table 7.2 where the 

recorded maximum dynamic displacement at lost column position is presented. In all the 

cases reported in Table 7.2  the maximum displacement corresponds to the maximum 

pseudo-static capacity because the generalised non-linear static curves showed a 

monotonic behaviour. This might not be the case when substantial softening is expected, 

as already mentioned in Chapter 3 with regards to the brittle nature of URM panels.   

From a design-oriented perspective, Zolghadr Jahromi et al. (2013) concluded that full 

grillage models constitute a suitable alternative for pushdown analysis of floor systems. 

Nonetheless, as deflection surpasses the slab depth, membrane action dominates the 

pushdown response, leading to an increase in the predicted collapse resistance. 
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Inspection of the results in Table 7.2 reveals that different levels of maximum 

displacement are predicted by different models. This results from a change in the critical 

component due to the above mentioned variations in the deformation profile. For 

instance, using the assembled grillage (the lowest idealisation level) ductility supply is 

limited by the maximum deformation in the partial-depth connections between beams 

and the peripheral column. Conversely, the results of the detailed grillage were limited by 

the ductility capacity of the fin-plate connections at the end of the outermost secondary 

beams. This discrepancy illustrates the shortcoming of the linear deformation 

assumption, which predicts smaller deformation for the secondary beams. Such aspect 

needs due consideration when dealing with the infilled cases, as frame-infill interaction 

might activate failure modes, such as shear failure at connection level, not foreseen 

analysing the results obtained assuming a  linear deformation profile for the edge beams. 

 

Table 7.2 Floor pseudo-static capacity of the framed building without URM infill obtained using 
different modelling approaches 

Model Maximum 

deflection (mm) 

Capacity/Demand 

ratio 

Assembled grillage 376.5 1.040 

Modified grillage 392.3 1.135 

Detailed grillage 359.5 1.420 

Full composite floor 356.9 1.564 

 

7.4 Robustness Assessment with URM Infill  

7.4.1 Mesoscale Mechanical Model 

The review presented in the previous section highlighted the fact that the benchmark 

structure can withstand sudden column loss regardless of the modelling approach 

utilised in the assessment procedure. Moreover, enhanced capacity predictions are 

obtained using more complex models, especially at large deformations where tensile 

membrane action activated by external restraints or a self-equilibrating compressive ring 

plays a governing role (Zolghadr Jahromi et al., 2013).  It is important to note that one of 

the key aspects of the proposed methodology is that the individual contribution of URM 

infill might be added at any of the levels of idealisation reported above. 

The first step in establishing the mechanical model for the peripheral infilled frame 

focuses on the choice of the appropriate frame representation. Concerning the frame 

geometry, the span lengths of the beams is 6.0m (Fig. 7.2) and the column high, 

corresponding to the vertical distance between the central axes of the steel beams at 

consecutive floors, is 3.0m. The steel profile for the beams of the frame are reported in 
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Table 7.1, while the columns are erected with UC 305×305×118 sections with the 

orientation specified in the plan view of Fig. 7.2. The geometrical characteristics of the 

beam-column connection are shown in Fig. 7.3a, where it can be seen that the beam is 

arranged along the minor axis of the edge column. Due to the specific constructional 

details, an 8mm initial gap exists between the beam’s flanges and the column’s web. All 

the steel members are made up of carbon steel S355 grade with Young’s modulus Es = 

210GPa and yield strength fy,s  = 355MPa. The floor slab is composed of normal strength 

lightweight concrete of class C30 with a 0.2 % reinforcement mesh (see Fig. 7.3a). 

Reinforcing steel is characterised by a Young’s modulus Er = 200GPa and a yield strength 

fy,r = 460MPa. For the sake of clarification, the peripheral frame just described 

corresponds exactly to the multi-storey frame employed as illustrative example in 

Chapter 3. 

The modelling technique for the edge composite beams proposed in Vlassis et al. (2008)  

is employed in the FE descriptions. As seen in the sketch of Fig. 7.7, each beam is 

modelled using two sets of elasto-plastic Euler-Bernoulli beam elements (Izzuddin, 1991) 

individually representing the steel beam and the concrete flange, whose centroids are 

connected by vertical rigid links. The components method with zero length non-linear 

spring elements is then adopted to capture the realistic behaviour of the partial-depth 

bolted connections. The effective width of the concrete flange is obtained using Eurocode 

4 (EC4, 2004) which give 1315 mm at mid-span and 828mm at the internal support. 

These values are of course related to the peripheral frame (i.e. edge beams) which are the 

only members explicitly modelled in this work. For the effective width of the remaining 

floor members reference is made to Zolghadr Jahromi et al. (2013). A bi-linear 

mechanical relationship accounting for strain hardening with a kinematic hardening 

coefficient equal to 0.01 is employed for structural and reinforcing steel, while concrete is 

represented assuming zero tensile strength and a multi-linear constitutive relationship in 

compression (Fig. 7.8). 

 

 

Fig. 7.7 Mechanical representation for an edge composite beam (Vlassis et al., 2008) 
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Fig. 7.8 Uniaxial concrete model for RC slab (Zolghadr Jahromi et al., 2013) 

 

  

(a) (b) 

Fig. 7.9 Edge beam-column connection: (a) mechanical model, dimensions in (mm) and (b) 
constitutive relationship for inner bolt-rows (Vlassis, 2007) 

 
Table 7.3 Bolt-row mechanical properties (Vlassis, 2007) 

Bolt-row 

Tension Compression 

Initial 

Stiffness K0,tr 

(kN/m) 

Yield Limit 

Fy,tr 

(kN) 

Yield Limit 

Fy,cr 

(kN) 

Hardening 

Stiffness K1,cr 

(kN/m) 

1 133737.03 35.68 170.40 4260.01 

2 125377.97 33.30 159.04 3976.01 

3 125377.97 33.30 159.04 3976.01 

4 133737.03 35.68 170.40 4260.01 

 

A close-up view of the model for the peripheral joints is presented in Fig. 7.9a. The inner 

four springs represent the actual bolt-rows whose uniaxial response in tension and 

compression is governed by the multi-linear constitutive curve depicted in Fig. 7.b, where 

the necessary input values are listed in Table 7.3. The outermost springs are devised to 

capture the contact which arises when the initial 8mm gaps close, whereas the lateral 

springs in series represent the restraint provided by the adjacent floor components. As to 
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the shear response, a simplified rigid-perfectly plastic behaviour with a yield capacity of 

356kN (Vlassis et al., 2008) is assumed. 

 

 

Fig. 7.8 FE mesh with the mesoscale masonry model for the infilled frame unit of the analysed 
edge frame 

 

The infill panels are modelled using the 3D mesoscale strategy described in Chapter 5, 

while the connection between the 1D frame model and the 3D mesoscale FE mesh for the 

masonry parts is achieved by adopting the procedure detailed in Chapter 6. In Fig. 7.8 it 

is shown a view of the multi-dimensional model employed in the current case study. The 

presented mesh corresponds to the basic case with solid infill, being variations on this 

configuration presented below. The following assumptions hold for the remaining of the 

chapter: 

 Symmetry of infill configuration with respect to the lost column line, allowing for 

a single-bay representation with appropriate symmetry boundary conditions (Fig. 

7.8); 

 Uniformity of loading and structural layout (including infill panels) across the 

floors, meaning the problem is accurately addressed with resource to a two-floor 

single-infill idealisation as discussed in Chapter 3; 

 The connection between masonry infill and the frame elements (e.g. beams and 

columns)  is due to 10 mm mortar joints unless specified otherwise. It is assumed 

that the top and lateral faces are in direct contact with the steel beam and 

columns, respectively; conversely, the bottom face is in contact with the concrete 

slab. In this respect, frame-infill friction coefficients (tanϕ0) for wet conditions are 

utilised, as such conditions constitute the most unfavourable case for the energy 

dissipation during the pushdown deformation. The actual values employed in the 

X Lost column 

Symmetry  
conditions 

x 

y 
z 

Floor restraint 
(Fig. 7.7) 
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numerical simulations are 0.35 for steel-masonry and 0.6 for concrete-masonry 

interfaces, as suggested in CSA (1994) and applied, for instance, by Dawe et al. 

(2001) in nonlinear analysis of infilled frames. 

7.4.2 Infilled Frame Pushdown Response 

Within the present progressive collapse assessment framework, the pseudo-static 

capacity of a set of panels is computed considering the dominant pushdown deformation 

mode. This is then added to the contribution of the floor systems. In this respect, the first 

action is devoted to obtain the nonlinear static pushdown response of the individual 

peripheral frames. In addition to the reference solid panel presented in Fig. 7.8, other 

configurations are analysed including a window-type central opening, reduced infill 

thickness and an initial 80 mm gap between the infill and the top beam. Additionally, the 

effects of the variation of the frame-infill interface properties are investigated with the 

aim of effectively identifying the governing mechanisms promoting collapse arrest in the 

early stage of the pushdown deformation. 

7.4.2.1 Reference Case - 200 mm Solid Panels 

In the reference case,  a single leaf running bond solid panels with 200×200×400 mm3 

concrete blocks and 10mm thick mortar joints are assumed. The material properties 

adopted in Macorini and Izzuddin (2014), where the static and dynamic behaviour of 

masonry walls with concrete blocks was analysed, are considered. In particular, a 

Young’s modulus Eb = 10,000MPa and Poisson’s ratio νb = 0.15 for the solid elements 

representing masonry units are used, whereas the material properties for the interface 

elements modelling mortar joints are reported in Table 7.4. Frame-infill interfaces have 

the same properties as in Table 7.4, except for the friction coefficient (tanϕ0) which is 

introduced according the assumptions discussed previously. To increase computational 

efficiency, the infill’s mesoscale mesh is divided into 9 partitions following the method 

described in Chapter 6. Each concrete block is represented by 2 adjacent 3D 20-noded 

continuum elements joined by means of one vertical nonlinear interface capturing intra-

unit fracture. The representation of masonry bond in the mesoscale description is shown 

in Fig. 7.9, where the distribution of mortar bed and head joints is depicted. This 

interface distribution corresponds to the FE mesh shown in 8, where only the continuum 

elements are visible.  

 

Table 7.4 Material properties for mortar joint interface elements 

kn 

(N/mm3) 
kt 

(N/mm3) 
σt0 

(N/mm2) 
C0 

(N/mm2) 
tanϕ0 

- 
σc0 

(N/mm2) 

80 40 1.20 3.00 0.60 14.00 
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Fig. 7.9 Mortar interface FE distribution within masonry panel 

 

The response of the infill frame unit was investigated performing nonlinear dynamic 

analyses following the strategy discussed in Chapter 6 to represent quasi-static loading 

conditions. In Fig. 7.10, the nonlinear static response of the frame unit (Model A) is 

compared against the behaviour of the bare frame and also the results obtained by 

allowing for the adjacent URM panel (Model B). In Fig. 7.10, the substantial contribution 

due to masonry infill can be easily observed as well as the negligible difference between 

Model A and Model B curves. This confirms that, at the level of deformations shown in 

the figure the application of proper lateral restraint to the columns (recall discussion in 

Chapter 3) enables the utilisation of the more efficient reduced model (Model A) without 

explicit simulation of the adjacent panels. 

The observation of the magnified deformed shape and the damage pattern shown in Fig. 

7.11a and Fig. 7.11b reveal a significant frame-infill separation at the central column. 

Furthermore, the tensile stretch of the connection above the lost column is quite 

perceptible, fact illustrative of the importance of representing the realistic frame 

behaviour due to interaction with the stiff URM panel. The predicted fracture pattern 

confirms the observed deformed configuration, showing extensive cracking at frame-

infill interface. At the same time, no damage is visible within the actual masonry panel 

meaning that, apart from the fractured interfaces, collapse arrest is expected to occur 

with masonry infill practically undamaged. 
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Fig. 7.10 Nonlinear static pushdown response of frame with 200mm solid panels 

 

 
 

 

(a) (b)  

Fig. 7.11 Frame units with 200mm solid panels: a) deformed shape and b) plastic work (N/mm) 
associated with Mixed Mode I-II fracture in the interface elements at 16.3mm vertical 

displacement  

7.4.2.2 200 mm Solid Panels with Initial Gap 

The first variation to the reference case includes the consideration of an 80mm gap 

between the top beam and the masonry walls, while the remaining input data is kept 

unchanged. This modification is introduced to investigate the effects of a reduced initial 

frame-infill contact area. Also, this configuration reproduces some real instances where 

deliberate gaps exist for allowing pipes and electrical wires to pass through the walls. The 

obtained nonlinear static curve is plotted in Fig. 7.12 and compared to the reference 

example. A considerable reduction of the pushdown capacity is noticed. Nonetheless, 

when compared to the bare frame situation substantial increase in the vertical reaction is 

still recorded.  The deformed shape at 24.6 mm vertical displacement and the interface 

damage contours are presented in Fig. 7.13a and Fig. 7.13b, respectively. In this case, as 

opposed to the reference case, significant frame-infill separation in the tensile region of 

the left column is activated in combination with the previously noticed separation at the 

central column. This is confirmed by the fracture related contours in Fig. 7.13b. This 

response is mainly due to the physical separation at the top beam level, where a 
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reduction of the contact surface gives rise to increased stresses at the interface between 

the left column and the panel, eventually fracturing the interface elements under 

incremental pushdown forces. 

 

 

Fig. 7.12 Nonlinear static pushdown response of frame with 200mm solid panels and initial gap 

 

 
 

 

(a) (b)  

Fig. 7.13 Frame units with 200mm solid panels and initial gap: : a) deformed shape and b) 
plastic work (N/mm) associated with Mixed Mode I-II fracture in the interface elements at 

24.3mm vertical displacement 

 

From a collapse arrest prespective, the main detrimental effect of the initial gap stems 

from the reduced forces transmitted to the walls which correspond to a reduced strain 

energy absorved by the masonry infill at a given displacemement level when compared to 

reference case with no intial gap.  

7.4.2.3 200mm Solid Panels with Degraded Frame-Infill Interface 

The influece of the mechanical characteristics of the frame infill interface has been 

investigated. The results obtained in the reference case have been compared with those 

achieved by adopting degraded frame-infill interface elements with reduced stiffness and 

strenght. These somehow approximate the degree of frame-infill strenght observed in the 
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physical tests reported in Chapter 4. In general, it is difficult to establish a priori the 

actual properties of the frame-infill interface, as they depend upon the physical 

characteristics of the surfaces in contact and the curing process of the mortar joint at the 

interface. The interface material parameters for the frame-infill interface used in  the 

current analysis are listed in Table 7.5. 

 

Table 7.5 Material properties for degraded frame-infill interface FE 

kn 

(N/mm3) 
kt 

(N/mm3) 
σt0 

(N/mm2) 
C0 

(N/mm2) 
tanϕ0 

- 
σc0 

(N/mm2) 

8.0 4.0 0.12 0.30 0.60/0.35 14.00 

 

The pushdown curve is presented in Fig. 7.14 where, in a simmilar fashion to the case 

with initial gap, a substancial reduction of the static capacity at small deformations is 

noticed. This result underlines the governing influence of frame-infill interface strenght 

in deploying the desirable collapse arrest potential at small deformations. The fracture 

pattern shown in Fig. 7.15b is consistent wit that observed in Chapter 4, leading to the 

formation of an ‘effective strut’ transffering the forces beteween the compressed corners. 

In order to further clarify this issue, a comparative plot of the equivalent von Mises 

streses in the panels for the reference and degraded interface cases is displayed in Fig. 

7.16. Altough in both situations a dominant load-path is established between the opposite 

compressive areas of the panels, a more diffuse stress pattern is visible in the case with 

strong frame-infill interface. This is a direct consequence of the active transfer of the 

forces between the frame and masonry infill at the initial stage of pushdown 

deformation. Of course, the stress pattern in Fig. 7.16a indicates a higher strain energy, 

hence an increased collapse arrest potential. On the other hand, as mentioned above, the 

case in Fig. 7.16b stands for the typical equivalent strut mechanism where bond between 

frame and infill is immediately fractured at the initial stages of panel distortion. 

Important to bear in mind, the appraisal of  the initial frame-infill bond is quite relevant 

because such interface might be compromised by in-situ shrinkage of mortar and 

masonry units (Dawe et al., 2001). The use of mechanical connectors may be a remedy to 

this drawback. Nevertheless, the presence of such connectors at discrete points could 

possibly induce localised cracking in the panels before the peak load is reached (Dawe 

and Seah, 1989).  

The remarks above reinforce the importance of a proper frame-infill interface 

representation. In the proposed modelling strategy, this is provided by the use of 

advanced fracture-based interface FE models, able to describe the progressive separation 

process as a function of the assumed cohesive and frictional properties.     
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Fig. 7.14 Nonlinear static pushdown response of frame with 200mm solid panels and degraded 
frame-infill interface 

 
 

 

(a) (b)  

Fig. 7.15 Degraded interface case: (a) deformed shape and (b) interface damage contours related 
to Mixed Mode I-II fracture (N/mm) at 18 mm vertical displacement 

 

  

 

(a) (b)  

Fig. 7.16 Equivalent von Mises stress contours (MPa) in the panels at 16mm vertical 
displacement: (a) reference case and (b) degraded interface case 

 

7.4.2.4 200mm Perforated Panels 

The influence of openings in the infill panels which are often found in exterior cladding 

has been investigated. An infill frame unit with a 200mm thick infill wall, similar to the 

reference case but characterised by a central window-like opening with in-plane 

dimensions of 1,500 × 1,200 mm2, has been analysed. In the model, a row of rigid 
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elements was placed just above the opening to represent a concrete lintel. The static 

pushdown response of the infill frame is plotted in Fig. 7.17, where the curve for the 

analysed frame with a perforated panel is compared against the responses of the bare 

frame and the reference infill frame unit with a solid wall. It can be observed that the 

central opening drastically reduces the resistance to pushdown deformation. In this case 

cracks develop not only at the physical interface between masonry infill and the frame 

members, but also within the panel at the corners of the central opening and it 

propagates diagonally along the mortar joints (Fig. 7.18a). As in the previous cases, the 

observed behaviour is confirmed by inspecting the damage contours at the interface 

elements (Fig. 7.18b). Based on the experimental findings in Chapter 4, increased 

pushdown resistance might be achieved at larger deformations with a widespread 

damage in the masonry walls. Nonetheless, it is recalled that the objective of this case-

study is to reveal the potential gains due to the infill panel contributions at small 

deformations, limiting the damage in the walls and, more importantly, in the 

surrounding components of the main structural systems. For this reason, the pushdown 

analysis in Fig. 7.17 was terminated at the onset of crack propagation within the 

perforated wall. 

 

Fig. 7.17 Nonlinear static pushdown response of the infill frame with a 200mm perforated panel 

  

 

 

(a) (b)  

Fig. 7.18 Perforated panel case: (a) deformed shape and (b) interface damage contours related to 
Mixed Mode I-II fracture (N/mm) at 7.1 mm vertical displacement 
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7.4.2.5 100mm Solid Panels 

In the final case, a simple reduction in the wall thickness from 200mm to 100mm has 

been considered. All the material and geometrical properties correspond to those of the 

reference case. The comparison against the results obtained for the infill frame with 

200mm panels allows the investigation of the effects due to a reduction in the volume of 

the masonry infill leading to a reduced potential to absorb energy and a modification of 

the relative frame-infill stiffness, which may influence the frame-infill interaction (see 

Literature Review). Nonetheless, in this example no such modification was noticed as 

seen in Fig. 7.191, where the deformed shape and the frame-infill interface damage 

contours display similar trends as observed for the 200mm thick case. Of course, the 

actual nonlinear static capacity is substantially reduced, yet maintaining a non-negligible 

improvement over the bare frame response (Fig. 7.22).  

 

 

  

 

 

(a) (b)  

Fig. 7.191 100 mm solid panel case: a) deformed shape at 8.6 mm vertical displacement and b) 
interface damage contours related to Mixed Mode I-II fracture (N/mm) 

 

   

Fig. 7.202 Nonlinear static pushdown response of the infill frame with a 100mm solid panel 
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Finally it is important to note that, the infill panel considered in this case is relatively 

thin with a large slenderness ratio. Thus, it is not likely to be utilised in actual exterior 

cladding without additional reinforcement or without being incorporated in a cavity wall. 

As such, this example might be regarded as a limit case with respect to the walls’ energy 

absorption capability, of course, in the category of solid panels. 

7.4.3 Evaluation of Pseudo-Static Capacity 

The static simulations discussed before allowed the identification of the governing 

dissipation mechanisms during the early stages of the pushdown deformation. The 

results obtained showed that the potential for collapse arrest arises from the frame-infill 

interaction enabling an effective transfer of forces to the masonry panels. Moreover, due 

to the small level of deformations activated, the URM panels are essentially undamaged, 

with the exception of the perforated wall due to inherent fragility at the opening’s 

corners.  

The next step towards the robustness assessment focuses on the computation of pseudo-

static capacity, where the methodology employed for such task is detailed in Chapter 3.  

According to the utilised framework, the results from the nonlinear static pushdown 

analyses are used to extract the evolution of the internal energy absorbed by the URM 

panels as a function of the vertical displacement, and subsequently converted in pseudo-

static curves for collapse assessment. This fact is important, as the contribution of 

masonry infill is effectively isolated from that of the surrounding frame elements, 

providing the metrics necessary for the desired comparative evaluation mentioned in the 

introduction to this chapter. Furthermore, the isolation of each component’s capacity 

allows a direct evaluation of the variation in the response of the composite beams when 

compared to the original bare frame situation. 

7.4.3.1 Ductility Limits due to Frame-Infill Interaction 

Before proceeding with the robustness assessment, attention is paid to checking any 

possible ductility limit resulting from frame-infill interaction. As mentioned in Chapter 3, 

potential shear failure at joint level should be accounted for. In this respect, the evolution 

of the shear forces at the bottom beam joints for the left and central beam-column 

connections are plotted in Fig. 7.21 and Fig. 7.22. For clarity, hereinafter central column 

means at column loss location. It is recalled that a simplified rigid-perfectly plastic 

representation with a yield limit of 356 kN (Vlassis et al., 2008) is adopted for the 

equivalent shear constitutive model of the partial-depth connections. The assumed shear 

capacity, which is plotted as the limiting value in Fig. 7.21 and Fig. 7.22, is solely related 

to the yield value of the steel profile. In this respect, improved shear strength might be 

achieved by allowing for the contribution of the concrete slab (Liang et al., 2004), 
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possibility not addressed in this work for the sake of consistency with the previous 

robustness assessments on the same building without URM infill.    

Inspection of the predicted maximum shear forces indicates that for the reference case 

and the case with initial gap, shear yielding is activated in the central beam-column 

connection (Fig. 7.22). This occurs mainly due to the enhanced stress transfer at the 

columns’ frame-infill interface. On the other hand, focusing on the example with 

degraded frame-infill interface cohesion, the shear forces at the joints resemble what it 

would be expected from a truss analogy with higher forces arising at the left connection.  

 

 

 

Fig. 7.21 Shear force at the left edge beam-column connection 

This observation is in agreement with the stress path shown for the solid panels in Fig. 

7.16. Based on the recorded evolution of shear forces, it has been decided to include an 

extra ductility limit of 10mm for the reference and initial gap cases. However, it must be 

stressed that this limit does not imply the structural failure of the peripheral frame. It is 

simply enforced because there is no previous information on the ductility available under 

shear yielding.  

The elongation of the bottom bolt row at the central beam-column connection is 

presented in Fig. 7.23, pointing the fact that frame-infill interaction effectively increases 

the ductility demand on the joint components. This is particularly visible by comparison 

with the bare frame performance. Nonetheless, ductility supply levels associated with the 

joint typologies used in the benchmark structure range from 20mm to 40mm (Vlassis et 

al., 2008), comfortably  accommodating the extra demand at the early stages of the 

pushdown deformation induced by the presence of URM panels.  
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Fig. 7.22 Shear force at the central edge beam-column connection 

 

As a remark to ductility limits, further research is therefore necessary to accurately 

capture progressive shear failure. This could be achieved by using enhanced shear-

related component models or, conversely, by means of detailed FE representations with 

provision for ductile fracture coalescence and propagation. Examples of the latter joint 

modelling strategy applied to sudden column loss situations have been proposed 

elsewhere, e.g. (Alashker et al., 2011; Sadek et al., 2013). With regards to the issue of the 

influence of infill panels, any of the simulation strategies mentioned above might be 

easily incorporated within the multi-dimensional framework proposed in Chapter 6, thus 

constituting a natural improvement to the results herein discussed.    

 

Fig. 7.23 Bolt elongation at central beam-column connection 
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Before concluding this discussion, it is important to note that in the previous progressive 

collapse assessments on the example building without masonry infill, shear force did not 

reach the assumed yield limit rendering the simplified shear constitutive representation 

suitable in those instances (Vlassis et al., 2008; Zolghadr Jahromi et al., 2013).  

7.4.3.2 Energy Absorption under Incremental Pushdown 

Following the procedure described in Chapter 3, the evolution of the internal energy of 

the infill frames under incremental pushdown is examined to provide insight into the 

individual contribution of each component under this specific scenario. The results are 

shown in the graphs of Fig. 7.24 for the 5 analysed cases. The most obvious outcome is 

that the reference case (200mm thick walls) and the frame with initial gap display a 

significantly higher level of internal energy when compared to the other models. This is 

so due to the above mentioned enhanced stress transfer between the frame and infill, 

which in the case with initial gap is compensated by an increased damage at the interface 

between infill and columns. It is also important to note that in the reference case the 

energy absorbed by the peripheral frame surpasses that of the infill, showing from an 

energetic stand point that the increase in collapse resistance is not solely attributed to the 

infill’s capacity, but includes a considerable enhancement of the floor’s performance. Of 

course, such enhancement largely depends upon the frame-infill interface conditions, as 

seen in Fig. 7.24 by contrasting the reference case to the degraded interface counterpart. 

The energy performance of the degraded frame-infill interface scenario displays a general 

trend quite similar to that seen before in Chapter 3 (Fig. 3.19) with respect to relative 

frame/infill energy. This aspect further confirms that the degraded interface leads to the 

activation of the strut mechanism at the very early stages of deformation. An interesting 

conclusion is obtained by direct comparison of the internal energy associated with the 

masonry panels in all the cases analysed (Fig. 7.25). Despite the considerable variations 

in global response, the energy individually absorbed by the URM panels presents a 

narrow scatter during the initial stage of the vertical displacement. It is interesting to 

focus on the perforated wall example, where approximately at around 7mm displacement 

a decrease in the rate of energy absorption is clearly noticed, indicating the onset of 

damage previously shown in Fig. 7.18. 
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Fig. 7.24 Evolution of internal energy for the analysed pushdown scenarios 
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The analyses reported so far were terminated before damage was imparted to the infill 

panels, as the key topic in this robustness assessment is placed on the collapse arrest at 

small displacements. The only exception is the perforated infill case, which constitutes a 

particularly fragile situation. This remark is important to emphasize, as the maximum 

pushdown capacities herein analysed do not constitute the actual limit to system 

robustness. Rather, they refer to the small displacement region in order to effectively 

quantify the contribution of URM infill at this stage. Otherwise, as shown in the 

experimental test in Chapter 4, an effective contribution is still available at large 

deformations at the expense of severe damage in the masonry.  

 

 

Fig. 7.25 Comparison of the internal energy in the URM panels for the different cases 
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The final step towards the quantification of the URM infill contribution for collapse 
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that, despite damage, a residual dynamic capacity is still supplied which is additive to the 

contribution of the frame/floor system. A summary of the obtained maximum 
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shear-related ductility limits were considered for the reference case and the case with 

initial gap. 

 

 

Fig. 7.26 Pseudo-static curves for infill panels 
'

PanelP  

 

 

Finally, the net contribution of the masonry panels is transformed into the generalised 

floor pseudo-static capacity by applying Eq. 3.5 with two limiting values for factor α, 

α=0.28 and α=0.35, according to a previous discussion. Not to be forgotten, the pseudo-

static capacity of each infill is also affected by the factor γ which takes in due account the 

influence of the number of floors above the removed column (Eq. 3.9).  

The pseudo-static capacities for the different cases are displayed in the graphs of Fig. 
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actual infill and the modified edge frame response. Referring to Fig. 7.24, such nuance in 

interpretation might be misleading with regards to the energy absorbed by the infill, 

especially for the cases with strong frame-infill interface. In this way, the significantly 

higher pseudo-static values presented in Xavier et al. (2014) for the reference case, 

obtained by calculating the individual pseudo-static capacity using the alternative 

strategy mentioned above, are perfectly justified by the fact that, what was therein 

denominated infill capacity, includes both the panels’ contribution and the enhancement 

of the frame performance due to frame-infill interaction. Conversely, in the current 

assessment, the contribution of infill panels is isolated from the global frame response, 

which is accurately achieved by using internal energy values. 

 

Table 7.6 Maximum pseudo-static capacity for infill panels 
'

PanelP  

Case Net Pseudo-static capacity 

(kN) 

Vertical Displacemenet 

(mm) 

Reference 432 16.3 

Reference w/ shear limit 350 10.0 

Initial gap 541 24.6 

Initial gap w/ shear limit 314 10.0 

Degraded interface 490 18.0 

Perforated panels 319 7.1 

100 mm solid 391 8.6 

 

In order to further highlight the influence of URM panels at the early stages of pushdown 

deformation, the pseudo-static curves for the full floor system are plotted in Fig. 7.29. 

These curves are based on the modelling strategies shown in Fig. 7.5 (detailed grillage) 

and Fig. 7.6 (full composite model), where two alternative cases with different planar 

restraint conditions have been considered for the latter modelling approach. Focusing 

first on the floor response, it is noticeable that the proper account for axial restrain leads 

to a non-negligible performance enhancement in the range of intermediate and large 

displacements. Nonetheless, at small deformations all models show similar response. 

Additionally, Fig. 7.29 confirms that the pseudo-static capacity of the full floor system 

PFloor is lower than that of the infill panels at relatively small vertical displacements at 

column loss location. Importantly, as opposed to Xavier et al. (2014), this time infill 

capacity PPanels does not include enhancements of frame performance, adding strong 

value to the argument of considering masonry panels as reliable robustness reserve 

suppliers.  
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Fig. 7.27 Variation of pseudo-static capacity of infill panels 
PanelP with the number of floors above 

the removed column (α = 0.28) 

 

 

Fig. 7.28 Variation of the pseudo-static capacity of infill panels 
PanelP  with the number of floors 

above the removed column (α = 0.35) 
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Fig. 7.29 Pseudo-static curves of the floor system without URM infill obtained using different 
modelling strategies. Data from  Zolghadr Jahromi et al. (2013) 

 

The total resistance to progressive collapse can be assembled by adding the contribution 

of infill panels to that of the floor plate presented in Fig. 7.29. The results of the 

assemblage process (schematically described in Fig. 3.16) are presented in Fig. 7.30 and 

Fig. 7.31 for the two values of factor α. Overall, collapse is effectively arrested at small 

displacements with some exceptions arising from the situations where only 2 or 3 floors 

are activated.  

 

Fig. 7.30 Variation of the total pseudo-static capacity  Floor PanelP P P  with the number of 

floors above the removed column (α = 0.28) 
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Fig. 7.31 Variation of the total pseudo-static capacity  Floor PanelP P P  with the number of 

floors above the removed column (α = 0.35) 
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constitute a lower bound to the actual response under column loss, because the enhanced 

performance of the peripheral frames is simply neglected. This is done with the intent of 
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the current case study. The important outcome of this justification is the implicit 

sanctioning of factor γ (Eq. 3.8).  

In short, as concluded in Chapter 3, the results from a two-floor (single infill) 

representation are accurate enough to capture the pushdown response of the confined 

walls as well as the forces arising from the frame-infill interaction which are necessary to 

inspect any possible extra ductility limit not foreseen with bare frame model (as the 

potential for shear failure mentioned above). 

The results discussed in this section lead to the following considerations: 

 Infill panels provide a substantial contribution to collapse arrest at small 

deformations; 

 The total energy absorbed by the peripheral infilled frame is highly correlated to 

the strength of the frame-infill interface. Nonetheless, the net energy absorbed 

solely by the masonry members tends to display similar values for a given 

pushdown displacement, provided there is no damage in the wall; 

 The results obtained for the infill frame with the degraded frame-infill interface 

show a response associated with the strut analogy observed experimentally. 

Moreover, according to Fig. 7.30 and Fig. 7.31 this configuration guarantees an 

excellent robustness performance without compromising the integrity of the 

surrounding structural elements. Because in real conditions, a weak frame-infill 

interface is likely to be found, this particular example confirms the effective 

influence of realistic masonry infill to the frame robustness.  

 The few cases where no collapse arrest was predicted at small deformations 

should be viewed as merely indicative, as the influence of the enhanced frame 

performance was not accounted for, as already clarified. Moreover, at larger 

deformations robustness is guaranteed also by the floor system, to which a 

residual contribution due to URM panels should be added. This is true even for 

the most unfavourable case of highly brittle masonry walls (see investigation in 

Fig. 3.21).     

7.5 Alternative Load Quantification for Robustness Assessment 

In this section, the non-linear pushdown results presented above are utilised within the 

scope of different building guidelines for robustness design. In particular, different 

values of partial load factors are accounted for, according to the list in Table 7.7. With 

regards to the American specifications two limiting values for dead load are 

recommended (DoD, 2009). In Eurocode 1 no specific load combination is prescribed for 

ALP assessments, whereby the general combination for accidental actions is used 

instead. 
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Table 7.7 Load combination according to different guidelines 

Code Label Combination 

(DoD, 2009) DoDa 0.9×DL + 0.5×LL 

(DoD, 2009)  DoDb 1.2×DL + 0.5×LL 

(CEN, 2006) EC1 1.0×DL + 0.5×LL 

 

Recalling the floor plate dimensions affected by peripheral column loss (Fig. 7.2), the 

total loads and generalized energy factors are summarized in Table 7.8. The limiting 

energy factors given by Eq. 7.1 are obtained by considering a weight of 0.5 or 1 for the 

edge load. 

Table 7.8 Loads and energy factors according to the considered load combinations 

Label Pi 

(kN) 

Pe 

(kN) 

(Pi + Pe) 

(kN) 

αmin αmax 

DoDa 744.2 89.6 833.8 0.28 0.33 

DoDb 893.5 119.5 1013.0 0.28 0.34 

EC1 794.0 99.6 893.6 0.28 0.33 

 

The computed total pseudo-static capacities are compared to the corresponding code 

prescribed floor load in Fig. 7.32-Fig. 7.34. It is clear that the higher load factors in DoD 

(2009) imposed the most unfavourable collapse scenario that would potentially be 

arrested at small vertical displacements.  

  

(a) (b) 

Fig. 7.32 Comparison of total load prescribed by DoDa with total pseudo-static capacity (P = 
PFloor + PPanel) as function of number of floors above removed column: (a) αmin and (b) αmax 
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Nevertheless, overall collapse arrest is still guaranteed by the floor system regardless of 

the applied load. Importantly, the presented results discard the enhanced peripheral 

frame behaviour, which would deploy extra capacity at small displacements. 

  

(a) (b) 

Fig. 7.33 Comparison of total load prescribed by DoDb with total pseudo-static capacity (P = 
PFloor + PPanel) as function of number of floors above removed column: (a) αmin and (b) αmax 

  

(a) (b) 

Fig. 7.34 Comparison of total load prescribed by EC1 with total pseudo-static capacity (P = PFloor 
+ PPanel) as function of number of floors above removed column: (a) αmin and (b) αmax 
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Notwithstanding, the influence of aggravated gravity loads should be addressed by 

exploring the full pseudo-static capacity of the composite frame-infill system, whose 

reliability was experimentally demonstrated in chapter 4. However, in order to 

accomplish this in a systematic manner, the extensions to the mesoscale model discussed 

in the concluding chapter of the thesis need to be fully implemented.  

In conclusion, based on the recommendations of more severe codes for robustness 

design, the potential for collapse arrest at small deformations is generally reduced, yet 

maintaining the necessary capacity in the cases of solid panels. This still holds for the 

degraded frame-infill interface, which is quite significant. Also, the extra ductility limits 

due to shear strength of the frame elements is, as already discussed at length, purely 

indicative because the simplified shear models do not accurately capture the progression 

of shear damage at connection level. As a result, the shear-limited capacities constitute a 

particularly conservative lower bound.  

7.6 Summary and Conclusions 

The case study in this chapter provided a realistic framework to investigate the 

contribution of URM infill walls towards progressive collapse resistance under initial 

local damage. In particular, sudden loss of a peripheral column is considered for such a 

scenario within the energy-based robustness assessment method detailed in Chapter 3. 

High-fidelity simulation of masonry infilled frames is undertaken using advanced finite-

element procedures accounting for the masonry nonlinear behaviour, actual realistic 

representation of the frame-infill interface, and the nonlinear response of steel-concrete 

composite members and connections, using the multi-dimensional computational 

framework presented in Chapters 5 and 6. The results obtained considering both solid 

and perforated exterior walls and different conditions for the interface between URM 

infill and frame members show a significant contribution to robustness by infill panels 

subject to pushdown deformations. This is in line with previous research, where simple 

strut models were used to represent masonry infill (Farazman et al., 2013). However, in 

the current investigation the resistance to progressive collapse relies in great part on the 

frame-infill interaction rather than the characteristic response of the masonry panel itself 

subject to internal damage. This is important because the former occurs at relatively 

small deformations safeguarding the structure from extensive damage. In this context, 

simple strut models allow the representation of damage evolution within the wall, but not 

the separation between frame and infill walls. Comparisons between the cases with 
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strong and degraded frame-infill interface confirmed the importance of the actual 

interaction.  

The contribution of the infill panel capacity at each floor within the performance based 

progressive collapse assessment framework was also explored. A decreasing contribution 

was found as the number of floors above the removed column is reduced, yet retaining a 

substantial capacity in the case of relatively strong frame-infill interface even if only two 

floors are present above the removed column, and only one set of adjacent panels is 

therefore activated. Moreover, the fact that the infill contribution significantly increases 

with the number of activated masonry panels is especially relevant, as the loss of ground 

floor columns constitutes a crucial initial failure scenario due to increased susceptibility 

to direct damage. This confirms that the contribution of infill masonry panels should be 

considered as a rational and efficient robustness enhancement factor, typically found in 

many low-to-medium rise buildings. 

Overall, the implications of the results obtained on the analysis of benchmark building in 

combination with the experimental findings in Chapter 4 are discussed on an integrated 

fashion in the next chapter, where some recommendations for further research are 

addressed. 
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8 CHAPTER 8 
CONCLUSIONS AND FUTURE WORK 

 

8.1 Summary of the Research Topic 

The influence of URM infill panels in progressive collapse resistance of multi-storey 

buildings was addressed in this thesis. In particular, sudden column loss was regarded as 

the event-independent scenario used to establish a robustness limit state, whereby the 

affected bays above the removed column should withstand the dynamic effects arising 

from instantaneous application of gravity loading.  

The relevance of the presented research work is underlined by the current demand for 

robustness and resilience of constructed facilities, as remarked when setting the scope of 

the thesis in Chapter 1. In this respect, motivation for this study yielded from past 

observations where infilled structures satisfactorily performed under severe localised 

damage. Moreover, such enhanced performance had been attributed to the presence of 

masonry infill in peripheral bays, mainly based on the qualitative assumption that URM 

panels promoted the activation of alternative paths to redistribute gravity loads away 

from the damaged areas. Henceforth, the research work presented in the previous 

chapters aimed to establish a reliable procedure to estimate the influence of these non-

structural elements in robustness quantification. 

In order to address the objectives listed in Chapter 1, three independent technical 

disciplines had to be integrated on a unified research programme: (i) robustness of 

structures, (ii) advanced FE modelling of masonry panels and (iii) mechanics of infilled 

frames. A survey of the state-of-the-art on these three topics was presented, providing a 

consistent basis for the thesis. The following points proved to be especially important: 

 Definition and clarification of the concept of robustness, where it was established 

as a measure of the structure’s sensitivity to local damage, constituting an event-

independent property of the structural system associated with the prescribed 

gravity loading acting upon it; 

 Learning that the structural response to sudden column loss is dynamic, highly 

nonlinear and involves 3D redistribution of gravity loads. Also, this response 

largely depends on connections’ behaviour and restraint conditions to 

accommodate the redistributed forces; 
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 Different methods to assess robustness are available. Provided that the affected 

part of the structure responds with a dominant downwards deformation mode, 

the application of energy-based methods poses significant advantages: (i) direct 

dynamic computations are avoided, yet dynamic effects are properly captured 

and (ii) they allow an efficient application of sensitivity-studies and the 

investigation of potential brittle/unstable failure modes. 

Also noteworthy, the literature survey highlighted the potential advantages of mesoscale 

representations of URM structures/panels, especially with regards to the versatility to 

simulate any 3D geometrical arrangement and incorporate realistic fracture models 

using interface elements.  

With regards to design-oriented procedures, simplified strut models are an attractive 

alternative. Nonetheless, due to the plethora of available material and geometrical 

models, careful verification and calibration of this modelling strategy is necessary before 

a reliable application in progressive collapse assessments. This limitation resulted in 

extra motivation for the development of high-fidelity mesoscale models. These advanced 

modelling strategies, thanks to their ability in obtaining meaningful response 

predictions, can be used to carry out in-depth verification studies for the simplified 

models, covering many combinations of relative frame/infill properties, panel’s aspect 

ratio, etc.  

8.2 Conclusions 

The main results achieved in this research are summarised below. Particularly, the 

conclusions are concerned with the objectives stated in Chapter 1: (i) evaluate the 

applicability of the existing robustness assessment framework to infilled frames, (ii) 

experimentally investigate the pushdown response of infilled frames, (iii) attempt an 

analogy between pushdown and lateral pushover behaviour of URM infill, (iv) 

numerically quantify the contribution of URM panels during the early stage response to 

column loss and (v) investigate the possibility to introduce realistic brick-mortar 

interaction in mesoscale simulations of infill panels. 

8.2.1 Robustness Assessment Framework 

The first topic investigated in this thesis was presented in Chapter 3, where it was 

confirmed the suitability of the robustness assessment framework developed by Izzuddin 

et al. (2008) to investigate the influence of URM infill.  

Similarly to other energy-based methods, the main assumption of this approach hinges 

on the fact that the response is governed by a dominant downwards deformation mode. 

In Chapter 3 it was shown that the presence of masonry panels does not jeopardise this 

assumption, as a dominant vertical deformation mode was still observed in the cases 
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where the multi-floor response was coupled by the presence of external infill. However, it 

must be stressed that this finding only holds for regular structural arrangements with 

uniform distribution of infill panels in the bays affected by column loss. 

Maintaining the regularity and uniformity requirement, a multi-level implementation 

was detailed, allowing the overall resistance to progressive collapse to be assembled from 

the contributions of individual structural members, including the masonry infill panels. 

Accordingly, collapse resistance is evaluated in terms of pseudo-static capacity, where 

this quantity provides a direct relationship between the suddenly applied gravity load 

and the maximum dynamic vertical displacement at column loss location.  

At the end, a ductility-assessment is carried out, where the dynamic deformations in the 

critical components are interpolated from the maximum displacement predicted by the 

pseudo-static method. Above all, the resultant measure of robustness combines in a 

unified fashion the influence of redundancy, ductility, dynamic effects and energy 

absorption. 

The possibility of applying the multi-level approach directly at the pseudo-static level was 

investigated, pointing to different practical implications. Focusing on the particular case 

of the individual contribution of URM infill, the direct use of the pseudo-static curve 

delivers a more practical procedure, which considers the energy absorbed by the masonry 

panels instead of using the net capacity in terms of generalised forces. This is especially 

relevant when the analysis is based on detailed FE models for infilled frames, because it 

is not straightforward to extract the net force carried by the infill. Also, insight is gained 

regarding the relative influence of the different members, allowing a critical assessment 

of the system response by identifying the hierarchy of individual contributions, thus 

delivering a rational strategy for robustness design. As mentioned in Chapter 3, this may 

improve decision making by listing which members should be reinforced, enhanced in 

terms of ductility or simply disregarded. Nonetheless, a detrimental effect should be 

underlined, which is related to the fact that using lower level assemblages (i.e., beams 

grillage systems) information about coupled mechanisms is lost, such as important floor 

membrane effects, which are properly captured by means of full floor models.  

With respect to the inherent 3D nature of the response to column loss, it was shown in 

energy terms that the pseudo-static capacity of the masonry panels can be extracted from 

a 2D infilled frame model and then added to the capacity of the 3D floor system by the 

application of proper energy and compatibility coefficients (bearing in mind the 

approximations introduced with regards to the floor elements directly in contact with the 

infill walls). As a result, the relative contribution of infill and floor mechanisms for the 

collapse resistance can be easily compared.  



CHAPTER 8 Conclusions and Future Work 

250 
 

8.2.2 Experimental Investigation of Pushdown Response 

The pushdown response of real-scale infilled frames was tested at the University of 

Trieste and the main findings collected in Chapter 4. The physical tests confirmed the 

potential robustness reserve associated with URM infill, provided adequate confinement 

is supplied by the structural frame, fact that is often found in the peripheral bays of 

existing buildings. Moreover, contrary to current opinions that disregard the potential of 

infill panels due to masonry inherent brittleness (Li and Qian, 2014), a considerable 

resisting capacity was observed, even when accompanied by extensive damage in the 

masonry panels at large vertical displacements at the central column. In this way, it must 

be noticed the role of joint ductility in accommodating this level of deformation. Also, as 

opposed to seismic cyclic scenarios where infill’s contribution reduces at each cycle 

because of strength and stiffness degradation, pushdown response is essentially 

monotonic, meaning that the full energy absorption capability of the infill is available to 

be deployed for collapse arrest (provided there was no previous damage, for instance due 

to blast loading). 

A solid-symmetric and a non-symmetrical layout (including a gap between frame and 

infill and a perforated wall) were tested, both displaying non-negligible pushdown 

capacity. This indicates that walls with gaps and openings so common in exterior 

cladding of multi-storey buildings can significantly increase robustness under column 

loss. The dominant downwards deformation mode was noticed in both tests, because the 

surrounding frame enforced equal distortion of the bays at global level. 

8.2.3 Analogy Between Pushdown and lateral Pushover 

The experimental outcome provided evidence that the mechanical behaviour of masonry 

infill panels subjected to incremental pushdown deformation displays the same features 

as expected from lateral pushover tests. Using the characteristic failure modes listed in 

Chapter 2 as a basis for comparison, it was observed the development of the so called 

compressive strut mechanism, effectively transferring the applied force at the central 

column to the lateral supports. Such mechanism was highlighted by the appearance of 

diagonal stepped cracking at the early stages of deformation, eventually leading to 

crushing at the compressed corners. At the same time considerable fracture and 

separation at the tensile frame-infill interface was registered.  

Establishing the analogy between lateral pushover and pushdown creates the scope to 

transfer the previous research on infilled frames mainly developed for seismic 

engineering to the field of robustness assessment. This is particularly relevant regarding 

simplified design methodologies.  

As a side note, an illustrative application of simplified models was presented in Chapter 4 

with the aim of providing an initial insight into such procedures, as it is believed such 
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methods should be the focus of special attention as far as design-oriented applications 

are concerned (at least according to current computational power available for  structural 

engineers). 

8.2.4 Collapse Arrest Potential at Small Deformations 

Equipped with validated high-fidelity models to capture frame-infill separation and 

nonlinear models for steel-concrete composite members and connections (Chapter 5 and 

6), a case study was performed in Chapter 7 to investigate the individual contribution of 

URM panels in peripheral bays. The results obtained considering both solid and 

perforated exterior walls, as well as different frame-infill interface situations, confirmed 

the significant contribution of infill panels at the early stages of pushdown response. 

More importantly, because in most cases collapse is arrested at small deformations, the 

resistance to progressive collapse relies in great part on the frame-infill interaction, 

rather than on the characteristic response of the masonry panels subjected to internal 

damage. Moreover, the primary structural members are safeguarded from extensive 

damage and most of the potential energy is stored as elastic energy in the masonry walls. 

In this context, simple strut models might allow the representation of damage evolution 

within the wall, but not the separation between frame and infill walls. Comparisons 

between the cases with strong and degraded frame-infill interface confirmed the 

importance of the actual interaction.  

A decreasing contribution of infill panels was found as the number of floors above the 

removed column is reduced, yet retaining a substantial capacity in the case of relatively 

strong frame-infill interface even if only two floors are present above the removed 

column, and only one set of adjacent panels is therefore activated. Moreover, the fact that 

the infill contribution significantly increases with the number of activated masonry 

panels is especially relevant, as the loss of ground floor columns constitutes a crucial 

initial failure scenario due to increased susceptibility to direct damage.  

Globally, it is confirmed that the standard secondary resisting mechanisms are quite 

effective at very large pushdown displacements. However, proper activation of these 

mechanisms requires the structure to display certain ductility supply reserves to support 

such modified equilibrium configurations. Although in new structures these 

requirements might be met through special detailing based on modern design guidelines, 

in the case of old framed structures this is not feasible. For this reason, the robustness 

assessment of old (non-ductile) framed buildings substantially benefits from the findings 

in this thesis, whereby the contribution of infill walls (that usually exist in older 

typologies of framed structures) is now effectively quantifiable. Due to the potential for 

collapse arrest at small deformations, the ductility demands on the structural 

components might be reduced to the acceptance levels associated with old structures. 
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Also, some points are reinforced. The first point recalls that  it was shown in this thesis 

through energetic arguments that even at large pushdown deformations, where the URM 

panels could be severely damaged (thus presenting negligible static resistance), a 

residual pseudo-static capacity is still available which is additive to that of the other 

resisting mechanisms. A second point is raised to make the case for the infilled collapse 

arrest at small displacements, even if the bare structure proves to satisfy the robustness 

limit state (most likely at the expense of large deformations). From a reliability 

standpoint, the lower the ductility level supply is explored, the higher the overall system 

reliability is (Marjanishvili et al., 2012). This is an important consideration for risk based 

robustness assessments, which more systematically handle with the level of uncertainties 

associated with such extreme (and unforeseen) scenarios (Pereira, 2012). 

Overall, the contribution of infill masonry panels should be considered as a rational and 

efficient robustness enhancement factor, typically found in many low-to-medium rise 

buildings. 

8.2.5 Enhanced Mesoscale Modelling of URM panels 

As part of the research efforts to develop a reliable mesoscale framework to investigate 

the response of infilled frames subjected to extreme loading, a novel interface concept 

was implemented to a allow a realistic brick-mortar interaction, especially under 

compressive loads. Accordingly, Mode-I separation is coupled with in-plane deformation 

of the discontinuity surface, which in this particular scope represents mortar joints.  

Investigation of URM prisms under compression highlighted the influence of Poisson’s 

effect on the development of lateral tensile stresses in brick units, leading to crack 

nucleation and propagation. Also noteworthy is the fact that significant stresses 

developed in both in-plane directions pointing out the relevance of utilising a 3D 

framework to capture the effects of brick-mortar interaction in URM structures. In this 

respect, the response usually associated with refined microscale models was efficiently 

handled at mesoscale level. Notwithstanding, it was demonstrated that for the cases 

where progressive collapse is arrested at small displacements, such brick-mortar 

interaction plays a negligible role in the infill response. 

8.3 Future Work 

The research work presented in this thesis delivered a realistic quantification of the 

influence of URM infill in progressive collapse arrest, emphasising the actual 

understanding of the mechanics of infilled frames under pushdown deformations. Based 

on the results obtained, some recommendations for future work are discussed below. 
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8.3.1 Robustness Assessment 

An immediate extension of the work presented in this thesis regards the proper 

treatment of the corner column loss scenario. In this situation, the infill panels are 

responding in perpendicular planes of deformation. It is therefore necessary to 

investigate whether the contribution of URM infill displays the same level of robustness 

enhancement as the peripheral case counterpart. In particular, attention should be 

devoted to investigating the characteristic deformation mode in order to assess the 

applicability of the energy-based framework (essentially, inspect if there is evidence of a 

dominant deformation mode). Likewise, there is scope to extend the proposed research 

methodology to the case of interior column loss, where the influence of interior 

partitioning walls could be addressed. 

A second, and equally, important extension of this work is related to the non-uniform 

distributions of masonry walls above the removed column (which could range from a 

simple variation in infill thickness to more complex arrangements of opening, gaps, 

balconies, etc.). For this topic, it is suggested the application of a multi-floor level of 

idealisation, where the multi-floor pseudo-static capacity is obtained directly. Still, 

proper confirmation of the activation of dominant deformation mode is paramount. 

Moreover, due to the wide variety of infill typologies possible to be found in framed 

buildings, the role of the 3D mesoscale representation of URM panels is underlined for 

its inherent versatility in capturing different geometries. 

For the cases above, if there is no evidence of a governing pushdown mode, then resource 

should be made to direct non-linear dynamic analysis to properly evaluate the 

contribution of URM infill in these non-uniform yet realistic configurations. 

Following on the topic of robustness, the employed numerical multi-dimensional 

formulation should be applied to different types of infilled frames, exhaustively 

addressing issues such as panel’s aspect ratio, type of masonry, frame typology and 

connections flexibility, in an attempt to cover a wide range of realistic building 

configurations. Only when this is achieved, a complete envelop of the contribution 

arising from the presence of infill panels might be established, possibly leading to 

systematic design-oriented recommendations.  

Also related to the previous topic, it suggested the application of the robustness 

assessment framework to old (non-ductile) framed structures, explicitly accounting for 

the existing structural features and infill panels. This would be particularly relevant for 

the collective robustness of urban environments with considerable concentration of this 

sort of buildings (including high-rise structures) in many cities in the U.S.A and Europe. 

At last, recalling the lessons from earthquake engineering drawn in Chapter 1, a relevant 

spin-off of this research topic would be a multi-hazard assessment of the influence of 
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URM infill for seismic and robustness scenarios. According to the results presented in 

this thesis, frame-infill contact is paramount for the effective activation of URM panels 

(especially at small deformations). Based on this conclusion, a designer might be induced 

to effectively enhance such contact interface if only robustness concerns were at stake, 

either by specifications on the design of a new building or providing recommendations 

for retrofitting operations. Nonetheless, as mentioned in Chapter 1 the composite frame-

infill response could be detrimental under earthquake loading. For this reason, in areas 

prone to earthquakes and simultaneously susceptible to extreme man-made hazards 

(blast, impact), development of a multi-hazard framework would allow an optimised 

solution. In this respect, in order to cope with the multiple extreme loading scenarios, the 

importance of correctly use high-fidelity numerical tool for infilled frames is again 

underlined. 

Although Pereira (2012) demonstrated that strain-rate effects could be discarded in 

column loss scenarios of composite floors with partial-depth connections, this effect in 

masonry materials deserves individual assessment. Nonetheless, for the cases of collapse 

arrest at small displacements, because there is no damage in the wall, dynamic effects are 

chiefly inertial  which are captured by the energy-balance principle. However, focusing 

on the frame-infill interface, quantification of strain-rate effects in this localised mixed-

mode fracture problem would constitute a particularly challenging research topic. 

Based on the current understanding of the problem, which has been advanced by the 

results presented in this thesis, the influence of URM infill panels in progressive collapse 

resistance shall be addressed in each individual case, directing generalised design 

considerations for the outcome of future research following the recommendations above. 

 

8.3.2 Analysis of Infilled Frames and URM panels 

On top of the recommendations for continuing the development of the advanced 

mesoscale modelling strategy, a special reference is made to simplified strut models. 

Extensive calibration work should be undertaken to allow the recursive utilisation of this 

models in progressive collapse assessments. In particular, provisions should be made to 

incorporate the effect of frame-infill separation in the early stages of pushdown. As 

shown in this thesis, there is a non-negligible potential to guarantee collapse arrest solely 

by storing elastic energy in the walls at the expense of frame-infill damage/separation. 

Alternatives to achieve this modelling capability range from modification of the strut 

constitutive model to include this initial effect, or inclusion of a tie element along the 

tensile diagonal calibrated to represent initial fracture interaction, being progressively 

attenuated as frame-infill separation advanced (this could potentially be related to the 

axial deformation of the tie element, in an analogy to the compressive diagonal 
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counterpart). In any case, the development of such design-oriented tool definitely will 

benefit from the large-scale physical testes presented in Chapter 4. 

Recalling the issue of robustness, verified strut models would allow whole building 

studies, possibly within probabilistic and risk-based frameworks, shedding light on the 

influence of URM infill in the context of reliability engineering, which constitutes the 

basis for future design-code type recommendations.   

With respect to the proposed mesoscale framework, the following topics need due 

consideration before its effective application in the full range of pushdown deformations, 

(and corresponding damage state) of infilled frames. 

In the first place, the development of triaxial nonlinear material model for mortar joints, 

which takes advantage of the 3D stress state in the modified interface element. This 

should have provision for the effective softening behaviour, including the apparent 

increase in Poisson’s ratio as function of  increasing compressive damage, typical of 

quasi-brittle materials (Mohamad et al., 2007, Barbosa et al., 2007). More precisely, such 

advanced modelling for mortar material should allow due consideration of the so called 

brittle-to-plastic transition as function of the confining stresses, which are readily 

available by the enhanced interface kinematics. Similarly, the consequent increase in the 

apparent Poisson’s ratio is fundamental, as it directly influences the development of 

tensile stresses in the bricks. In this way, a combination of the nonlinear confined 

response of mortar with realistic cracking in the bricks shall deliver an enhanced 

framework, where the physical failure modes of URM under compression are captured by 

the knowledge of its individual components, as opposed to the current strategy based on 

compressive cap concepts (Lourenço and Rots, 1997, Macorini and Izzuddin, 2011) which 

are effectively representative of each particular brick/mortar arrangement. If this is 

achieved, such enhanced procedure will allow the generalised application of mesoscale 

models for complex masonry structures, such as multi-leaf and cavity walls, whose 

compressive response is not straightforward to extrapolate from standard compressive 

prisms results. This is particularly relevant because, as mentioned above, it is 

recommended an appraisal of the influence of URM infill in collapse arrest of a wide 

variety of infill types, which certainly would include infill panels composed of multi-leaf 

systems. 

As a matter of reference, enhanced solver capabilities are currently being implemented 

within the nonlinear FE software ADAPTIC (Izzuddin, 1991Izzuddin, 1991), including 

novel integration explicit schemes and state-of-the-art parallel computing methods. 

These new capabilities will extend the efficiency of the hierarchical partitioned procedure 

described in Chapter 6 which in due course will allow the application of the developed 

enhanced mesoscale framework with realistic brick-mortar interaction to large 
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structures. In particular, the desired virtual testing facility mentioned in Chapter 1 will be 

duly deployed for the assessment of infilled frames under extreme loading conditions. 
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9 Appendix A 
 

Detailed Drawings of the Steel Frame and Reaction System 

 

Steel constructional profiles class S355 

Steel plates in bolted connections class S355 

Bolts in steel connection class 10.9 

 

 

Fig. A.1 Detail of connection beam-lateral column 

 

Fig. A.2 Detail of connection beam-central column 
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Fig. A.3 Elevation view of the steel frame and lateral bracing 
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Fig. A.4 Plan view of steel frame, lateral bracing, out-of-plane bracing and contrast frame 
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Fig. A.5 Details of the contrast frame and out-of-plane bracing of the central column 
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Fig. A.6 Detail of out-of-plane bracing at lateral columns 
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Fig. A.7 Detail of the foundation system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.8 Detail of the welded lateral bracing system; details of the welded reinforcing plates at the 
central column and beams 
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Fig. A.9 Detail of the capital of the central column for load application 
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Detailed Derivation of Individual Terms for the Enhanced Interface Model 

 

Derivation of Individual Terms of Matrix T 

The terms included in matrix T presented in Eq. 5.22 which correspond to the partial 

derivatives of the local freedoms with respect to the global ones.  

Recalling the transformation between the local and global displacements in Eq. 5.9: 
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Applying the chain rule yields: 

1 3 2 4

1 3 2 4

x x x

T T T T T

j j j

c c c c c

U c U c U

 

 

    
 

    
 (B.3) 

and 

1 3 2 4

1 3 2 4

y y y

T T T T T

j j j

c c cc c

U c U c U

 

 

   
 

    
 (B.4) 

Further simplification results in: 
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while the remaining terms related to 1 3c  are explicitly computed as: 
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Similarly, with regards to the terms related to 2 4c   
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Finally, when all terms are computed, derivatives related to the local direction z simply 

result from: 
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Derivation of Individual Terms of Matrix G 

This section contains the explicitly expressions for the terms presented in Eq. 5.27 

suitable for computational implementation. Starting with: 
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Noticing the last term is zero and performing some rearrangement, leads to the 

simplification: 
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where all terms referring to the first partial derivatives are obtained as previously 

described. As to the second partial derivatives, it is obtained for xc : 
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where again first partial derivative terms are identical to the ones given in the previous 

section of this Appendix. The terms in Eq. B.19 are detailed as: 
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whereas for the case of Eq. B.20 it is obtained: 
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The remaining terms containing second partial derivatives of local with respect to global 

freedoms result in: 
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simplified into: 
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Similarly, employing the same reasoning to the terms of 2 4c  , and to avoid repetition, the 

closed form expression results: 
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For this, it is recalled that the first partial derivative terms in Eq. B.30 and Eq. B.31 were 

already detailed in above. 

Finally, second partial derivatives related to local z direction are obtained by 

combination of the terms obtained above for x and y directions as: 
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Partial Derivatives Related to Material Model 

For the sake of completeness both first and second partial derivative terms introduced in 

Section 5.3 are detailed below.  
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Application of chain rule reveals: 
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where partial derivatives of  the failure surface with respect to current material 

parameters are given by: 
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And partial derivatives of current material parameters with respect to plastic/cohesive 

work coW : 
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