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ABSTRACT

On 28 August 2018, a fire broke out in the Bank Buildings, a five-story heritage construction located in the historic center
of Belfast (UK), largely destroying its internal structure and leaving the outer unreinforced masonry (URM) walls free-
standing. Of particular concern was the structural integrity of the East URM facade, whose cast-iron supporting system
was lost in the fire. To assist the initial design of preventive public safety measures and investigate potential consequences
of both local and global failures in a reduced timeframe, a simplified discrete element macro-model was developed to
simulate various collapse scenarios. In this work, the adopted assumptions and modeling strategies are presented and
discussed, including the selection of material properties, damping scheme, and simplified discretization. Predicted failure
modes, debris distributions, magnitudes and directions of impact velocities are also compared, and main differences
discussed and scrutinized. This practical and innovative application of discrete macro models enabled us to obtain
reasonable results - not readily attainable using different analysis approaches - in a timely manner and provide solutions
in a critical situation. Such novel employment of discrete element models - previously mostly confined to small-scale
research problems - opens new structural simulation opportunities, challenges and research questions and, as such, might
be of interest to both applied researchers and structural engineering professionals.

1. INTRODUCTION

Heritage unreinforced masonry (URM) constructions often consist of unique, complex and vulnerable architectural
systems. Their structural integrity is particularly sensitive to aging (Ghiassi and Lourenco 2018; Cavalagli et al. 2019),
environmental factors (D’ Ayala and Aktas 2016), natural (Leite et al. 2013) and manmade (Giardina et al. 2015) hazards,
which unavoidably increase the risk of local and global collapse. As comprehensively described in e.g. D’Altri et al.
(2020), several modeling approaches of varying degrees of complexity are available for reproducing numerically the
structural behavior of URM assemblies. Simplified methods, e.g. those based on story mechanisms (Tomazevi¢ 1987),
equivalent single-degree-of-freedom (Abo-El-Ezz et al. 2013; VVamvatsikos and Pantazopoulou 2016) and frame (Penna
et al. 2014; Sangirardi et al. 2019) models, have been widely used over the years to study the in-plane-governed response
of URM heritage structures, ranging from isolated masonry towers (Valente and Milani 2016) to multiple dynamically-
interacting adjacent buildings (Battaglia et al. 2021). Despite the possibility of detailed simulation of damage propagation,
including out-of-plane (OOP) effects (particularly relevant for historic structures and typically neglected using simplified
techniques), offered by more sophisticated continuum numerical solutions implemented in Finite Element Method (FEM)
codes (Ciocci et al. 2018; Saloustros et al. 2019; Lourenco and Silva 2020), the explicit representation of collapse
mechanisms still represent an open challenge from a computational viewpoint (Grunwald et al. 2018). For this reason,
despite their inability to provide details on separation, re-contact and collision phenomena among produced debris, fast
analytical models based on e.g. limit analysis (Block et al. 2006) and force-moment equilibrium macro-blocks (Casapulla
et al. 2021) are often the preferred choice by practitioners and applied researchers. A potential numerical modelling
solution is the use of discontinuum-based approaches, originally conceived for solving rock mechanics problems (Cundall
1971) and subsequently adapted to the large-displacement analysis of engineering structures (Kawai 1978; Meguro and
Hakuno 1994). In this framework, naturally suitable for collapse analysis, each masonry unit can be modeled separately
as either a rigid or deformable block, while joint failure occurs along zero-thickness nonlinear spring interfaces. Various
successful applications of the Distinct Element Method (DEM), Rigid Body and Spring (RBSM) and hybrid FEM/DEM
models are indeed available in current literature, covering the collapse modeling of masonry arches (De Lorenzis et al.
2007, Baraldi et al. 2019), vaults (DeJong et al. 2015; Mclnerney and DeJong 2015; Masi et al. 2020; Dell’Endice et al.
2021), isolated wall components (Casolo 2017; Gonen et al. 2021), and reduced-scale heritage buildings (Cakt1 et al.
2016; Portioli 2019). However, despite recent technological advancements and upgrades to these initial schemes (Panto
et al. 2017; Malomo and DeJong 2020; Pulatsu et al. 2020), performing discontinuum analyses of large-scale complex
URM systems often entails a prohibitive computational expense, which currently limits applied researchers and
engineering professionals from benefiting from the unique capabilities of discrete modeling methods in practical collapse
assessment applications. In this work, a macro-scale DEM model was devised to simulate the collapse response and
corresponding debris distribution of the then-free-standing East URM facgade of the Bank Buildings (Belfast, UK), a five-
story heritage construction heavily damaged by a fire in August 2018 (Stewart 2018). Aimed at supporting the preliminary
design of preventive public safety measures in the aftermath of the event (Lohmann and McClafferty 2020), we were
asked to investigate, in a reduced timeframe, the potential consequences of several numerically-predicted local/global
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collapse scenarios entailing failure mechanisms activated at different heights. This problem presents several challenges,
some of which are listed below and discussed in more detail throughout the various sections of the paper:

1- As mentioned above, traditional numerical techniques (e.g. FEM) are unsuitable for explicit collapse analysis; to
overcome this issue, we opted for using DEM.

2- Despite being capable of reproducing collapses, DEM models are extremely time-consuming; to provide results in a
reasonable timeframe, we developed a simplified modeling strategy that involved the macro-scale discretization of
building components, rather than the usual brick-by-brick approach.

3- The building was not accessible in the aftermath of the fire and material properties could not be estimated in-situ, while
the degree of connection between the facade and return walls was unclear; to address the first issue, we conservatively
adopted high URM tensile strength values (deemed to project collapsed debris at larger distances, increasing safety
hazard) and code-based material parameters. To account for the presence of the return walls and the unknown conditions
of the facade-to-wall connections, we added to our scenario-based study two cases considering simplified boundary
conditions, representative of either undamaged/well-interlocked or damaged return walls.

4- DEM models typically exhibit high sensitivity to damping parameters. To investigate potential differences related to
their influence, we have performed our analyses considering either zero to stiffness-proportional damping.

The innovative macro-scale DEM strategy presented in this paper represents a novel contribution to the state-of-the-art.
To our knowledge, indeed, this is amongst the first attempts to perform full collapse analyses of large-scale URM
structures providing impact and debris predictions for supporting real-world emergency operations. In what follows,
adopted assumptions are presented and discussed, as well as the proposed simplified modeling framework that enabled
plausible numerical results not readily attainable using different computational approaches.

2. BRIEF DESCRIPTION OF THE BANK BUILDINGS

In this section, the main structural characteristics of the Bank Buildings (see Figure 1(a)) before and after the 2018 fire
are summarized, along with a brief description of the adopted post-event public safety measures deemed relevant from a
numerical modeling perspective. Interested readers may refer to (Lohmann and McClafferty 2020) for additional details.

; . : L1 )
Figure 1 (a) historical photo of the East facade (National Library of Ireland, The Lawrence Photograph Collection -
catalogue.nli.ie), 1880-1900, (b) schematic plan of the urban surrounding, (c) during and post-fire photos
(Lohmann and McClafferty 2020)
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Bank Buildings is an iconic construction located in the historic center of Belfast (UK), listed as an important heritage
asset by the Northern Ireland Environment Agency and a recognized local landmark (Graham 2019). Standing on the site
of a bank erected in 1787, from which it allegedly takes its name, the Bank Buildings fagade involved in this study was
constructed around 1895-1900. It has a rectangular footprint (ca. 30x70m, see Figure 1(b)) and four main floors (18m
total height) plus an additional level featuring two URM chimneys on both sides (approximately 4m high), and a large
central clock. These latter components were left in precarious conditions by the fire and, in an effort to mitigate the
potential consequence of a collapse, these less stable high-level elements were removed and stored for conservation or
replaced; therefore, these elements were not considered in the numerical analysis in the following sections. As reported
in Lohmann and McClafferty (2020), from which the technical details on post-fire securing operations were also taken,
the structure originally featured cast-iron columns, wrought-iron beams and timber floors, with URM clay brick perimeter
walls of variable thickness (from ca. 2m at the ground floor up to 0.8m at the fourth one) covered by stone facings. In
1975, three bombs were detonated inside Bank Buildings starting a fire that extensively damaged the North facade,
prompting the addition of an internal partial steel frame.

Due to the August 2018 fire, the internal structure of the building suffered extensive damage (see Figure 1(c)), causing
the collapse of the timber floors and the original iron frames (the rebuilt steel frame of the North fagade remained largely
standing but severely damaged by the fire), leaving the URM perimeter walls free-standing. Amongst other preventive
public safety measures, protective 4.88m (height) x 4.88m (width) barriers made of stone-ballasted shipping containers
were temporarily positioned in a U shape around the front of the East fagade. As further discussed in what follows and
shown in Figure 1(b), to study impact velocities of debris produced by a potential collapse of the fagcade with the shipping
containers, as well as their masses and spatial distribution for each of the failure scenarios considered, the devised
numerical model comprised a simplified virtual representation of the surrounding built environment, containers included.

3. SIMPLIFIED DISCRETE MACRO-MODELING STRATEGY

Discontinuum analysis of URM structures is often performed using a micro-modeling approach, where zero-thickness
nonlinear interface springs are allotted to joints (or discontinuities) among rigid units to account for brick-mortar
deformability (Lourenco and Rots 1997) and faithfully represent masonry texture. Lately, FEM/DEM hybrid approaches
have been also developed (Smoljanovi¢ et al. 2013), enabling to consider deformable units as well, although further
increasing computational cost and the number of needed mechanical parameters. Despite recent attempts to reduce
analysis time using either meso (Pulatsu et al. 2020) and macro-scale (Malomo and DeJong 2020) discrete models,
required analysis time was still not compatible with the need to carry out multiple simulations of a full-scale facade up to
complete collapse. In this work, indeed, time constraints, lack of in-situ experimental data on materials, unknown post-
fire structural conditions of the building and inability to have access inside the building for inspections in the aftermath
of the fire, called for an even higher degree of idealization. Additionally, because the primary objective was to simulate
the debris field and the maximum plausible debris impact with the protective shipping container barriers, a macro-element
strategy was deemed appropriate. In order to simulate the inertia and collision effects involved in building collapse
simulations, dynamic analyses were performed.

To this end, a simplified DEM model was developed and implemented in the 3DEC commercial software (Itasca
Consulting Group Inc. 2018) that involved a macro-discretization at the component level (see Figure 2(a)) of the East
facade alone (interlocking with return walls was also considered in one of the scenarios, as further discussed later in the
next section), subdivided numerically into an assembly of rigid blocks (assumed density 2000 kg/m?) connected via zero-
thickness nonlinear interface springs, where the mechanical properties of the system were lumped.
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Figure 2 (a) simplified numerical idealization of the East facade and (b) DEM contact modeling among macro-blocks
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In the DEM framework, when two rigid blocks, characterized by six degrees of freedom, are in contact, faces are
triangulated to create sub-contacts, located at the element vertices, i.e. where the abovementioned springs are created.
Interpenetration between adjacent blocks, as in most hard-contact DEM, is regarded as nonphysical and the iterative
algorithms originally implemented by Cundall (1988) used to ensure at each step that the mutual distance between
centroids is equal or larger than their relative displacements. In the elastic range, the mechanical response of interface
springs is governed by ki and ks, namely the normal and shear stiffnesses. To account for the deformation of the macro-
blocks which are rigid in the model, the continuum stiffness of the masonry was lumped into the joints by defining k, and
ks as E/h and G/h respectively, with E and G being the Young’s and shear moduli (contact area A between blocks is
automatically calculated when contact is detected). The Young’s modulus E was selected according to the long-term
values for masonry suggested by Eurocode 6 (EN 1996-3:2006) and set to 4629 MPa, while G was approximated as
G=0.4E=1851 MPa. The parameter h represents the linear distance between the centroids of two adjacent rigid macro-
blocks, as shown in Figure 2(b); given the variety of different geometries present in the DEM model of the facade, which
includes a total of 183 solid elements, the assignment of the various h and corresponding spring stiffness calculations
were automated in 3DEC using an iterative C++ function, whose main task was to test each element for contact in the
undeformed configuration, extrapolate the mutual distances among centroids, evaluate k, and ks values according to the
expressions listed above, and assign these values to the 91 joints present in the model. To model shear and tensile failures,
a Mohr-Coulomb joint criterion (zero cohesion ¢, no shear softening; because of the relatively high friction coefficient u
= 0.35, which prevented early relative sliding of blocks, this parameter had negligible effect on results since the predicted
collapse response was governed by rocking and thus mostly by tensile strength) with tension cut-off (a joint tensile
strength f; equal to 0.5 MPa was specified; once failure occurs and rigid block separate, contact is lost and so is their
mechanical interaction) was employed, while the modeling of crushing damage and dilation phenomena was neglected.
The value of f;, as well as those selected for E and G, should be interpreted as upper bound estimates, also given the
typical decay of mechanical characteristics exhibited by brick masonry elements exposed to high temperatures (Russo
and Sciarretta 2012; Zhang et al. 2018). Such conservative assumptions were deemed necessary to compensate for the
simplified modeling approach proposed and for the high level of uncertainty attached to the limited knowledge of the
facade material properties in the immediate aftermath of the fire.

The shipping containers positioned in a U shape around the front of the East fagade were explicitly modeled as fixed solid
rigid bodies. The containers were included in the model to allow quantification of impact velocities and preliminarily
assess the adequacy of the adopted distance between the fagade and containers. Because of their asymmetrical distribution
(see Figure 2) with respect to the facade, a 3D model was employed. Since the objective was to study the nature of a
potential collapse, not whether or not collapse would occur, various collapse scenarios (described in more detail in the
following) were forced by essentially pushing the facade over. This was done by applying to a number of frictionless rigid
elements acting on the top of the loadbearing piers of the considered floor a small velocity (linearly increasing from 0 to
0.1 mm/s in 1 second to avoid energy shocks at contact, and then kept constant until collapse). Zero cohesion and tensile
strength were assigned to the interface between these loading blocks and the fagade. The implementation of such loading
strategy enabled the initially imposed collapse trigger to spontaneously evolve in diverse failure mechanisms, without
introducing pre-defined plastic hinges.

4. SCENARIO-BASED COLLAPSE ANALYSIS OVERVIEW

As graphically summarized in Figure 3, three main DEM models were developed and then adapted to cover a total of
eight collapse scenarios. The first two models, hereinafter referred to as M1 and M2, only differed by the implemented
damping scheme. In M1 (Figure 3(a)), zero damping was used, meaning that the only source of dynamic relaxation was
the energy dissipation induced by the process of crack closure/opening. Recent applications showed that this usually
provides adequate results when considering rocking problems (Malomo et al. 2021) and collapse modeling of both
reduced (Papantonopoulos et al. 2002) and large-scale (Calvi et al. 2019) systems. Stiffness proportional damping, whose
parameters (i.e. stiffness-proportional damping constant fr=5e-4 and critical frequency fei=711 Hz at which the system
is critically damped) were analytically-evaluated according to the procedure proposed by (DeJong 2009), was used instead
in M2 (Figure 3(b)) to mitigate spurious bouncing phenomena after impact. The activation of potential collapse
mechanisms at each floor (i.e. from the ground floor, GF, to the fourth floor, 4F was initially considered; preliminary
results, however, indicated that collapse about the upper floors (i.e. 3F and 4F — it is herein recalled that the fifth floor
was removed to reduce the fagade height) would not cause impact with the containers, and that, as expected, overturning
about the lower floors causes a larger debris runout. Thus, only the more critical collapse scenarios were modeled using
M1 and M2, which involve failure at the GF, 1F and 2F. This results in three simulated scenarios for M1 (M1-GF, M1-
F1, M1-F2) and as many for M2 (M2-GF, M2-F1, M2-F2).
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In M1 and M2, the interlocking of the facade ends with the return walls was purposely neglected. This is a conservative
assumption, as the return walls could provide very significant resistance to OOP failure, and could cause a partial collapse
of the fagade, rather than a complete collapse of the entire facade. To provide a rough approximation of how the
perpendicular return walls at the ends of the East facade might influence the collapse and simulate this aspect in a
simplified way, in M3 (i.e. the last DEM model considered herein, with zero damping) the macro-blocks highlighted in
dark grey in Figure 3(c) were partially restrained. In this case, only the activation of collapse mechanisms at the GF was
considered. This resulted in two additional scenarios, assuming either no damage (ND, which translates in zero velocity
along the OOP x-axis direction and zero rotation around the vertical z-axis; this essentially prevented the grey blocks
from collapsing while acting as a restraining system for adjacent elements, as if the return wall suffered no damage and
only the grey blocks remained attached to them) or slip failure of return walls (SF, with z-velocity=0, z-rotation=0; the
grey blocks, in this case, were allowed to slide along the OOP direction x to simulate slip failure to the return walls),
named M3-GF-ND and M3-GF-SF respectively. This brings the number of collapse scenarios presented in this work to a
total of eight.

5. SUMMARY OF NUMERICAL RESULTS

The main results from the numerical simulations performed according to the scenarios described above are presented in
this section, grouped together considering the collapse activation height and summarized in terms of:

(a) collapse mode and macro-blocks impacting the shipping containers

(b) magnitudes of absolute maximum velocities of macro-block centroids along x, y, z (i.e. vx, Vv, Vz) at first impact,
magnitudes and directions of the principal velocities of macro-block vertices at first impact (i.e. vp), masses of
impacting parts associated to the maximum velocity values reported (i.e. mx, my, mz, mp)

(c) final debris distribution

From Figure 4, where the imposed displacement was applied at the top of the GF columns, it can be gathered that the
introduction of different damping schemes and boundary conditions did have a major effect on the predicted responses.
With reference to M1-GF (no damping, GF-triggered collapse, no return walls) and M2-GF (stiffness proportional
damping, GF-triggered collapse, no return walls), and despite the similar collapse mode (scan the QR codes to see the
videos) and pre/first-impact velocities (it is herein recalled that first-impact velocities were calculated after the first
collision, i.e. not considering subsequent contacts), markedly different final debris distributions were simulated. As
expected, the final debris configuration obtained using M1-GF reflected the fact that the system was undamped, with no
energy loss due to the collisions among elements. While the added damping implemented in M2-GF (which still likely
underestimates the actual damping that would occur) yielded more plausible outcomes in this sense, these modeling results
still provide only a rough approximation of the actual behavior after impact with the ground. Nevertheless, this simplified
approach enables the possibility to evaluate impact with the back of the containers and to estimate the order of magnitude
of the macro-block impact velocities. Of interest is also the comparisons shown in Figure 4 (a) between the different
failure mechanisms exhibited by M1-GF, M3-GF-ND (no damping, GF-triggered collapse, undamaged return walls) and
M3-GF-SF (no damping, GF-triggered collapse, slip failure of return walls), where the boundary conditions applied to
the side elements of 4F significantly influenced the predicted response. Indeed, despite that the collapse trigger was
imposed in all the models at the same level (i.e. at the top of the GF columns), the presence of the return walls in M3-GF-
ND and M3-GF-SF resulted in a different evolution of the global failure mode, particularly at the upper levels, leaving
the GF and 1F still standing after the collapse. However, this also translated into an early separation of some of the 4F
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side macro-blocks from the facade during the collapse of M3-GF-ND, which explained the larger vp value (almost doubled
with respect to its M1-GF counterpart) displayed in Figure 4 (b). Meanwhile, the assumed boundary conditions in M3-
GF-SFcaused some debris to fall backwards, i.e. inside the building, thus avoiding the impact with the containers. For
both of these last models, macro-blocks started to interact dynamically before impacting the ground, which combined
with the lack of damping contributed to an unrealistically-large final debris footprint (see Figure 4 (c)).

(a) collapse mode and impacting parts (b) impact velocities [m/s] and masses [tons] (c) final debris field
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Analogous failure modes were obtained by M1-F1 (no damping, 1F-triggered collapse, no return walls) and M2-F1
(stiffness proportional damping, 1F-triggered collapse, no return walls), as depicted in Figure 5(a), where direct impact
with the containers was only detected for only a minor portion of the 4F top left-hand side. As for M3-GF-ND and M3-
GF-SF, hinges formed at the bottom of the 2F columns. Despite the larger first-impact velocities of M1-1F (Figure 5(b)),
only minor differences with M2-F1 are observed in the simulated final debris field (see Figure 5(c)).
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(a) collapse mode and impacting parts (b) impact velocities [m/s] and masses [tons] (c¢) final debris field
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In M1-2F (no damping, 2F-triggered collapse, no return walls) and M2-2F (stiffness proportional damping, 2F-triggered
collapse, no return walls), collapsed macro-blocks only included 2F, 3F and 4F elements, and the macro-blocks impacting
the containers were the same as predicted by M1-1F and M2-2F (i.e. the top left-hand side ones, 4F — see Figure 6(a)).

(a) collapse mode and impacting parts (b) impact velocities [m/s] and masses [tons] (c¢) final debris field
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Figure 6 2F-triggered collapses: (a) collapse mode and impacting parts, (b) impact velocities/masses (c) debris field

Pre- and first-impact velocities were also comparable (Figure 6(b)), as well as final debris fields. However, in M1-2F,
some 4F macro-blocks, after impacting the ground, unrealistically bounced on the top of the containers, as shown in
Figure 6(c). This latter response was considered a spurious numerical phenomenon, attributable to the lack of damping
in the model. In Figure 7, a selection of numerically-inferred relevant quantities obtained using different models and
assumptions are summarized and compared to each other. The collapsed and first-impacting macro-blocks areas, volumes
and principal velocities (i.e. V¢, Vi, A, Vi, Vp), displayed below were normalized with respect to the corresponding overall
maximum values, for enabling a more effective comparison.
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Figure 7 Normalized key-quantities: comparison between the M1, M2 and M3 models

As expected, higher collapsed volumes are associated with GF models, although noticeable differences, not readily
predictable prior to the numerical study, were found among M1-M2 and M3. The presence of the return walls in M3
resulted in a shift of the height of the mechanism activation to the upper levels, which left the first three floors standing
explaining the fact that V. values were significantly smaller than M1 (-43%) and M2 (-49%) counterparts. However, the
altered boundary conditions of M3-GF-ND caused blocks to interact dynamically before the first external impact, which
made the predicted v, +40% larger than the other simulated values. Of interest is also that no direct impact with containers
was predicted by M3-GF-SF, since some upper-level macro-blocks collapsed inside the building. Considerably lower
quantities were obtained when considering collapse triggers at 1F and 2F. As per the final debris distributions, no damping
models (i.e. M1 and M3) often produced unrealistic footprints due to the fact that no energy was lost during impacts.
More plausible debris fields were predicted using M2 models.

For future comparisons, it is worth mentioning that performing a single collapse scenario (up to the point where all the
macro-blocks had zero displacements) took approximately 4-5 hours (CPU Intel Core i7 7820x, 64GB DDR4, SSD M2-
960-EVO); this time almost doubled in cases where no damping was used. Typically, stiffness damping leads to larger
run times, due to the reduced time step; in our analyses, however, the time required for the blocks to reach the equilibrium
positions in the undamped case seemed to have governed the computational expense. The average time needed for the
modeled fagade to reach the ground varied from 1 to 2 hours, which means that most of the relevant data required for the
preliminary design of preventive public safety measures (e.g. impact occurrence, velocities, macro-blocks involved in the
first collision, etc.) could be obtained in a reasonable timeframe, orders of magnitude smaller if compared with the
computational cost entailed by discrete element micro-modeling strategies often used for simulating the dynamic response
of URM structures (Galvez et al. 2018).

6. CONCLUSIONS

In this work, the collapse assessment of the East (front) unreinforced masonry (URM) fagade of the Bank Buildings, an
important five-story heritage construction located in the historic center of Belfast (UK) that was badly damaged by a fire
in August 2018, was undertaken to support the design of preventive public safety measures put in place in the aftermath
of the event. To use discrete element analysis without prohibitive computational cost in order to deliver plausible results
of practical help for decision-makers, and in a critical situation and with only limited time available, a total of eight
simplified models were devised. The facade geometry was thus idealized as an assembly of rigid bodies connected via
zero-thickness nonlinear springs, where failure occurs and system deformability was concentrated. Code-based values
were used for estimating material properties, since no access to the building was possible after the fire. To mitigate the
effect of uncertainties, conservative assumptions were adopted and the decrease in mechanical performance of masonry
exposed to fire was only partially accounted for numerically. Similarly, only in two of the eight DEM models (i.e. M3-
GF-ND and M3-GF-SF), the interlocking of the facade ends with the return walls was considered.

DEM enabled direct simulation of potential failure modes and ensuing debris fields. To simulate potential worst-case
scenario collapse scenarios, the assumption of no support from return walls for configurations M1-GF (zero damping)
and M2-GF (stiffness-proportional damping) resulted in the largest volume of collapsed elements. Meanwhile, the
inclusion of return walls in M3-GF-ND, along with the assumption of zero damping, resulted in maximum values of pre-
impact velocity. Although the zero damping case is probably the less realistic option, over which other solutions are
generally preferable, we decided to make this further conservative assumption for M1 and M3 models, given the large
uncertainties attached to most of the employed numerical parameters. For M3-GF-SD, which included more realistic
boundary conditions that accounted for the interlocking with return walls, markedly different responses were obtained
with significantly lower first-impacting macro-blocks areas, volumes and principal velocities. It should be mentioned,
however, that due to the simplifications introduced in this work, the data discussed above — especially those affected by
first-impact phenomena, including computed final debris distributions — must be considered as only rough approximations
of actual behavior. Among the other simplifications made, it should be mentioned that neglecting the internal breakage
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of macro-blocks might be referred to as an additional source of conservatism, whose quantification would constitute a
promising future development. Future comparisons with e.g. real-world collapse field data and/or experimental outcomes,
might help to quantify further potential inaccuracies and refine the proposed modeling strategy. Nevertheless, the
employed modeling approach enabled the use of discontinuum analysis as a viable option for timely simulation of a very
complex and practical structural engineering problem — not readily solvable using other computational solutions — and
supported decision-making processes in a critical situation. Other potential applications of such a methodology include
e.g. supporting urgent post-disaster restoration interventions (as implemented in various national and international
guidelines, see e.g. Coburn and Spence 2002) through the low-cost and prompt estimation of various emergency design
alternatives.
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