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Several catastrophic building collapses' occur because of the propagation of
local-initial failures®”. Current design methods attempt to completely prevent
collapse after initial failures by improving connectivity between building components.
These measures ensure that the loads supported by the failed components are
redistributed to the rest of the structural system3®. However, increased connectivity

can contribute to collapsing elements pulling down parts of a building that would
otherwise be unaffected™. This risk is particularly important when large initial failures
occur, as tends to be the case in the most disastrous collapses®. Here we present an
original design approach to arrest collapse propagation after major initial failures.
When a collapse initiates, the approach ensures that specific elements fail before the
failure of the most critical components for global stability. The structural system thus
separates into different parts and isolates collapse when its propagation would
otherwise be inevitable. The effectiveness of the approach s proved through unique
experimental tests on a purposely built full-scale building. We also demonstrate that
large initial failures would lead to total collapse of the test building if increased
connectivity was implemented as recommended by present guidelines. Our proposed
approach enablesincorporating alast line of defence for more resilient buildings.

Disasters recorded from 2000 to 2019 are estimated to have caused
economiclosses of US$2.97 trillion and claimed approximately 1.23 mil-
lion lives™. Most of these losses can be attributed to building collapses®,
which are often characterized by the propagation of local-initial fail-
ures® that can arise because of extreme or abnormal events such as
earthquakes™®, floods"2°, storms®"?, landslides**?*, explosions®,
vehicle impacts? and even construction or design errors®?. As the
world facesincreasingtrendsinthe frequency and intensity of extreme
events??, itis arguably now more important than ever to design robust
structures that are insensitive to initial damage?, irrespective of the
underlying threat causing it.

Most robustness design approaches used at present®**°3! aim to
completely prevent collapse initiation after a local failure by provid-
ing extensive connectivity within astructural system. Although these
measures can ensure that the load supported by a failed component
isredistributed totherest of the structure, they are neither viable nor
sustainable when considering larger initial failures*, In these situ-
ations, theimplementation of these approaches can evenresultin col-
lapsing parts of the building pulling down the rest of the structure’.
The fact that several major collapses have occurred because of large
initial failures® raises serious concerns about the inadequacy of the
current robustness measures.

Traditionally, research in this area has focused on preventing col-
lapseinitiation after initial failures rather than on preventing collapse
propagation. This trend dates back to the firstimpactful studiesin the
field of structural robustness, which were performed after alack of con-
nectivity enabled the progressive collapse of part of the Ronan Point
towerin1968 (ref. 33). Although completely preventing any collapse is

certainly preferable to limiting the extent of a collapse, the occurrence
of unforeseeableincidents is inevitable** and major building collapses
keep occurring' 3.

Here we presentan original approach for designing buildings toiso-
late the collapse triggered by alarge initial failure. The approach, which
isbased on controlling the hierarchy of failuresin astructural system,
is inspired by how lizards shed their tails to escape predators®. The
proposed hierarchy-based collapse isolation design ensures sufficient
connectivity for operational conditions and after local-initial failures
for which collapse initiation can be completely prevented through load
redistribution. These local-initial failures caneven be greater than those
considered by building codes. Simultaneously, the structural system
isalso designed to separate into different parts and isolate a collapse
when its propagation would otherwise be inevitable. As in the case of
lizard tail autotomy®, this is achieved by promoting controlled frac-
ture along predefined segment borders to limit failure propagation.
In this work, hierarchy-based collapse isolation is applied to framed
building structures. Developing this approachrequired aprecise char-
acterization of the collapse propagation mechanisms that need to be
controlled. This was achieved using computational simulations that
were validated through a specifically designed partial collapse test of
afull-scale building. The obtained results demonstrate the viability of
incorporating hierarchy-based collapse isolation in building design.

Hierarchy-based collapse isolation

Hierarchy-based collapseisolation design makes animportantdistinc-
tionbetween two types of initial failures. The first, referred to as small
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Fig.1|Hierarchy-based collapseisolation and computational simulations.
a, Partial-strength beam-column connection optimized for hierarchy-based

collapseisolation. b, Partial collapse of abuilding designed for hierarchy-based

initial failures, includes all failures for whichit is feasible to completely
prevent theinitiation of collapse by redistributing loads to the remain-
ing structural system. The second type of initial failure, referred to
as large initial failures, includes more severe failures that inevitably
trigger at least a partial collapse.

The proposed designapproachaimsto (1) arrest unimpeded collapse
propagation caused by large initial failures and (2) ensure the ability of
abuildingto develop alternative load paths (ALPs) to prevent collapse
initiation after small initial failures. This is achieved by prioritizing a
specific hierarchy of failures among the components on the boundary
of amoving collapse front.

Buildings are complex three-dimensional structural systems
consisting of different components with very specific functions for
transferring loads to the ground. Among these, vertical load-bearing
components such as columns are the most important for ensuring
global structural stability and integrity. Therefore, hierarchy-based
collapse isolation design prevents the successive failure of columns,
which would otherwise lead to catastrophic collapse. Although the
exact magnitude of dynamic forces transmitted to columns during
a collapse process is difficult to predict, these forces are eventually
limited by the connections between columns and floor systems. In
the proposed approach, partial-strength connections are designed
to limit the magnitude of transmitted forces to values that are lower
than the capacity of columns to resist unbalanced forces (see section
‘Building design’). This requirement guarantees a specific hierarchy
of failures during collapse, whereby connection failures always occur
before column failures. As aresult, the collapse following a large initial
failure is always restricted to components immediately adjacent to
those directly involved in the initial failure. However, it is still neces-
sary toensure alower bound on connection strengths to activate ALPs
after smallinitial failures. Therefore, cost-effective implementation of
hierarchy-based collapseisolation design requires finding an optimal
balance betweenreducing the strength of connections and increasing
the capacity of columns.

To test and verify the application of our proposed approach, we
designed areal 15 m x 12 m precast reinforced concrete building with
two 2.6-m-high floors. This basic geometry represents a building size
thatcanbebuiltand tested at full-scale while still being representative
of current practicesinthe construction sector. The structural type was
selected because of the increasing use of prefabricated construction for
erecting high-occupancy buildings such as hospitals and malls because
of several advantages in terms of quality, efficiency and sustainability®.

The collapse behaviour of possible design options (Extended Data
Fig.1) subjected to both smalland large initial failures was investigated
using high-fidelity collapse simulations (Fig. 1) based on the applied
element method (AEM; see section ‘Modelling strategy’). The ability
of these simulations to accurately represent collapse phenomena for
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collapseisolation (design H) after the loss of acorner column and two
penultimate-edge columns. ¢, Total collapse of conventional building design
(design C) after the same large initial failure scenario.

the type of building being studied was later validated by comparing its
predictions to the structural response observed during a purposely
designed collapse test of a full-scale building (Extended Data Fig. 2
and Supplementary Video 7).

Following the preliminary design of astructure toresist loads suitable
for office buildings, two building design options considering different
robustness criteria were further investigated (see section ‘Building
design’). Thefirst option, design H (hierarchy-based), uses optimized
partial-strength connections and enhanced columns (Fig. 1a) to fulfil
the requirements of hierarchy-based collapse isolation design. The
second option, design C (conventional), is strictly based on code
requirements and provides abenchmark comparison for evaluating the
effectiveness of the proposed approach. It uses full-strength connec-
tions to improve robustness as recommended in current guidelines®
and building codes®®.

Simulations predicted that both design H and design C could develop
stable ALPs thatare able to completely prevent the initiation of collapse
after small initial failure scenarios that are more severe than those
considered in building codes®® (Extended Data Fig. 3).

When subjected to a larger initial failure, simulations predict that
designH canisolate the collapse to only the region directly affected by
theinitial failure (Fig. 1b). By contrast, design C, with increased connec-
tivity, causes collapsing elements to pull down the rest of the structure,
leadingto total collapse (Fig.1c). These two distinct outcomes demon-
strate that the prevention of unimpeded collapse propagation can only
be ensured when hierarchy-based collapse isolation is implemented
(Extended Data Fig. 4 and Supplementary Video 1).

Testing afull-scale precast building
To confirm the expected performance improvement that can be
achieved with the hierarchy-based collapseisolation design, afull-scale
building specimen corresponding to design H was purposely built
and subjected to two phases of testing as part of this work (Fig. 2a
and Supplementary Information Sections1and 2). The precast struc-
ture was constructed with continuous columns cast together with
corbels (Supplementary Video 4). The columns were cast with prepared
dowelbars and sleeves for placing continuous top beam reinforcement
bars through columns (Fig. 2b,c). The bars used for these two types
of reinforcing element (Fig. 1a) were specifically selected to produce
partial-strength connections. These connections are strong enough for
the development of ALPs after small initial failures but weak enough
to enable hierarchy-based collapseisolation after large initial failures.
Afterinvestigating different column-removal scenarios from differ-
entregions of the test building (see section ‘Experiment and monitoring
design’, Extended Data Fig. 5and Supplementary Video 2), two phases
oftesting were defined to capture relevant collapse-related phenomena
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Removed in phase 1

Removed in phase 1

Removed in phase 2

Fig.2|Building design and testing. a, Full-scale precast concrete structure
and columnsremoved in different testing phases. The label used for each
columnisshown. Thelocation ofbeams connecting the different columnsis
indicated by the dotted lines above the second-floor level. The expected
collapseareainthe second phase of testing is indicated. b, Typical first-floor
connectionbefore placement of beams during construction. ¢, Typical

and validate the effectiveness of hierarchy-based collapse isolation.
Separating the test into two phases allowed two different aspects to
be analysed: (1) the prevention of collapse initiation after small initial
failures and (2) the isolation of collapse after large initial failures.

Phase 1involved the quasi-static removal of two penultimate-edge
columns using specifically designed removable supports (Fig. 2d
and Extended Data Fig. 6). This testing phase corresponds to a small
initial failure scenario for which design H was able to develop ALPs to
prevent collapse initiation. Phase 2 reproduced a large initial failure
through the dynamic removal of the corner column found between
the two previously removed columns using a three-hinged collapsible
column (Fig. 2e).

During both testing phases, a distributed load (11.8 kN m™) corre-
sponding to almost twice the magnitude specified in Eurocodes® for
accidental design situations (6 kN m™) wasimposed on bays expected to
collapseinphase2 (Fig.2aand Supplementary Video 5). Predictive simula-
tionsindicated that the failure mode and overall collapse would be almost
identical when comparing this partial loading configuration with thatin
which the entire building is loaded (Supplementary Video 3). However,
the partial loading configuration turns out to be more demanding for
the partofthe structure expected to remain upright asevidenced by the
greater drifts it produces during collapse (see section ‘Experiment and
monitoring design’ and Extended Data Fig. 7). The structural response
during all phases of testing was extensively monitored with an array of
different sensors (see section ‘Experiment and monitoring design’ and
Supplementary Information Section 3) that provided the information
used as abasis for the analyses presented in the following sections.

Preventing collapse initiation

Collapseinitiation was completely prevented after the removal of two
penultimate-edge columnsin phaseloftesting (Fig.3a), demonstrating
that design H complies with the robustness requirementsincludedin
current building standards®**. As this initial failure scenario is more
severe than those considered by standardized design methods®**°, it
represents an extreme case for which ALPs are still effective. Assuch, the
outcome of phase 1demonstrates thatimplementing hierarchy-based
collapse isolation design does not impair the ability of this structure
to prevent collapse initiation.
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second-floor connection after placement of precast beams during construction.
Both b and ¢ show columns with two straight precast beams on either side (C2,
C3,C6,C7,C1l0and C11).d, Device used for quasi-static removal of two columns
inthe first phase of testing. e, Three-hinged mechanism used for dynamic
removal of corner columnin the second phase of testing.

Analysis of the structural response during phase 1 (Supplemen-
tary Information Section4) shows that collapse was prevented because
of the redistribution of loads through the beams (Fig. 3b,c), columns
(Extended Data Fig. 8) and slabs (Supplementary Report 4) adjacent to
the removed columns. The beams bridging over the removed columns
sustained loads through flexural action, as evidenced by the magnitude
ofthe vertical displacement recorded at the removallocations (Fig. 3b).
These values were far too small to allow the development of catenary
forces, which only begin to appear when displacements exceed the
depth of the beam*°.

The flexural response of the structure after the loss of two
penultimate-edge columns was only able to develop because of the
specific reinforcement detailing introduced in the design. This was
verified by the increase in tensile strains recorded in the continuous
beam reinforcement close to the removed column (Fig.3c) and inties
placed between the precast hollow-core planks in the floor system
close to column C7 (Supplementary Information Section4). The latter
also proves that the slabs contributed notably to load redistribution
after column removal.

In general, the structure experienced only small movements and
suffered very little permanent damage during phase 1 (Supplemen-
tary Information Section 4), despite the high imposed loads used for
testing. The only reinforcement bars showing some signs of yielding
were the continuous reinforcement bars of beams close to the removed
columns (Fig. 3c).

Arresting collapse propagation
Following the removal of two penultimate-edge columns in phase 1,
the sudden removal of the C12 corner column in phase 2 triggered a
collapse that was arrested along the border delineated by columns
C3,C7,C6 and C10 (Fig. 4a-d and Supplementary Video 6). Thus, the
viability of hierarchy-based collapse isolation design is confirmed.
During theinitial stages following the removal of C12, the collapsing
bays next to this column pulled up the columns on the opposite corner
of the building (columns C1, C3 and C6). During this process, column
C7 behaves like a pivot point, experiencing a significant increase in
compressive forces (Fig. 4e and Supplementary Information Section 5).
This phenomenon was enabled by the connectivity between collapsing



— 3,000

. 2 .

s L0.4 :T{ £ 2,000 Yield strain

004] /C12 _c11 cro £
vV 0.2 1,000
Q C11’
0 T T 0 0+
0 100 200 0 100 200
Time (s) Time (s)

Fig.3|WhenALPsare effective. a, Test building during phase 1 of testing after
removal of columns C8 and C11. The beam depth (h) used to compute the ratio
plottedinbisshown and thelocation of the strain measurement plottedincis
indicated. b, Evolution of beam deflection expressed as aratio of beam depth
atthelocation of removed column C11. The chord rotation of the beams
bridging over thisremoved columnis alsoindicated using a secondary vertical
axis. ¢, Strainincrease in continuity reinforcementin the second-floorbeam
between C12and C11.
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Fig.4|Segmentation and partial collapse. a, Collapse sequence during
phase 2 of testing. b, Partial collapse of full-scale test building (design H) after
the removal of three columns. The segment border in which collapse
propagationwas arrestedisindicated. The axes shown at column C9
correspondtothose usedinftoindicate the changingdirection of the resultant
drift measured at this location. ¢, Failure of beam-column connections at
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partsand therest of the structure. Ifallowed to continue, this could have
ledto successive column failures and unimpeded collapse propagation.
However, during the test, the rupture of continuous reinforcement bars
(Fig.4c) occurred asthe connections failed and halted the transmission
of forces to columns. These connection failures occurred before any
column failures, asintended by the hierarchy-based collapseisolation
design of the structural system. Specifically, this type of connection
failure occurred at the junctions with the two columns (C7 and C10)
immediately adjacent to the failure origin (around C8, C11 and C12),
effectively segmenting the structure along the border shownin Fig. 4b.
Segmentation along this border was completed by the total separation
ofthe floor system, which was enabled by the debonding of slab rein-
forcements at the segmentborder (Fig.4d and Supplementary Video 8).

Observing the building drift measured at the top of column C9
(Fig. 4f) enabled us to better understand the nature of forces act-
ing on the building further away from the collapsing region. The
initial motion shows the direction of pulling forces generated by the
collapsing elements (Fig. 4g). This drift peaks very shortly after the
pointintime when separation of the collapsing parts occurs (Fig. 4f).
After this peak, the upright part of the structure recoiled backwards
and experienced an attenuated oscillatory motion before finding a
new stable equilibrium (Fig. 4g). The magnitude of the measured peak
drift is comparable to the drift limits considered in seismic regions
when designing against earthquakes witha 2,500-year return period*
(Supplementary Information Section 5). Thisindicates that the upright
part of the structure was subjected to strong dynamic horizontal
forces as it was effectively tugged by the collapsing elements falling
totheground. The building would have failed because of these unbal-
anced forces had hierarchy-based collapse isolation design not been
implemented.
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collapseborder.d, Debonding of reinforcementin the floor at collapse border.
e, Changeinaverage axial strains measured in column C7. A negative change
represents anincrease in compressive strains. f, Magnitude of resultant drift
measured at C9.g, Changeindirection of resultant drift measured at C9. The
initial drift after phaseloftestingand the residual drift after the upright part of
the building stabilized are also shownin the plot.
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The upright building segment suffered permanent damages as evi-
denced by the residual drift recorded at the top of column C9 (Fig. 4g).
Thisis further corroborated by the fact that several reinforcement bars
in this part of the structure yielded, particularly in areas close to the
segmentborder (Supplementary Report5). Despite the observed level
of damage, safe evacuation and rescue of people from this building
segment would still be possible after an extreme event, saving lives
that would have been lost had amore conventional robustness design
(design C) been used instead.

Discussion and future outlook

Our results demonstrate that the extensive connectivity adopted in
conventional robustness design can lead to catastrophic collapse after
large initial failures. To address this risk, we have developed and tested
acollapseisolation design approach based on controlling the hierarchy
of failures occurring during the collapse. Specifically, it is ensured that
connection failures occur before column failures, mitigating the risk of
collapse propagation throughout therest of the structural system. The
proposed approach has been validated through the partial collapse test
of afull-scale precast building, showing that propagating collapses can
be arrested at low cost without impairing the ability of the structure
to completely prevent collapse initiation after small initial failures.

Thereported findings show alastline of defence against major build-
ing collapses due to extreme events. This paves the way for the pro-
posed solutionto be developed, tested and implemented in different
building types with different building elements. This discovery opens
opportunities for robustness design that will lead to anew generation
of solutions for avoiding catastrophic building collapses.
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Methods

Building design

Our hierarchy-based collapse isolation approach ensures buildings
have sufficient connectivity for operational conditions and small
initial failures, yet separate into different parts and isolate a collapse
afterlargeinitial failures. We chose a precast construction as our main
structural system for our case study. A notable particularity of precast
systems compared with cast-in-place buildings is that the required
construction details canbe implemented more precisely. We designed
and systematically investigated two precast building designs: designs
HandC.

Design H. Design His our building design in which the hierarchy-based
collapse isolation approach is applied. Design H was achieved after
several preliminary iterations by evaluating various connections and
construction details commonly adopted in precast structures. The
final design comprises precast columns with corbels connected to a
floor system (partially precast beams and hollow-core slabs) through
partial-strength beam-column connections (Extended Data Fig. 1
and Supplementary Information Section1). This partial-strength con-
nection was achieved by (1) connecting the bottom part of the beam
(precast) to optimally designed dowel bars anchored to the column
corbelsand (2) passing continuous top beam bars through the columns.
With this partial-strength connection, we have more direct control over
the magnitude of forces being transferred from the floor systemto the
columns, whichisakey aspect for achieving hierarchy-based collapse
isolation. The hierarchy of failures was initiallyimplemented through
the beam-column connections (local level) and later verified at the
system (global) level.

At the local level, three main components are designed according
to the hierarchy-based concept: (1) top continuity bars of the beams;
(2) dowel bars connecting beams to corbels; and (3) columns.

1. Top continuity bars of beams: To allow the structural system to redis-
tribute the loads after smallinitial failures, top reinforcement barsin
all beams were specifically designed to fulfil structural robustness
requirements (Extended Data Fig. 3). Particularly, we adopted the
prescriptive tying rules (referred to as Tie Forces) of UFC 4-023-03
(ref. 9) to perform the design of the ties. The required tie strength
F;inboththelongitudinal and transverse directions for the internal
beams is expressed as

Fi=3wl,

For the peripheralbeams, therequired tie strength F, is expressed as

Fp=6weliLp +3Wc

with

wg=1.2D+0.5L

where w; = floor load (in kN m™); D= dead load (in kKN m™); L =live
load (inkN m™); L, = greater of the distances between the centres of
the columns, frames or walls supporting any two adjacent floor spac-
esinthedirectionunder consideration (inm);L,=1.0 m;and W.=1.2
times dead load of cladding (neglected in this design).
These required tie strengths are fulfilled with three bars (20 mm
diameter) for the peripheral beams and three bars (25 mm diameter)
for the internal beams. These required reinforcement dimensions
were implemented through the top bars of the beam and installed
continuously (lap-spliced, internally, and anchored with couplers at
the ends) throughout the building (Extended Data Fig. 1).

2. Dowel bars connecting the beam and corbel of the column: The
design of the dowel bars is one of the key aspects in achieving

partial-strength connections that fail at a specific threshold to en-
able segmentation. These dowel bars would control the magnitude
of the internal forces between the floor system and column while
allowing for some degree of rotational movement. The dowels were
designed toresist possible failure modes using expressions proposed
inthe fib guidelines®. Several possible failure modes were checked:
splitting of concrete around the dowel bars, shear failure of the dowel
barsand forminga plastic hinge in the dowel. The shear capacity of a
dowel barloaded in pure shear canbe determined according to the
Von Mises yield criterion:

1
For_s= ﬁf)}d A

wheref, is the design yield strength of the dowel bar and A, is the
cross-sectional area of the dowel bar. In case of concrete splitting
failure, the highly concentrated reaction transferred from the dowel
bar shallbe designed to be safely spread to the surrounding concrete.
Thestrutand tie method is recommended to perform such a design®.
Ifshear failure and splitting of concrete do not occur prematurely, the
dowel bar willnormally yield inbending, indicated by the formation
of a plastic hinge. This failure mode is associated with a significant
tensile strain at the plastic hinge location of the dowel bar and the
crushing of concrete around the compression part of the dowel.
The shear resistance achieved at this state for dowel (ribbed) bars
across ajoint of a certain width (that is, the neoprene bearing) can
be expressed as

— 2
FUR-J’ - aoaetb A f(-:d,maxf)-/d,red +MUSHAS

with
a,= |1+ (eap) - e

€
Iy

=3

S|
g

d,red

where a, is a coefficient that considers the bearing strength of con-
crete and can be taken as 1.0 for design purposes, . is a coefficient
that considersthe eccentricity, eisthe load eccentricity and shall be
computed as the half of the joint width (half of the neoprene bearing
thickness), @ and A are the diameter and the cross-sectional area of
the dowel bar, respectively, f.q ma i the design concrete compressive
strength at the stronger side, g, is the local axial stress of the dowel
bar at the interface location, fyd'red =fyd -0, isthe design yield
strength available for dowel action, f,4is the yield strength of the
dowel bar and p is the coefficient of friction between the concrete
and neoprene bearing. By performing the checks on these three
possible failure modes, we selected the final (optimum) design with
atwo dowel bars (20 mm diameter) configuration.

. Columns: The proposed hierarchy-based approach requires columns

to have adequate capacity to resist the internal forces transmitted
by the floor system during a collapse. By fulfilling this strength hier-
archy, we can ensure and control that failure happens at the connec-
tions first before the columns fail, thus preventing collapse propaga-
tion. The columns were initially designed according to the general
procedure prescribed by building standards. Then, the resulting
capacity was verified using the modified compression field theory
(MCFT)* to ensure that it was higher than the maximum expected
forces transmitted by the connection to the floor system. MCFT
was derived to consistently fulfil three main aspects: equilibrium
of forces, compatibility and rational stress-strain relationships of
cracked concrete expressed as average stresses and strains. The
principal compressive stress inthe concretef,, is expressed not only
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as afunction of the principal compressive strain &, but also of the
co-existing principal tensile strain £, known as the compression

softening effect:
£ &Y
- 2 |_[£2
-’22 _chmax Z[SCJ (?c’]

with

fc:2n,1ax - 1 . <1.0
f;  08- 0.34,1

where f,m.x is the peak concrete compressive strength considering
the perpendicular tensile strain, f/ is the uniaxial compressive
strength, and £ is the peak uniaxial concrete compressive strain
and canbetakenas—0.002.Intension, concreteis assumed to behave
linearly until the tensile strength is achieved, followed by a specific
decaying function®’. Regarding aggregate interlock, the shear stress
that can be transmitted across cracks v is expressed as a function
of the crack width w, and the required compressive stress on the
crackf; (ref. 44):

2
Ui = 0.18Us oy + 1.64f — o.szﬂ
‘ci max
with
fe
Ucimax = . 24w
031+ 35

where arefers to the maximum aggregate sizein mmand the stresses
are expressed in MPa. The MCFT analytical model was implement-
ed to solve the sectional and full-member response of beams and
columns subjected to axial, bending and shear in Response 2000
software (open access)***. In Response 2000, we input key infor-
mation, including the geometries of the columns, reinforcement
configuration and the material definition for the concrete and the
reinforcing bars. Based on this information, we computed the M-V
(moment and shear interaction envelope) and M-N (moment and
axial interaction envelope) diagrams that represent the capacity of
the columns. The results shown in Extended Data Fig. 4 about the
verification of the demand and capacity envelopes were obtained
using the analytical procedure described here.

At the global level, the initially collapsing regions of the building
generate a significant magnitude of dynamic unbalanced forces. The
rest of the building system must collectively resist these unbalanced
forcestoachieve anewequilibrium state. Depending on the design of
the structure, this phenomenon can lead to two possible scenarios:
(1) major collapse due to failure propagation or (2) partial collapse
only of theinitially affected regions. The complexinteraction between
the three-dimensional structural system and its components must
be accounted for to evaluate the structural response during collapse
accurately. Advanced computational simulations, described in the
‘Modelling strategy’ section, were adopted to analyse the global build-
ing to verify that major collapse can be prevented. The final design
obtained from the local-level analysis (top continuity bars, dowel bars
and columns) was used as an input for performing the global compu-
tational simulations. Certain large initial failures deemed suitable for
evaluating the performance of this building were simulated. In case
failure propagation occurs, the original hierarchy-based design must
be further adapted. An iterative process is typically required involv-
ing several simulations with various building designs to achieve an

optimum result that balances the cost and desired collapse perfor-
mance. The finaliteration of design H, which fulfils both the local and
global hierarchy checks, is provided in Extended Data Fig. 1.

Design C. Design C is a conventional building design that complies
with current robustness standards but does not explicitly fulfil our
hierarchy-based approach. The same continuity bars used in design
H were used in design C. We adopted a full-strength connection as
recommended by the fib guideline®. The guideline promotes full con-
nectivity to enhance the development of alternative load paths for
preventing collapse initiation. In design C, we used a two dowel bars
(32 mm diameter) configuration to ensure full connectivity when the
beams are working at their maximum flexural capacity. Another main
difference was that the columnsin design C were designed according
to codes and current practice (optimal solution) without explicitly
checking that hierarchy-based collapse isolation criteria are fulfilled.
The final design of the columns and connections adopted in design C
isprovided in Extended Data Fig. 1.

Modelling strategy

We used the AEM implemented in the Extreme Loading for Structures
software to performall the computational simulations presented inthis
study* (Extended Data Figs.2-5and 7 and Supplementary Videos1,2,3
and 7). We chose the AEM for its ability to represent all phases of a struc-
tural collapse efficiently and accurately, including element separation
(fracture), contact and collision¥. The method discretizes acontinuum
intosmall, finite-size elements (rigid bodies) connected using multiple
normal and shear springs distributed across each element face. Each
elementhas six degrees of freedom, three translational and three rota-
tional, atits centre, whereas the behaviour of the springs represents all
material constitutive models, contact and collision response. Despite
the simplifying assumptionsinits formulation*s, its ability toaccurately
account for large displacements*’, cyclic loading®, as well as the effects
of element separation, contactand collision® has been demonstrated
through many comparisons with experimental and theoretical results*.

Geometric and physical representations. We modelled each of
the main structural components of the building separately, includ-
ing the columns, beams, corbels and hollow-core slabs. We adopted a
consistent mesh size with an average (representative) size of 150 mm.
Adopting this mesh configurationresultedinatotal number of 98,611
elements. We defined a specialized interface with no tensile or shear
strength between the precast and cast-in-situ parts to allow for local-
ized deformations that occur at these locations. The behaviour of the
interface was mainly governed by a friction coefficient of 0.6, which was
defined according to concrete design guidelines®®>*. The normal stiff-
ness of these interfaces corresponded to the stiffness of the concrete
cast-in-situ topping. The elastomeric bearing pads supporting the
precast beams on top of the corbels were also modelled with a similar
interface having a coefficient of friction of 0.5 (ref. 55).

Element type and constitutive models. We adopted an eight-node
hexahedron (cube) element with the so-called matrix-springs con-
necting adjacent cubes to model the concrete parts. We adopted the
compression model inrefs. 56,57 to simulate the behaviour of con-
crete under compression. Three specific parameters are required to
define the response envelope: the initial elastic modulus, the fracture
parameter and the compressive plastic strain. For the behaviour in
tension, the spring stiffness is assumed to be linear (with the initial
elasticmodulus) until reaching the cracking point. The shear behaviour
is considered to remain linear up to the cracking of the concrete. The
interaction between normal compressive and shear stress follows the
Mohr-Coulomb failure criterion. After reaching the peak, the shear
stress is assumed to drop to a certain residual value affected by the
aggregate interlock and friction at the cracked surface. By contrast,



under tension, both normal and shear stresses drop to zero after the
cracking point. The steel reinforcement bars were simulated as a dis-
crete spring element with three force components: the normal spring
takes the principal/normal forces parallel to the rebar, and two other
springs represent the reinforcement bar inshear (dowelling). Three dis-
tinct stages are considered: elastic, yield plateau and strain hardening.
Aperfectbond behaviour betweenthe concrete and the reinforcement
bars was adopted. We assigned the material properties based on the
results of the laboratory tests performed on reinforcement bars and
concrete cylinders (Supplementary Information Section 2).

Boundary conditions and loading protocol. We assumed that all the
ground floor columns are fully restrained in all six degrees of freedom
atthebaselocation. This assumptionis reasonable, as we expected that
the footing would provide sufficient rigidity to constrain any significant
deformations. We assigned the reflecting domain boundaries to allow a
realisticrepresentation of the collapsing elements (debris) that might
falland rebound after hitting the ground. The ground level was assumed
to be at the same elevation at which the column bases are restrained.
We applied the additional imposed uniform distributed load as an
extra volume of mass assigned to the slabs. To perform the column
removal, we used the element removal feature that allows some specific
designated elements to be immediately removed at the beginning of
the loading stage. This represents a dynamic (sudden) removal, as we
expected from the actual test.

Extended Data Tables 1 and 2 summarize all key parameters and
assumptions adopted in the modelling process. To validate these
assumptions for simulating the precast building designs described
previously, it was ensured that the full-scale test performed as part of
this work captured all relevant phenomenainfluencing collapse (large
displacements, fracture, contact and collision).

Experiment and monitoring design

We used computational simulations of design H subjected to different
initial failure scenarios to define asuitable testing sequence and proto-
col. The geometry, reinforcement configurations, connection system
and construction details of the purpose-built specimen representing
design H are provided in Supplementary Information Section 1 and
Supplementary Video 4.

Initial failure scenarios. Initial failure scenarios occurring inedge and
corner regions of the building were prioritized for this study because
they are usually exposed to awider range of external threats®® ', After
performing a systematic sensitivity study, we identified three critical
scenarios (Extended Data Fig. 5 and Supplementary Video 2):

1. Scenario 1: ascenario involving a two-column failure—a corner col-
umn and the adjacent edge column. We determined that the required
gravity loads to induce collapse equal 11.5 kN m~2 and that partial
collapse would occur locally.

2.Scenario 2: a scenario involving a three-column failure—two cor-
ner columns and the edge column in between the two corner col-
umns. We determined that the required gravity loads to induce
collapse equal 8.5 kN m2and that segmentation (partially collaps-
ing two bays) would take place only across one principal axis of
the building.

3. Scenario 3: a scenario involving a three-column failure: one corner
column and two edge columns on both sides of the corner column.
We determined that the required gravity loads to induce collapse
equal 7.0 kN m2and that segmentation (partially collapsing three
bays) would take place across both principal axes of the building.
Scenario 3 was ultimately chosen after considering three main

aspects: (1)itrequires the lowest gravity loads to trigger partial collapse;

(2) the failure mode involves activating segmentation mechanismsin

two principal axes of the building (more realistic collapse pattern);

and (3) the ratio of the area of the intact part and the collapsed part

was predicted to be 50:50, leading to the largest collapse area among
the three scenarios.

Testing phases. To allow us to investigate the behaviour of the build-
ing specimen under small and large initial failures in only one build-
ing specimen, we decided to perform two separate testing phases.
Phase 1involved the quasi-static (gradual) removal of two edge col-
umns (C8 and C11), whereas phase 2 involved the sudden removal
of the corner column (C12) found between the columns removed in
phase 1. A uniformly distributed load of 11.8 kN m~2was applied only
on the bays directly adjacent to these three columns without loading
the remaining bays (Supplementary Video 5). This was achieved by
placing more than 8,000 sandbags in the designated bays on the two
floors (the first- and second-floor slabs). We performed additional
computational simulations to compare this partial loading con-
figuration and loading of the entire building. The simulations indi-
cated that both would have resulted in almost identical final collapse
states (Extended Data Fig. 7 and Supplementary Video 3). However,
the partial loading configuration introduced a higher magnitude of
unbalanced moment to surrounding columns, which induces more
demanding bending and shear in columns. Simulations confirmed that
the lateral drift of the remaining part of the building would be higher
whenonly three bays are loaded, indicating that its stability would be
tested to a greater extent with this loading configuration (Extended
DataFig.7).

Specially designed elements to trigger initial failures. We designed
special devices to perform the columnremoval (Extended Data Fig. 6).
For phasel, we constructed two hanging concrete columns (C8 and C11)
supported only on a vertical hydraulic jack. The pressure in the jack
could be gradually released from a safe distance to remove the verti-
cal reaction supporting the column. In phase 2, a three-steel-hinged
columnwas used as the corner column. The middle part of the column
represents a central hinge that was able to rotate if unlocked. During
the second testing phase, we unlocked the hinge by pulling the column
fromoutside the building using a forklift toinduce a slight destabiliza-
tion. This resulted in a sudden removal of the corner column C12 and
theinitiation of the collapse.

Monitoring plan. To monitor the structural behaviour, we heavily
instrumented the building specimen with multiple sensors. A total of
57 embedded strain gauges, 17 displacement transducers and 5 accel-
erometers were placed at key locations in different parts of the struc-
ture (Extended DataFig. 8 and Supplementary Information Section 3)
duringall phases of testing. The data from these sensors (Supplemen-
tary Information Sections 4 and 5) were complemented by the pictures
and videos of the structural response captured by five high-resolution
cameras and two drones (Supplementary Videos 6 and 8).

Data availability

All experimental data recorded during testing of the full-scale build-
ing are available from Zenodo (https://doi.org/10.5281/zenodo.
10698030)%. Source data are provided with this paper.
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General building ‘w‘

layout
I 2.6 m (floor-to-floor)
Hollow- I 2.6 m (floor-to-floor)
core slabs

\ Partially-precast beams

(40 x 61.5 cm)

Precast columns (40 x 40 cm)
with corbels

Design H (“Hierarchy-based”) Design C (“Conventional”)

Column reinforcement o
Continuity bars: configuration Continuity bar§
3-925 for internal beams (example: C7) / (same as Design H)
3-920 for perimeter beams ple: .

Dowel bars:
2-020 1t Floor T~
8-016

Dowel bars:
2-932

Full-strength
connection

Stirrups:

0 — 0.8 m (height): $8-60 mm
0.8 — 1.8 m: ®8-150 mm

1.8 — 3.2 m: $8-100 mm

Ground > Column reinforcement configuration (all)
Floor 8-925 C1 C2.C3. C4
1 e 9, C5,C8
C9, C10,C11, C12 cs, c7
Stirrups:
] 0 — 0.8 m (height): $8-60 mm
Partial-strength 0.8— 1.8 m: $8-200 mm S T~ A
connection 1.8 — 3.2 m: ®8-100 mm 4-016 4-916 4-020

Detail drawings showing the reinforcement configurations for other columns are \ \ \
provided in the Supplementary Information, Test Report (Appendix) $©6-240 mm (stirrups) ©6-180 mm ©6-300 mm

Extended DataFig.1|Summary of building designs. General buildinglayout, connection details, and reinforcement configurations of Design H (“Hierarchy-based”)
and Design C (“Conventional”).
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Extended DataFig.4|Demand and capacity envelopes of internal forcesin
Designs Hand Csubjected to large initial failures. Evolution of axial loads,
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Extended DataFig. 6 | Specially designed removable supports to perform column removals. Removable supports designed for quasi-static column removals
inphaselandsuddencolumnremovalinphase2.
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Extended DataFig. 8| Measured redistribution of column axial forces during phase 1. Maximum change in axial load of columns during phase 1 of testing
based onrecorded strain measurements.



Extended Data Table 1| Input parameters related to concrete materials for simulations based on the applied element method

Property Value Units Notes
Common properties for all concrete materials
Separation Strain 0.10
Internal friction coefficient 0.80
Specific Weight 2.45E-06 kg/mm?®
Poisson's ratio 0.20
External damping coefficient 0.00
Normal contact stiffness factor 1.00E-04
Shear contact stiffness factor 1.00E-05
Contact Spring unloading stiffness factor 2.00
Linear temperature expansion coefficient 1.45E-05
Failure softening factor 0.10
Shear stress failure weight 1.00
Residual shear strength factor 1.00
Tensile fracture energy 0.0112 kg/mm  Based on reported findings in https://doi.org/10.1007/s40069-014-0068-1
B g e e e
Columns
Young's modulus 3288 kg/mm? Based on material testing
Shear modulus 1370 kg/mm?  Isotropic behaviour assumed
Ultimate compressive strength 3.39 kg/mm? Based on material testing
Ultimate tensile strength 0.28 kg/mm? Based on material testing
Shear strength 0.84 kg/mm? Taken as 3 times tensile strength
Beams
Young's modulus 3732 kg/mm? Based on material testing
Shear modulus 1555 kg/mm?  Isotropic behaviour assumed
Ultimate compressive strength 4 kg/mm? Based on material testing
Ultimate tensile strength 0.31 kg/mm? Based on material testing
Shear strength 0.93 kg/mm? Taken as 3 times tensile strength
Topping
Young's modulus 3418 kg/mm? Based on material testing
Shear modulus 1424 kg/mm?  Isotropic behaviour assumed
Ultimate compressive strength 3.48 kg/mm? Based on material testing
Ultimate tensile strength 0.3 kg/mm? Based on material testing
Shear strength 0.9 kg/mm? Taken as 3 times tensile strength
Hollow-core planks (HA-45)
Young's modulus 3670 kg/mm? Based on producer specifications
Shear modulus 1529 kg/mm?  Isotropic behaviour assumed
Ultimate compressive strength 4.59 kg/mm? Based on producer specifications
Ultimate tensile strength 0.39 kg/mm? Estimated using expression in Eurocode 2
Shear strength 1.17 kg/mm? Taken as 3 times tensile strength

Assumptions adopted for estimating the input parameters are described. When no notes are provided, assumed values are based on information provided in the theoretical manual of the
Extreme Loading for Structures software.
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Extended Data Table 2 | Input parameters related to steel materials for simulations based on the applied element method

Property Value Units Notes
B500 SD
Young's modulus 20387 kg/mm?
Shear modulus 7841 kg/mm?
Separation Strain 1.00
Internal friction coefficient 0.80
Specific Weight 7.85E-06 kg/mm?
External damping coefficient 0.00
Normal contact stiffness factor 1.00E-04
Shear contact stiffness factor 1.00E-05
Contact Spring unloading stiffness factor 2.00
Linear temperature expansion coefficient 1.30E-05
Elastic strain limit 0.00276
Yield stress 56.200 kg/mm? Based on material testing
Ultimate / yield stress ratio 1.230 Based on material testing

Based on material testing. True fracture strain considered given that post peak

Ultimate strain 0.21 behaviour is governed by fracture energy.
Failure softening factor 0.10
Shear stress failure weight 1.00
Residual shear strength factor 1.00
Tensile / compressive fracture energy 150 kg/mm Based on reported findings in https://doi.org/10.1023/A:1007500325074
Dowel bars
Shear modulus 170 kg/mm? Reduced shear stiffness to account for cracking and allow localised deformations

occurring at interface between corbels and beams.
(all other properties are the same as B500 SD material)

Y 1860 S7 (pretensioned strands)

Yield stress 175.800 kg/mm? Based on producer specifications
Ultimate / yield stress ratio 1.100 Based on producer specifications
Ultimate strain 0.04 Based on producer specifications

(all other properties are the same as B500 SD material)

Assumptions adopted for estimating the input parameters are described. When no notes are provided, assumed values are based on information provided in the theoretical manual of the
Extreme Loading for Structures software.
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