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Robustness research has become popular, however very little is known on its explicit quantification. This paper
summarises a quantification method previously published by the main author and proceeds in demonstrating its
step-by-step application with a case study tall timber building. A hypothetical 15-storey post-and-beam timber
building with a central core is designed for normal loads, and four improved options are designed to account for

Risk . . [ . . s .
Reliability abnormal loads in order to increase the building’s robustness. A detailed, nonlinear, dynamic Finite Element
Classification model is set up in Abaqus® to model three ground floor column removal scenarios, and a Random Forest

classifier is set up to propagate uncertainties, to efficiently estimate the probability of certain collapse classes
occurring, and to calculate the importance of each input parameter. The results show how design improvements
at the whole building scale (e.g., strong floors) have a higher impact on robustness performance than just
improving the strength and ductility of some selected connections, although these results are exclusive to the
building studied. The case study reinforces the importance of a sound conceptual design for achieving robustness

Sensitivity study

in tall timber buildings.

1. Introduction

Our profession is seeing a paradigm shift towards buildings of lower
carbon footprint: tall timber buildings are a fine example of this shift.
Any departure from the “familiar waters” of the common structural ty-
pologies runs a higher risk of not having identified or anticipated certain
structural behaviours: similar to the scaling issues that led to the partial
collapse of the Ronan Point in London in 1968 [1], we must understand
how timber buildings scale to the new heights constructed in the last 10
years, particularly regarding their disproportionate collapse behaviour.

Structural robustness, or disproportionate collapse resistance, is the
ability of a structure to withstand damage without disproportionate
further consequences, and it is an important and yet not so widely un-
derstood quality of our building stock. While a lot of work has been put
in understanding structural robustness at a qualitative level and
regarding concrete and steel buildings, little is known on the robustness
of timber buildings and even less on how to specifically quantify how
robust is a building, and whether this is enough or not. Initial studies
focused on medium-rise CLT buildings have identified connection
ductility as a key requirement to enable catenary action in beams and
floors, an efficient way to redistribute loads in case of damage.

The goal of this paper is to build on the fledging research of the topic
by numerically analysing an example case study of a post-and-beam tall
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timber building with a central core. The analysis will aim to quantify
robustness following an adaptation of the method presented in Voul-
piotis et al. (2021) [2]. Section 2 summarises the current state of the art
and describes the quantification procedure. Section 3 details and jus-
tifies the use of each modelling technique to achieve our quantification
goal. The results are presented and discussed together with the model
limitations in Section 4, followed by conclusions in Section 5. For more
details on the case study and a connection with robustness design rec-
ommendations for tall timber buildings, please refer to the doctoral
thesis of Voulpiotis (2021) [3].

2. State of the art and methodology
2.1. Structural design and analysis for robustness

Resistance to disproportionate collapse is best understood by looking
at the mechanics of load redistributions when a structure is subjected to
damage. A building which is able to redistribute the loads away from a
damaged member and safely back down to the ground without
collapsing is said to be robust to this damage scenario. The most desir-
able structural quality that can help in this is the catenary action of
beams and membrane action of slabs as they deform significantly. It is
therefore imperative that members and connections have to withstand
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high deformations while maintaining load carrying capacity. An over-
view of the beam/floor load redistribution mechanisms is shown in
Fig. 1 below, adapted from the doctoral thesis of Mpidi Bita (2019) [4].

Ensuring the existence and functionality of these alternative load
paths can be achieved using direct or indirect design methods, sum-
marised below (see Fig. 2).

It is possible to use the methods above only qualitatively to come up
with a robust conceptual design, as detailed in Voulpiotis et al. (2021)
[2]. Numerical modelling is, of course, an additional analysis step that
can prove the existence of the alternative load paths and demonstrate
the fitness of various structural solutions. It is typically carried out in a
deterministic manner, where a building is modelled in various column
removal damage scenarios.

A nonlinear dynamic numerical model is best suited to study the flow
of loads in a structure including post-critical behaviour. However, it is
normally computationally expensive and complicated, which has led
engineers to reach various compromises by simplifying to linear and/or
static models with the necessary dynamic amplification factors, or
hybrid combinations thereof, such as static-pushover analyses where the
dynamic effects are estimated using an energy balance approach. Byfield
et al. (2014) [5] offer an extensive review of these analysis methods.
How these methods are used in the overall robustness research,
including verification by experiments, is extensively discussed in the
review paper of Adam et al. (2018) [6].

2.2. Robustness of tall timber buildings and the importance of connections

Current design guidance on robustness (EN 1991-1-7:2006 [7], ASCE
7-22 [8], UFC 2016 [9], for an overview see Mpidi Bita et al. (2019)
[10]) is heavily influenced by concrete and steel building research
following the partial collapse of the Ronan Point Tower in London in
1968 [11]. The increasing popularity of Engineered Wood Products
(EWPs), largely due to their prefabrication and sustainability possibil-
ities, has led to the construction of new tall timber building typologies
[12], where the development of alternative load paths is largely un-
studied [13]. When applied to timber buildings, the existing guidance
has been proven to be uneconomic and often unconservative [14].

Despite the scarcity of guidelines for timber buildings, several
modern tall timber projects have explicitly implemented design meth-
odologies to increase robustness. Some examples are: the provision of
vertical tie forces by designing the column-column connections to carry
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tension loads (Brock Commons residence, Canada [15]); the provision of
alternative load paths with the design of two-way spanning floor slabs
acting as cantilevers and walls in both directions acting as deep beams in
case of column loss (Stadthaus, London [16]) as studied by Milner et al.
(1998) [17]; and the compartmentalisation of the building such that
damage propagation is arrested in predefined boundaries (Treet, Nor-
way [18]). More examples are provided by Mpidi Bita et al. (2022) [19],
who also provide a review of the current research on the dispropor-
tionate collapse resistance of tall timber buildings. These largely consist
of whole-building numerical models in collapse scenarios, a complex
undertaking which was first attempted in tall timber buildings by Mpidi
Bita (2019) [4]. Detailed studies on two CLT buildings of nine and
twelve storeys respectively [20,21] demonstrated that disproportionate
collapse prevention requires higher tie forces than what the structures
could offer with conventional design that does not explicitly take into
account element loss. This led to specific tie force recommendations for
multi-storey CLT buildings with emphasis on the importance of
connection detailing to enable catenary action of floors and beams [22].
The importance of the connection ductility led to the development of a
novel floor-floor connection [23] whose ductile performance was
demonstrated in physical experiments [24]. Huber et al. (2021) [25]
modelled this novel connection in a parametric environment and
examined the effect of different boundary conditions on the load
redistribution mechanisms of a typical multi-storey CLT building
designed to European standards. With a more detailed look into the
micro-modelling of connections in European CLT construction, Huber
et al. [26] studied the alternative load paths in multi-storey CLT build-
ings, finding that the most common are transverse shear action of the
floors, arching (deep beam) action of the walls, and catenary action of
the floors. A more recent study [27] has focused on the implementation
of linear static Alternative Load Path Analysis according to the GSA
2013 [28] and UFC 2016 [9] standards. Determining an accurate Dy-
namic Amplification Factor (DAF; that is, the ratio between the
maximum dynamic response to the quasi-static response of the struc-
ture) is important for being able to simplify nonlinear dynamic problems
to linear static ones. A parametric study by Cao et al. (2021) [29] found
the DAF to be approximately 2.0 for timber frames, mainly influenced by
the structures’ damping ratio and connection stiffness. Damping in tall
timber buildings is still not fully understood, which has attracted a lot of
new research [30].

The prevention of disproportionate collapse in tall timber buildings
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Fig. 1. Load redistribution of a constrained beam or floor (adapted from Mpidi Bita, 2019 [4]).
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Fig. 2. Direct and indirect robustness design methods.

in fire scenarios (slow element removal and systematic rather than
localised damage) has also recently gained attention with qualitative
studies [31] following the framework of Voulpiotis (2021) [2], as well as
detailed numerical studies [32,33].

While experiments are rare, the research group of Lyu, Cheng, et al.
have tested several ' scale 2D and 3D timber frames in corner, edge, and
middle column removal scenarios [34-37]. The experiments reinforced
the importance of connection ductility to develop catenary action in
beams and floors, and of floor slabs to redistribute loads and improve
collapse resistance.

The common factor in the aforementioned research is the crucial role
of connections in redistributing loads. Already before the research on
tall timber buildings gained momentum, Dietsch (2011) [38] made
recommendations on increasing the robustness of long-span timber
structures, many of which regard the detailing of connections. The
important role of moment-carrying timber connections in redistributing
loads in statically indeterminate structures has been highlighted by
Leijten (2011) [39]. The performance requirements of connections in
earthquake scenarios has pushed timber research in earthquake-prone
areas, such as New Zealand and Italy, towards finding structural solu-
tions that are ductile, i.e. are able to deform significantly while main-
taining load carrying capacity [40]. Given the brittleness of timber in
bending and tension, ductility can be best achieved in timber connec-
tions where ductile steel parts are designed to fail before brittle timber
does (overstrength design) [41]. Malo et al. (2011) [42] have discussed
ductility in the context of disproportionate collapse, and made recom-
mendations on how to measure it. Ottenhaus et al. (2021) [43] also
provide a review of the ductility requirements for timber connections
and proposed an “idealised load-displacement curve”.

2.3. Robustness quantification

Disproportionate collapse belongs to the category of extreme (rare)
events, it is thus best studied in a probabilistic manner. Several frame-
works to quantify robustness have been proposed in the last 30 years
[2,44-47], all based on the calculation of a so-called robustness index
which is used to compare the risk of secondary consequences to the risk

of an initial damage. Fig. 3 demonstrates the sequence of events that can
lead to a disproportionate collapse and how each step is quantified using
conditional probabilities [48].

The robustness index defined by Baker et al. (2007) [46] is given by
equation (1):

CDir

et A l
Cpir + P(C|D) X Cpa M

Irop =
According to Voulpiotis et al. (2021) [2] we can measure the con-
sequences in terms of extent of collapse area (Cpjr/md—Araipir/;mad)- Since a
damaged building can fail in different ways (“collapse classes”, Fig. 4),
we calculate the robustness index for a given damage scenario by
summing the indirect risk occurring from every collapse class i:

Arail Dir @
Araipir + 2 i—o(P(CiID) X Araitna,i)

The calculation of an average robustness index across multiple
damage scenarios follows an iterative procedure as depicted in Fig. 5.
The average robustness index, Irop(ay), is the sum of the robustness

Irop =

indices for individual damage scenarios, Iz, ), Weighted against the
relative probability of each damage scenario i occurring, Wicen it

Trob(av) = ZLI(WWM X Irob(i)) 3)
where

Pconi P(E P(DI|E) ).
W Pens__(P(E) < P(DIE)), @

T Y Puai 2 (P(E) x P(DIE)),

Pycen is the probability of the i th scenario occurring, however we do not
need to know the exact probability of the event exposure and initial
damage: the relative probability between scenarios suffices.

By directly comparing the average robustness indices between
different building designs we can draw conclusions about the increase
(or decrease) in robustness of a building in different design decisions
(Voulpiotis et al. 2021 [2]).
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Disproportionate Ex Vulnerability Robustness

collapse resistance = xposute X (Direct consequences, Cpj;) (Indirect consequences, Cipq)
\
\

— — b
Probability of Probability Probability of Probability of
disproportionate of abnormal damage collapse
consequences event given event given damage
P(C) = P(E) X P(DIE) X P(C|D)

Fig. 3. Chain reaction of abnormal events potentially leading to collapse (adapted from EN 1991-1-7:2006 [7]).
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P(C;| D)= 0.029
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Fig. 4. Classification of possible collapses of an imaginary four-storey frame given an edge column removal. Here the probabilities are indicative only.

3. Case study example model setup

In Section 2 we saw that an accurate robustness quantification re-
quires: (i) accurate input variables; (ii) a numerical model able to ac-
count for highly nonlinear, dynamic behaviour; and (iii) an uncertainty
propagation method able to predict the probability of occurrence of
different collapse classes. We have employed advanced numerical
techniques to address each of these requirements efficiently. We have:

(i) designed a tall timber building in great detail regarding its connec-
tions, to justify the critical model inputs; (ii) set up a detailed, nonlinear,
dynamic Finite Element model such that we can analyse damage sce-
narios and follow the development of alternative load paths during the
initial stages of collapse; and (iii) set up a classification meta-model,
such that we can predict the occurrence of collapse classes without
excessive CPU usage. These three steps are detailed in the three sub-
sections below.
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Fig. 5. Robustness index calculation workflow for every damage scenario.

3.1. Design of case study building

Multiple Damage Scenarios

robustness using the method described in the previous chapter. The
design is kept as simple as possible to focus on the collapse performance.

A hypothetical 15-storey timber building skeleton structure in Ziir-
ich, Switzerland, is designed to the Swiss standards to quantify its
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3.1.1. Primary components

The building is split into three vertical sectors of decreasing column
cross section for material savings. The main features are shown in Fig. 6
and the material properties used in the design in Fig. 7. The building is
assumed to be an office (category B) loaded according to the Swiss
building code SIA 261 [49] with the timber functioning in service class 1
(dry) according to the Swiss timber building code SIA 265 [50]. The
member sizing includes fire design, buckling checks, deflection limits,
and long-term effects (creep). Utilisations of members are in the
70-100% range. Floor and roof slabs are assumed to be timber-concrete
composites, sized according to the research of Miiller and Frangi (2021)
[51]. Ongoing innovative research by Kreis (2021) [52] is looking into
the possibilities for two-way spanning slabs. For this case study, the slabs
are assumed to be two-way spanning without an explicit design, with
their serviceability requirements satisfied (deflections, vibrations).
Their axial stiffness is taken as the average between timber and concrete,
while their in-plane shear stiffness is reduced by a factor equivalent to
timber’s shear/axial stiffness ratio.

The design has not been focused on horizontal effects as it is assumed
that the central core (not explicitly designed) acts like a vertical canti-
lever and satisfies the ultimate and serviceability limit states. Lateral
design in Switzerland is wind-dominated, therefore wind loads have
been estimated according to SIA 261 [49] to ensure that floor-floor
connections are strong enough to enable the diaphragm action
required to transfer the loads to the core. These connections are also
providing continuity between the simply supported, single span slabs.
All beam and column connections are assumed to be pinned. The sub-
structure has not been designed.

3.1.2. Connection design

While connections are assumed to be pinned in the conceptual
design, their actual stiffness and strength have been analytically esti-
mated for all degrees of freedom. This was done using individual
connector resistances calculated with the Swiss building codes and
assembled analytically as shown in the figures below. Where the Swiss
codes could not provide details, such as in the axial withdrawal stiffness
of screws, additional help was sought from the Eurocodes and other
technical documents referenced below.

The connection behaviour per degree of freedom is simplified to the

Engineering Structures 265 (2022) 114427

idealised elastic—plastic curve in Fig. 8. Each of the six curves can be
defined with only its elastic stiffness (K.), yield load (F,), plastic
deformation (8,), and ultimate load (F,). Dowel slip is neglected. Sym-
metry is assumed in the negative direction, unless otherwise stated.
Although the behaviour is hysteretic, no pinching or fatigue have been
modelled since the collapse analysis is short-term dynamic and not long-
term cyclic. The degrees of freedom are assumed to be independent, i.e.,
no coupling is accounted for. All failure criteria are concentrated in the
connections: that is, the strength of each connection is set as the mini-
mum of the connection and connecting members’ strengths.

All properties have been calculated in their design values, however
the mean values have been used for the model. In the absence of design-
to-mean value expressions, a factor of 1.2 has been applied to estimate
the characteristic values, and another factor of 1.2 to estimate the mean
values. These factors are determined on average over a number of design
calculations without reduction factors, and assuming characteristic
resistance values are 5th percentile values following a lognormal dis-
tribution with coefficient of variation of 15% (in line with timber
resistance probabilistic properties in part 3.05 of the JCSS code [54]).

3.1.3. Beam-Column connection
The Beam-Column (BC) connection is a timber connection with two
slotted-in steel plates and steel dowels, fastened to the column with large
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Fig. 8. Idealised elastic-plastic connection behaviour as assumed in the model
for each degree of freedom.
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screws as shown in Fig. 9. Minimum distances according to SIA265 [50]
have been respected. The stiffness and the resistances for all degrees of
freedom can be found in the Appendix.

The constituent parts that contribute to the final connection prop-
erties are the shear and withdrawal behaviour of the screws, and the
shear behaviour of the dowels. The steel plates are assumed to be rigid.
The Swiss standard for timber construction SIA265 [50] and the Euro-
pean Technical Approval ETA-12/0063 [55] have been used to calculate
the stiffness and capacity of the connectors.

The shear behaviour of both screws and dowels is based on the Eu-
ropean Yield Model (EYM) from Johansen (1949) [56]. A “mode 2”
behaviour is assumed, with a slight ductility D; = 1.5 according to
SIA265:2012 part 6.1.2.3. That is, given elastic deformation &,, the
plastic deformation is given by §, = (Ds—1) x &. In the ductile phase
slight kinematic hardening has been preferred over perfect plasticity,
modelled as a 1% increase of the yield force at failure, i.e. F, = 1.01 x
F,. The axial withdrawal behaviour of screws is assumed to be brittle,
therefore failure happens suddenly at the yield load.

The connection can be broken down to two parts: the stiffness and
resistance contribution due to the column plate screwed onto the col-
umn (one shear plane), and the two plates dowelled to the beam (four
shear planes). It has been designed to avoid brittle failure modes by
making the connector ductile shear behaviour dominant (i.e., weaker).
Overall stiffness is calculated by a series addition of the column and
beam part stiffness, while overall strength is determined by the weakest
link. Connector rows or columns are “compressed” into a single
connector of equivalent area for simplification. Axial and shear forces
are assumed to be distributed equally in all connectors as shown in
Fig. 10 and Fig. 11.

When torsion and bending resistances are calculated, yielding is
assumed to happen when the outermost dowel yields (rotation angle 6,),
and failure when the outmost dowel fails (rotation angle 6,). The overall
rotation at yielding and at failure determines the elastic and plastic
stiffness respectively. Torsion depends on the shear resistance of the
screws only, since the beam steel plates are assumed rigid.

The bending behaviour assumes that the column plate rotates about
the outermost column or row of screws. The dowels on the beam side are
contributing to the major axis bending resistance like in the torsion case,
and in the minor axis bending case they are assumed to all fail as shown
in Fig. 13.

3.1.4. Column-Column connection.

Since end grain screws are not accounted for in the Swiss codes, and
additional ductility in the column axial direction was sought, the
Column-Column (CC) connection has been designed with glued-in rods
(GIRs) as shown in Fig. 15 according to the CEN TC 250 (N2579) pro-
posal for the new Eurocode 5 [57]. Minimum distances according to the
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proposal have been respected. The stiffness and the resistances for all
degrees of freedom can be found in the Appendix.

The constituent parts that contribute to the final connection prop-
erties are the shear and withdrawal behaviour of individual glued-in
rods. Shear is assumed to be slightly ductile, similar to the screws and
dowels (D; = 1.5, kinematic hardening 1%), provided that the tensile
resistance of the rod, Fuyroqrd is at least 1.5 times the bond line resis-
tance, Fyyp ra- The axial direction is assumed to be quasi-rigid, where the
stiffness can be calculated based on the glue shear strength. The steel
plates are assumed to be rigid.

Given the symmetry of the connection, the overall stiffness is half the
stiffness of each side (series addition of the two identical parts), while
the overall strength is the strength of one side only. The overall resis-
tance of the connection is calculated in the same manner as the column
part of the BC connection in Fig. 10 (axial and shear resistance), Fig. 12
(torsional resistance) and Fig. 14 (bending resistance).

3.1.5. Floor-Beam & Floor-Floor connections

The overall connection of floors has been designed to be sufficiently
strong to transfer wind loads to the core in diaphragm action, which is
achieved with the resistance of steel brackets connecting the timber
underside of the slabs with the beams (Floor-Beam, FB) and the resis-
tance of concrete rebar embedded into grout (Floor-Floor, FF) directly
connecting the floors together. For the former, the “Titan V” bracket
from Rothoblaas is used with a full screw pattern according to the Eu-
ropean Technical Assessment ETA-11/0496 [58] and the company’s
technical sheet [59]. For the latter, the grout is assumed to have the
same properties as the C25/30 concrete and axial/shear resistances are
calculated using part 6 of the FIB Model Code [60], using only rebar
resistances assuming the concrete is cracked.

The in-plane axes (1 & 3) are assumed to be symmetric at the global
scale (that is, the entire floor with connectors on all four sides is assumed
to have equal resistance on average from all sides). The negative
(compressive) in-plane direction is assumed to be rigid due to bearing of
the floor slab on the beam sides. Neither connection is modelled to carry
bending moments: push-pull pairs along the sides of the slabs activate
these (see Fig. 16).

The capacity of the angle brackets in the FB connection has been
corrected to its design value by multiplying with load duration and
material factors like in the CC connection. For the plastic region, the
results from the tests shown in the Rothoblaas technical sheet [59]
indicate an average D; = 1.5, which has been used for both in-plane and
out-of-plane directions, with a 1% kinematic hardening similar to the BC
connection. See the Appendix for the stiffness and resistance in each
degree of freedom.
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Fig. 9. Beam-Column connection geometry.
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Fig. 12. Beam-Column connection calculation of torsion (11) properties (here shown at the yield point).

3.1.6. Building improvement options

In order to assess the effect of different design options in the
robustness performance of the building, four additional building options
have been designed and are summarised in Table 1.

The logic behind the choice of the improved options is based on the
exploration of: (i) the effect of addressing robustness in different levels
of the scale as per Voulpiotis et al. (2021) [2]; and (ii) the importance of
connection ductility for robustness as discussed in the literature (see
Section 2.2). We therefore chose to examine two design options with
“strong floors” from which the remaining floors can be suspended in the
case of a column loss in the ground floor, and two design options with

ductility improvements in the BC and CC connections. In particular:

e Options 2 & 3 are designed such that the columns can go fully in
tension in the weight of the unsupported structure below (maximum
half a bay times 14 storeys hanging for option 2 and seven storeys
hanging for option 3). One strong floor is placed at the top for option
2 to minimise the architectural impact of the diagonals, while two
strong floors are placed at the top and in the middle for option 3 to
reduce the required size of the diagonals (fewer hanging floors). For
both options the CC connections are much stronger and the columns
are larger to accommodate the tensile forces as well as the larger
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freedom). A ductility of D; = 3.0 was assumed given the small dowel

Section (axes 1 & 2) Plan (axes 2 & 3) size to connection size ratio. To maintain failure at the dowels, the

353 012 3 number of screws to the column also had to be increased, subse-

R T—> quently increasing the size of the columns. The CC connection was

2 changed to a 250 mm long, 8 mm diameter 4x4 glued-in rod pattern,

§ 1 resulting in a slightly weaker connection. In option 5, only the CC

e o . connection change was applied, this time assuming the smaller

v L 2 2 « o o diameter glued-in rods would achieve a ductility with D; = 3.0. This
) v e . resulted in 23% strength loss.

50 It should be noted that ductility upgrades were performed with

" consideration of the accidental load case scenarios analysed in this case

Ve = 1657 cm®/connection study and not according to the earthquake engineering standards and

other cyclic loading considerations. In particular, ductile zones did not

Fig. 15. Column-Column connection geometry. follow the “strong column, weak beam” theory of earthquake design, nor

were the connections adjacent to the regions of increased ductility
designed for overstrength to avoid brittle failure. A consideration of
these earthquake-related qualities for the improvement of robustness
performance is a worthwhile future investment.

connections. The truss action required stronger BC connections
(“BCS”), designed exactly like the Diagonal-Column connections
(“DC”), shown in Fig. 17. The design is similar to the BC connection
described previously, with the addition of a back steel plate in the
column. As such, the screws are replaced with threaded rods and
their withdrawal behaviour is assumed to be rigid and significantly
stronger (bearing of the steel plate). It is assumed that the DC
connection is also directly connected to the BCS connection via a
continuity in the steel plates, such that the large diagonal axial loads
do not destroy the column in shear.

Options 4 & 5 exhibit more ductile connections. In option 4, the BC
connection was increased in size to fit 20 dowels instead of twelve,
resulting in a strength increase of 76% (average across all degrees of

3.2. Finite Element model setup

3.2.1. Abaqus® model

The numerical implementation of the model was done in Simulia’s
Abaqus® 2021 software [61]. Both implicit (Abaqus/Standard) and
explicit (Abaqus/Explicit) solvers have been used in the analysis. The
former is an excellent solver for smooth model responses, like static or
dynamic nonlinear analyses without material failure (the undamaged
state analysis in this case study), while the latter is a suitable option
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Fig. 16. Floor-Beam and Floor-Floor connection geometry.

Table 1
Design improvements summarised. Full details and drawings are given in the Appendix.
# Improvement description Viimber (M) Vsteel (M3) Veoncrete (M°) COz-eq (t)

1 Design as per Section 3.1 1322 5.28 420 496.3

Floor 15 is a diagonal-braced 1383 7.03 420 519.6

2 strong floor. CC connection is (+4.6%) (+3'3.1%) (+4'7'%)

232% stronger

Floors 7 & 15 are diagonal-

3 braced strong floors. CC 1380 734 420 520.8

T (+4.4%) (+39.0%) (+5.0%)
connection is 94% stronger

BC connection is 76% stronger 1 5 1

4 and twice as ductile. CC 330 7.35 420 510.0

o (+0.6%) (+39.2%) (+2.8%)
connection is 23% weaker

5 CC connection is twice as 1322 5.276 420 469.27

ductile but 23% weaker (-0.02%) (-0.002%)
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Fig. 17. Beam-Column (strong) and Diagonal-Column connection geometry.

when the response is non-smooth, like in dynamic analyses where
convergence of the implicit solver is difficult or impossible due to con-
tacts and element failures (the collapse analysis in this case study) [62].

The model setup is shown in Fig. 19. The choices of elements are the
simplest possible while sufficing for the explicit solver analysis and ex-
pected large deformations. The loads are applied via density only, in
order to be included in the eigenfrequency analyses to calculate damp-
ing coefficients if needed. Element contact is introduced in vertical slab
pairs to model debris loading and allow the possibility of pancake

10

collapse. The choice of “soft” contact behaviour (finite normal and
tangential contact stiffness) was only to avoid potential numerical in-
stabilities. The connectors are modelled as wires of finite length to ac-
count for the connection eccentricities. The behaviour is introduced as
idealised elastic-plastic with failure (Fig. 8). The column removal is
introduced by lowering its stiffness with the application of a tempera-
ture field. This way only that member is softening in the model, while
the connections at its ends remain intact.

A rather coarse mesh has been chosen for the analysis (1/4th of the
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Fig. 18. Sensitivity of the model deformation at two selected points (collapsed and not collapsed floor) to the mesh fineness.
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Fig. 19. Model setup in Abaqus.

bay size) following a sensitivity study to find the balance between ac-
curacy and solver speed, the latter being a priority (Fig. 18).

3.2.2. Model validation

The robustness quantification results never depend on the output of a
single model: rather, they stem out of model comparison, such that er-
rors or inaccuracies cancel out. Two additional checks have been carried
out in the model itself to validate the results further:

e The exact same analysis procedure used for the whole building in
Abaqus has been tested in a timber beam carrying a uniformly
distributed load, spanning between two simple supports and propped

11

by a supporting column. A static analysis is first carried out in
Abaqus/Standard to calculate the service stresses and deformations.
In a second step (Abaqus/Explicit), the column support is suddenly
removed and the beam is let to oscillate. The removal is causing the
beam span to double and the midspan stresses to dynamically in-
crease. The model stresses and deformations were calculated
analytically using beam formulas [63] and assuming a Dynamic
Amplification Factor of 2.0 according to Cao et al. (2021) [29]. A
deviation of less than 4% was found between the analytical and the
numerical calculations, proving the validity of the complex two-step,
implicit-explicit Abaqus process to model structures suddenly
damaged while in service.

The full model output stability has been checked for slight variations
of the failure criteria. In particular, the floor deformations of the
original design at 1.3 and 2.6 s after the onset of damage have been
plotted for a + 2% variation of the BC connection ductility, D;p¢
(Fig. 20). The model outputs at 2.6 s show a chaotic behaviour, i.e.
small variations in the failure criteria of the model lead to large
variations of the output. The model outputs at 1.3 s are mostly stable.
The same pattern is observed when f, gc and py,,,,, are varied. The 1.3
s timestamp was the last analysis frame with acceptable stability and
therefore all model results are extracted from this time interval (the
2.6 s was only to demonstrate the chaotic behaviour). The model is
therefore only following the development of the first alternative load
paths and collapse arrest (if any), or the first few stages of collapse
propagation. Models which try to follow the entire collapse pro-
gression, like the one presented by Domaneschi et al. (2020) [64],
are usually fully calibrated to actual collapse data from experiments
or real situations. Without such data, modelling a full collapse from
start to finish will include a lot of chaos and guesswork.

3.2.3. Damage scenarios

Each design option has been studied against disproportionate
collapse in three separate damage scenarios shown in Fig. 21, with their
equivalent direct failure areas assumed to be circular of radius half the
bay span (i.e., r = 2.5m). The scenarios cover both external and internal
damage and are assumed to be equiprobable. The removal speed is
tremoval = 2ms, corresponding to a sudden failure (for example, due to
explosion). Using a collapse criterion .+ = 1.5m, the collapse flag
matrices and total failure area (collapse severity) were calculated ac-
cording to Section 2.

3.3. Collapse classification

3.3.1. Probabilistic model summary
To minimise the model dimensionality and yet sufficiently explore
the factors that lead to collapse, we kept all geometrical aspects constant
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Fig. 21. Summary of damage scenarios and their equivalent direct failure areas
(ground floor).

(bay sizes, storey height, component lengths and thicknesses, et cetera)
and varied the timber density, timber modulus of elasticity, steel ulti-
mate strength, and connection ductility ratios. We made this choice
since these probabilistic variables are the starting point for all the
connection properties, where all the failure criteria are concentrated.
The recommendations of the Joint Committee for Structural Safety
(JCSS) for steel and timber have been used [54], although ongoing
research is suggesting slightly different distributions and coefficients of
variation [65], which are worth exploring in the future. The probabi-
listic definition of the live load is rather complicated, therefore a
simplified approach using a Gumbel max distribution is used. All the
inputs are assumed to be independent, i.e. no copula is defined in the
input space. A summary of all variables is shown in Table 2.

Table 2
Probabilistic variables (input vector) for the base design of the case study
building.

Variable Mean CoV Distribution Reference
Live load (q) 1.8 kPa 22% Gumbel max  Fahrni (2021) [66]
Eo beam 13 GPa 13% Lognormal JCSS 3.5.3.2
Eo cotumn 13 GPa 13% Lognormal JCSS 3.5.3.2
Eo floor.av 21 GPa 13% Lognormal JCSS 3.5.3.2
Pream 490 kg/m®  10% Normal JCSS 3.5.3.2
Pcolumn 490 kg/m®>  10% Normal JCSS 3.5.3.2
Ptoor.timber 490 kg/m®  10% Normal JCSS 3.5.3.2
fusc 500 MPa 4% Lognormal JCSS 3.2
fucc 500 MPa 4% Lognormal JCSS 3.2

D pc 1.5 1-2 (bounds) Uniform Assumption
D;scc 1.5 1-2 (bounds) Uniform Assumption
D rp 1.5 1-2 (bounds) Uniform Assumption
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3.3.2. Random Forest classifier

To calculate the probability of occurrence of each collapse class, we
chose the Random Forest (RF) classifier for its versatility, speed, and
interpretability. We will not cover the details of the Random Forest in
the main body of this paper, the reader can refer to the Appendix for
details on how we chose this classifier and optimised the hyper-
parameters using a randomised search grid. Full details can be found in
Breiman (2001) [67]. To address the class imbalance problem (accuracy
loss in rare collapse classes), we used the popular “Synthetic Minority
Oversampling TEchnique” (SMOTE) to oversample in the input domain
of these classes. This algorithm creates new input samples between an
existing sample of the minority class and its neighbours. The details of
the method are described in Chawla et al. (2002) [68] and are imple-
mented in the model with the “imbalanced-learn” Python module [69].

3.3.3. Performance scores

We measured the performance of the classifier by obtaining the ac-
curacy scores using k-fold cross-validation according to Kohavi (1995)
[70]. The training data is split into k number of “folds” (or simply sets)
and the classifier is trained k times in (k —1) folds, using the left-out fold
each time to validate the performance. Both the accuracy and macro-f1
(insensitive to class imbalance) scores have been used in this research.
More details can be found in the scikit-learn website [71].

3.3.4. Sensitivity study

It is essential to measure the contribution of each probabilistic input
parameter to the model output such that we can decide where (not) to
focus our resources in future research or design situations. We decided to
use the Impurity-Based Importance (IBI) measure since it is an analytical
by-product of the Random Forest classifier: when the information gain at
a decision tree split due to an input variable is large, this variable is
considered important. Full details are provided in Scornet (2020) [72].

4. Results & discussion

Disclaimer: These results are unique to the case study building designed
for this research and cannot be used to draw conclusions about all tall timber
buildings, even if they are similarly designed.

All analyses were run on the “Euler” High Performance Computer of
ETH Ziirich [73]. Using master scripts in Python and a batching system,
Abaqus input files and job submissions were performed in parallel by
both Intel® and AMD® compute nodes. With a different python script, a
Random Forest classifier for each design option and damage scenario
was set up using the module “scikit-learn” according to Section 3.3.

For each design option and damage scenario, a random set of 10,000
samples of the input vector was initially generated to train the classifier
with the collapse severity (Apiiima) as the output. Each design option was
run until at least 1,000 models were solved for each scenario. This took
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on average 2-3 weeks of computation when running 15 models in par-
allel (limited by the software licensing fair usage), each of which used
five cores with 20 GB assigned memory. An input pool of one million
random samples of the input vector was also generated to sufficiently
capture the probabilistic input space. These were used to calculate the
robustness indices using the trained classifier.

Results were then post-processed to identify rare collapse classes and
assemble new input vectors using SMOTE according to Section 3.3.2. A
second round of simulations for each design option enriched the clas-
sifier with at least 300 new minority samples.

4.1. Detailed results

Please refer to the Appendix for the detailed histograms of the
collapse extent for each design option and damage scenario.

The code-compliant design option 1 partially collapses in all three
damage scenarios. Additionally, a dominant collapse class is always
present (375 m? for scenario 1; 1,100 m? for scenario 2; and 2,200 m? for
scenario 3, see Fig. 22). The extent of the collapse is increasingly worse
by scenario: a corner column removal causes the entire corner of the
building to collapse, an edge column removal causes the entire edge of
the building to collapse, and an internal column removal causes half the
building to collapse (until the assumed rigid core).

The mechanics of the collapses in design option 1 are simple to
explain by scenario:

Scenario 1: The load of the 14 unsupported floors is initially trans-
ferred towards the neighbouring columns via the beams in cantilever
action, and via the floors in in-plane shear action. The BC and FB con-
nections break very quickly, and the entire corner of the building, with
the floor slabs detached, is accelerating towards the ground.

Scenario 2: The mechanism is similar to scenario 1, however this time
the unsupported area is double in size and the forces carried by three
beams and two slabs per storey. The horizontal forces developing in the
edge beams pull on the adjacent corner column, causing it to buckle and
collapse too.

Scenario 3: With an even larger initial failure (four times that of
scenario 1), a larger portion of the internal frame spreads loads to its
surrounding beams and slabs in the same manner with scenarios 1 & 2.
However, horizontal resistance is only provided from one side, the core,
causing everything on the outer side of the building to buckle and
collapse as well.

L

Scenario 1, severity = 375 m?

Scenario 2, severity = 1,100 m?
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No collapse was observed for damage scenario 1 in design option 2,
where the top floor is a trussed “strong floor”. Although to a significantly
lesser extent than in design option 1, the failure of an edge or an internal
column again caused a progressive collapse.

The collapses and how they were caused are shown in Fig. 23. The
truss structure is unable to carry the weight of the unsupported building
when its area exceeds half a bay. It is therefore not surprising that sce-
nario 3 leads to a collapse, albeit of lower initial extent than in the
original design option. Upon removal of the column, the CC connection
breaks axially, and the membrane action that develops in the slabs is
pulling the surrounding structure inward. Since stiffness is asymmetric
(the core side is much stiffer), the edge of the building buckles and a
substantial collapse initiates.

Scenario 2 is more marginal in that it could have supported the
weight of the collapsing building had dynamic factors been included in
the sizing of the stronger connections. However, the design of the strong
floor was static, and the fast column removal speed is causing larger,
dynamic force reactions. The failure that caused the collapse was the CC
connection in shear at the floor below the truss. This indicates that the
strong floor is not stiff enough to prevent large deformations that will
induce very large forces in the surrounding connections. Also, even the
much stronger CC connections are not particularly strong in shear: an
alternative for this degree of freedom is an option worth exploring.

Design option 3 was similar to design option 2 in that scenario 1 was
fully arrested. Scenario 2, however, showed a wider and more severe
response spectrum (severities up to 1,300 m? compared to 950 m? for
design option 2). Looking at the mechanics of the collapse a bit more
closely (Fig. 24), we see that for the worst collapse class (1,300 m?),
shear failure both above and below the truss strong floor in the middle of
the building is destabilising the edge of the building. Collapse very
quickly spreads to the lower half.

Scenario 3 shows mixed results: in most cases the building survived.
No axial failure at the column connections was observed. There were,
however, cases where again the shear failure of the CC connection under
the middle strong floor caused the initially contained collapse to spread
downward. Unlike design option 1, the horizontal connectivity with the
truss reduced the initial spread of the damage to the adjacent corner
column in both design options 2 & 3.

Design option 4 did not, on average, show collapse resistance
improvement: although scenario 1 sometimes survived the damage, the
spread of collapse classes was much wider with the majority collapse

%

P AARN | A

SN

Scenario 3, severity = 2,200 m?

Fig. 22. Collapse images extracted from Abaqus for the dominant collapse classes of design option 1.
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Shear failure of CC connection

Scenario 2 @0.4 s, column connection shear failure

Axial failure of CC connection

Scenario 3 @0.5 s, column connection axial failure

Fig. 23. Collapse images extracted from Abaqus for design option 2.

class still being the corner bay as with design option 1, with similar
mechanics described earlier and shown in Fig. 22. Damage scenarios 2 &
3 showed very consistent behaviour despite the variability of the prob-
abilistic inputs. A possible explanation is that although alternative load
paths changed with the improved connections, they could not find their
way back to the core. A closer look at the simultaneous improvement of
the floor slab design and connectivity, together with the beam and
column connectivity, is a worthwhile investment.

Finally, in design option 5, the small change of the CC connection to
increase its ductility did not improve the robustness performance at all.
Rather, its reduced strength made matters slightly worse than in the
original design option. Collapse mechanics were also similar to option 1,
shown in Fig. 22.
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4.2. Robustness indices

The table of all robustness indices and performance indicators is
presented below. The classifier accuracy and fl scores are provided
underneath each robustness index (see Table 3).

With a 34-fold increase in the average robustness index (AGR = 34),
design options 2 & 3 with structural improvements in the whole building
scale (“strong floors”) are much better solutions for this particular
building. They owe this improvement due to the full arrest of collapse in
scenario 1 (Irepsc1 = 1.0) and the marginal, but insufficient improve-
ment of collapse in scenarios 2 and 3 (Igepsc2/3 < 0.03, which is practi-
cally not different to zero). For architectural reasons one could argue
that having only one “strong floor” is preferable and thus option 2 would
be the best despite its marginally lower score. This result is in line with
the observations of Mpidi Bita et al. (2019) [20], who also proved the
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Shear failure of CC connections

Scenario 2 @0.5 s, column connection shear failure

Shear failure of CC connection

Scenario 3 @0.7 s, column connection shear failure

Fig. 24. Collapse images extracted from Abaqus for design option 3.

benefit of designing a strong floor from which columns can hang the
floors below in case of damage. The benefit of the conceptual design is
evident despite their study being on a different structural typology (flat-
plate CLT building). Design option 4, equally robust as option 1, requires
more steel in the connections and thus becomes uneconomic in the given
assumptions. This is not to say that an improvement in the connections
cannot increase robustness; rather, the specific solution implemented
does not provide sufficient alternative load paths. Design option 5 is
marginally worse than the starting option in terms of performance.
These results are in line with the alternative load paths and collapse
mechanisms discussed in Section 4.1. They highlight once again the
significance of understanding how alternative load paths are formed,
and making sure they lead to the ground. Increasing the ductility of only
two connections (e.g. BC and CC in option 4) allows loads to better
redistribute in these parts of the structure, however collapse resistance is
also dependent on the FB and FF connections, global stiffness symmetry,
and the buckling of columns. One should have a clear understanding of
the flow of loads in a structure at the global scale (conceptual design) in
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order to make the right decisions regarding connection and component
detailing.

4.3. Sensitivity study results

The five most important inputs according to the Impurity-Based
Importance (see Section 3.3.4) are shown in Fig. 25.

The properties of the columns and the Column-Column connections
dominate the importance for external damage (scenarios 1 & 2), while
the properties of the beams and floors dominate the importance for in-
ternal damage (scenario 3). However, the spread of importance values
throughout the Random Forest is high (wide vertical groups of circles),
and the importance values themselves are neither high, nor very
different to each other. This indicates an absence of an overall dominant
feature, which reflects the observations in Sections 4.1 and 4.2, and
explains why design options 4 & 5 do not perform better in terms of
robustness. Collapse is arrested by the structure functioning as a large,
complex system and an improvement on many variables, rather than just
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Table 3
The “Magic Table” of robustness comparison between all the design options (with ac/fl scores).
IRab,scl IRob,ch IRob,scB IRob(av) Cozeq (t) AGR!
Concept 1 0.0129 0.0088 0.0088 0.010 496.3 1
scores (0.94/0.75) (0.73 / 0.40) (0.90/ 0.63) : '
Concept 2 1.00 0.0182 0.0144 0.344 519.6 34
scores (0.83/0.36) (0.58 / 0.46) (0.76 / 0.71) . (+4.7%)
Concept 3 1.00 0.0133 0.0274 0.347 520.8 34
scores (1.00 / 1.00) (0.56 / 0.43) (0.70 / 0.49) ’ (+5.0%)
Concept 4 0.0119 0.0091 0.0090 0.010 505.4 1
scores (0.68 / 0.49) (1.00 / 1.00) (1.00 / 1.00) : (+2.4%)
Concept 5 0.0095 0.0059 0.0088 0.008 496.27 0.8
scores (0.69 /0.63) (0.33/0.33) (1.00 / 1.00) : :
Average 0.4069 0.0110 0.0137
Wscen,i 1/3 1/3 1/3
Araipir 491 9.82 19.63

1Absolute Geometry Rating according to Voulpiotis et al. (2021) [2], equal to the ratio of the average robustness index of the option in question, to the average

robustness index of the starting option.

Impurity-Based Importance (IBI), design option 1
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Fig. 25. Impurity-based importance (IBI) for the five most important inputs in design option 1.

a few, is necessary to achieve an overall better robustness performance.
A comparison of the sensitivity study between different design op-
tions is shown in the Appendix.

4.4. Model limitations & suggested improvements

Self-criticism on the methods used is as important as the research
itself. An overview of the strengths and limitations of each section is
presented in Table 4.

The most important improvements shall be in the model definition:
accurate, coupled connection properties should be determined by an
experimental campaign; the floor slab in-plane shear behaviour shall be
modelled in more detail; and structural damping shall be included by (i)
implementing an iterative damping scheme where the changes in the
mass and tangent stiffness of the model change the damping as the
collapse progresses; (ii) estimating the damping parameters for each of
the structural elements and connections; (iii) implementing a more
appropriate global damping formulation such as uniform or modal
damping; and (iv) implementing a hybrid damping formulation ac-
counting for both local and global damping.

The numerical modelling approach (nonlinear dynamic FEM) is
rather advanced, although there exist other methods that may be more
suitable alone or in combination with this FEM approach. In particular,
the Applied Element Method (AEM), as described in Kiakojouri et al.
(2020) [74], has the crucial benefit of being able to improve model

16

element separation, making it more suitable for modelling failure and
collapse. That said, the software, support, and experience available for
the AEM is very limited compared to the FEM, and the validity of the
results has not been checked as much as in the FEM. Ultimately, vali-
dation of the models should be accompanied by experiments.

The classification can be upgraded with Active Learning: an iterative
process in which an initially trained classifier is enriched with samples
from areas of interest in the input space (such as close to failure do-
mains), rather than random ones. A state-of-the-art of Active Learning
and its potential for use in reliability problems is summarised in
Moustapha et al. (2022) [75]. Minority oversampling, which has been
used in this research, is also a model enrichment method which can be
combined with Active Learning to maximise the learning potential of a
small sample set. This is a fascinating ongoing area of research, with
worked case study examples presented in Benner et al. (2015) [76] and
Kapteyn et al. (2020) [77].

5. Conclusion
The work presented in this paper is an advanced robustness quanti-
fication of a tall timber building. The quantification procedure was only

made possible by some advanced modelling techniques. In particular:

e We designed an imaginary 15-storey CLT-core, post-and-beam tall
timber building and four additional improved versions of it, all
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Table 4
Evaluation of all the methods used in this research (with section numbers).
Section Benefits Limitations
0 Realistic design for construction - Floor slabs not explicitly designed to
% ,go = Detailed design of the connections span bidirectionally
—_ un -
'g 2 @ Parametrically setup such that various - Connection properties based on
options can be studied conservative building codes
. - Slow despite the explicit algorithm
< Accounts for dynamic effects prte - P g
S — . . - Complex and impossible to
o N All types of nonlinearities are . .
€ o . reproduce with hand calculations
as included I
w ) . - - Simplified to 1D and 2D elements
Suitable to study entire buildings . .
- Damping not included
Propagates uncertainty efficiently
g ;g . given only a couple thousand model - Is prone to overfitting
sa 3 runs - Input vector is random, leading to
Se~ Outputs sensitivity measures of the efficiency loss

input parameters

Results
(4.1-4.3)

Demonstrate the increase of
robustness given structural changes
Valuable insight on collapse
mechanics

Valuable insight on the impact of the

- Cannot be generalised for other
buildings

- Show chaotic tendencies therefore
cannot be used to study full collapse
propagation

design parameters to the collapse

behaviour studied

- Resistance to systematic exposures not

according to the Swiss building codes. Particular attention was put
into calculating the stiffness and strength of all connections in all
degrees of freedom.

The buildings were then analysed using detailed nonlinear dynamic
Finite Element models in three ground floor column removal sce-
narios to calculate the resulting robustness indices and to compare
their disproportionate collapse performance.

The robustness indices were calculated by using a Random Forest
classifier. Model enrichment with the Synthetic Minority Over-
sampling TEchnique (SMOTE) algorithm were used to improve the
classifier performance.

The results of the case study show us that:

Design improvements in the global building scale (trussed “strong
floors™) seem more effective in preventing disproportionate collapse
than increasing the strength and ductility of selected connections.
Higher order behaviour (e.g. buckling, geometrical nonlinearities,
stiffness asymmetries) had a decisive role in the collapse progression.
Following a sensitivity study with the use of Impurity-Based Impor-
tance (IBI), we found that column properties are more important for
preventing collapse in external column damage scenarios, while
beam and floor properties are more important for preventing
collapse in the internal column damage scenario. However, there is a
marked absence of a dominant feature: collapse prevention depends
on the simultaneous improvement of many design variables.

It is important to determine in more detail and experimentally
validate the connection and floor slab behaviour. Moreover, a detailed
damping formulation should be considered in the future. Finally, the
classification of the model can perform better with Active Learning
methods. The full details of the case study are vast and must be under-
stood before these conclusions are employed in practice. Please refer to
the doctoral thesis of Voulpiotis (2021) [3] for more details.

This work is contributing to the increasing body of knowledge of
disproportionate collapse prevention of tall timber buildings, offering
with it a quantification and modelling framework which can be used for
any other building. We hope that explicit quantification efforts will
continue increasing researchers’ and designers’ knowledge on how to
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design tall timber buildings safely.
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