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A B S T R A C T

Several structural robustness requirements have been included in building codes over the past two decades. 
These mainly include measures to prevent collapse after an initial component failure by ensuring a minimum 
level of continuity within the structural system so that loads supported by the failed component can be redis
tributed to the rest of the structural system. However, there is still a general lack of consensus on how to evaluate 
the effectiveness of these measures. The present study proposes a practical methodology to evaluate the struc
tural robustness of RC building structures by combining an efficient modelling strategy and suitable robustness 
indexes. The proposed computational modelling strategy for RC buildings accounts for relevant dynamic and 
nonlinear phenomena, including compressive arching, catenary action, and membrane effects. This strategy can 
be implemented at a reasonable computational expense in widely used commercial structural analysis software 
and has been validated by comparisons to selected experimental tests from the literature. The modelling strategy 
is then employed to compute four different robustness indexes proposed in the literature for three hypothetical 
building designs, allowing the indexes to be systematically compared. It was found that evaluating a system using 
multiple robustness indexes can provide a more holistic view of system performance compared to relying solely 
on a single index. Ultimately, the potential usefulness of the proposed methodology is demonstrated through two 
practical applications involving the estimation of component damage levels and the evaluation of different 
design and retrofitting solutions. Such a methodology can be useful for practising engineers to optimise the 
design of new buildings or to support decisions on the assessment and retrofitting of existing ones.

1. Introduction

The need to design robust buildings that are insensitive to initial 
local failures is now widely recognised as a key aspect of societal resil
ience [1]. Indeed, there has been a significant research effort over the 
past five decades to better understand progressive collapse and how to 
prevent it [2,3]. This has led to the inclusion in building codes of several 
prescriptive and pragmatic approaches to improve structural robustness 
[4–7]. Most of these approaches rely on ensuring that alternative load 
paths (ALPs) are available after the loss of load-bearing elements so that 
the load supported by these elements can be redistributed to other parts 
of the structure. Although this strategy has proven to work effectively in 
several situations [8], there is still a general lack of consensus on how to 
evaluate the effectiveness of applying these measures in buildings with 
different characteristics [3,9,10]. Evaluating the effectiveness of designs 
with respect to structural robustness requires overcoming two principal 
challenges: (i) developing a practical and cost-effective computational 

modelling strategy that is sufficiently accurate for simulating extreme 
scenarios and (ii) verifying the expressiveness and applicability of 
quantitative robustness indexes proposed in the literature for different 
design situations.

The response of building structures after the loss of load-bearing 
elements involves dynamic effects and nonlinear material behaviour 
that sometimes lead to large displacements, making it difficult to ensure 
the reliability of simulations at a reasonable computational cost. 
Nevertheless, different modelling strategies (Fig. 1) have been proposed 
for simulating the behaviour of reinforced concrete (RC) framed build
ings after the loss of columns [11]. It is crucial to consider nonlinear 
material responses to avoid inefficient design solutions that are based on 
inaccurate representations of stress redistribution. Such considerations 
can be implemented in line elements either using lumped-hinge models 
(Fig. 1a) or models with distributed fibre sections (Fig. 1b) [11]. Several 
studies [12–17] employ such approaches, often relying only on 
bare-frame models that completely neglect the contribution of slabs. 
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While meaningful conclusions can still be drawn using such models, it is 
now well-recognised that membrane actions in slabs contribute signifi
cantly to progressive collapse resistance [3,11,18] and that they should, 
therefore, be considered to produce accurate simulations. To address 
this issue, some researchers have improved bare-frame models using 
grillage representations of the floor system [14] or multilayered shells 
(Fig. 1c) [17]. Finally, highly accurate simulations can be performed 
using solid elements [11,17,19], but these are typically too computa
tionally expensive to be used for modelling complete building systems in 
most practical applications (Fig. 1d). It is important to note that the 
classification shown in Fig. 1 is mostly relevant for strategies based on 
the finite element method (FEM), which is the most widely used 
approach for performing simulations in the field of structural engi
neering. Nevertheless, it should be mentioned that other strategies 
(employing 3D-solid elements) can be used to simulate progressive 
collapse, notably the discrete element method (DEM) [20–22] and the 
applied element method (AEM) [23–27].

In short, a wide variety of modelling approaches have been used 
successfully to simulate progressive collapse phenomena. Despite this 
fact, it can still be challenging for practitioners and researchers to build 
nonlinear models that achieve a suitable balance between accuracy and 
computational expense.

Even if ALPs after the loss of columns can be accurately simulated, 
objectively assessing the effectiveness of different design options re
mains a challenge without a quantitative measure of robustness. Such a 
measure can take the form of a robustness index and could have several 
applications beyond serving as a design-aid [9,10,28]. For instance, a 
suitable index could be used to optimise decisions, as a system partial 
safety factor, to classify different types of structures, or to specify 
quantitative robustness requirements in regulations and for 
project-specific verifications [9]. Several researchers have proposed 
many different types of robustness indexes [3,9,10,29]. For example, 
damage-based robustness indexes that involve estimating the extent of 
collapse are well-suited to evaluate segmentation designs for improving 
robustness [9,30], while risk-based indexes that allow rigorous consid
eration of both costs and benefits are well-suited for optimising 
risk-mitigation decisions. However, both types of indexes can be very 

challenging to compute: the former due to the difficulty of modelling 
element separation and impacts, and the latter due to the difficulty of 
estimating required probabilities. One type of index that is particularly 
suitable for evaluating the effectiveness of measures (or for comparing 
design alternatives) that intend to ensure the availability of ALPs are 
reserve-based indexes, which are based on estimating the remaining 
load capacity of a structural system after an initial failure [9]. These 
indexes are not only very practical but are also appropriate for most 
robustness design methods included in current building codes. Despite 
this fact, proposed reserve-based robustness indexes have not been 
subjected to comprehensive scrutiny. In fact, to the best of the authors’ 
knowledge, there are no studies that explicitly compare the application 
of different reserve-based robustness indexes to different building 
designs.

The work presented in this article aims to develop a standardised 
quantitative methodology for assessing the robustness of RC building 
structures by combining efficient computational modelling strategy and 
suitable robustness indexes. The first part of the article (Section 2) de
scribes the computationally efficient nonlinear modelling strategy to 
accurately estimate the behaviour of RC building structures after the loss 
of load-bearing elements. The modelling strategy is then employed to 
compute four different reserve-based robustness indexes proposed in 
literature for three hypothetical building designs (Section 3). First, the 
consistency between indexes is analysed. The robustness of the three 
building designs used as case studies is then discussed based on the 
evaluated indexes, allowing useful conclusions to be drawn on how 
different building characteristics can influence structural robustness. 
Finally, two potential applications of the evaluated robustness indexes 
are explained (Section 4). The demonstrated applications include: (i) 
estimating the damage state of local structural components involved in 
the load redistribution process, and (ii) assessing the effectiveness of 
different design and retrofitting strategies for improving structural 
robustness.

2. Practical modelling strategy

This section describes the proposed modelling strategy adopted for 

Fig. 1. Different modelling strategies for simulating the progressive collapse of RC structures: (a) 2D-frame with lumped plastic hinges; (b) 2D-frame with distributed 
plastic hinges; (c) 3D-frame with distributed plastic hinges for the frames and nonlinear layered shells for the slabs (or by using grillage representations); (d) 3D- 
solid models.
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performing the robustness index quantification. To simulate the realistic 
behaviour of RC structures subjected to progressive collapse, several key 
aspects are considered: 1) the 3D framing effect; 2) the contribution of 
floor systems (slab) in providing the alternative load paths; 3) material 
and geometric nonlinearities accounting for the cracking and crushing of 
the concrete, yielding, and fracture of the reinforcement bars under 
large deformations (catenary mechanisms); 4) the dynamic effect that 
amplifies the forces and deformations experienced by the system when 
load-bearing elements are removed suddenly. To account for these ef
fects, a practical modelling strategy was proposed based on the 
following assumptions: 

1. Beams and columns are modelled as line elements where nonline
arity due to cracking and reinforcement yielding are represented by 
the distributed-fibre approach [31]. Such elements consider both 
material and geometric nonlinearities (large deformations). As will 
be discussed in Section 2.1, some essential modelling parameters 
must be properly chosen to ensure reliable results. An alternative 
approach based on PMM-hinge (lumped), as typically adopted in the 
earthquake engineering field [32,33], was investigated previously by 
the authors [34], and it was found to be valid only for small de
formations (flexural) but not for larger ones (involving catenary 
action). Thus, its use is not recommended for simulating column-loss 
scenarios.

2. Either static or dynamic analysis is used depending on the choice of 
robustness index or on case-specific needs. When dynamic analysis is 
performed (as in Sections 2.2 and 2.3), this study consistently adopts 
a removal time that is less than one-tenth of the predominant vertical 
vibration mode of the structural system [6]. A constant viscous 
(modal) damping of 5 % is adopted for all analyses.

3. To account for the contribution of the floor slabs, two strategies were 
investigated: a) a simplified grillage (grids of equivalent beams) 
approach [35] and b) a more refined element formulation based on 
nonlinear layered shells [36–38]. Section 2.3 discusses this aspect in 
more detail, and the advantages and disadvantages of each approach 
are presented.

4. Reinforcement bars are assumed to be perfectly bonded to the con
crete (no slip). Shear failure of the beam, splicing or anchorage 
failure of the rebar, and joint failure are not considered. These can be 
regarded as a reasonable assumption as the buildings that are 
investigated in this study are new buildings that are designed with 
modern codes and comply with a certain level of seismic detailing 
[39]. Additional analytical checks (through post-processing) can be 
done to verify the validity of these assumptions, but they are beyond 
the scope of the present study.

The characteristics of the buildings investigated in the present study 
focus on a three-dimensional frame system made of cast-in-situ rein
forced concrete structures. The systems combine columns, main (pri
mary) beams in both directions and two-way reinforced concrete slabs 
spanning between primary beams (no secondary beams). Particularly, 
the focus is on low- to mid-rise type structures where no lateral bracing 
or wall systems are generally required. Therefore, the proposed 
modelling strategy and the major assumptions stated above might not be 
suitable for other structural systems like flat slabs or precast/pre
fabricated systems where the behaviour may be governed by punching 
or connection failures, respectively. Besides, the buildings considered in 
the present study are modern buildings which are designed using the 
present building codes (EN1992 for the concrete design [40] and 
EN1998 for the seismic detailing [41]). The modelling strategy proposed 
here might not be suitable for older structures built in the 1960s and 
1970s (and earlier), which likely do not adhere to many of the detailing 
rules set by the present codes. Thus, they may experience unexpected 
failure modes such as joint failure, splicing or anchorage failure. In 
addition, the results obtained from the present study are mostly valid 
and applicable to buildings which are designed with some degree of 

seismic detailing. Thus, the findings should be treated carefully as they 
may not be directly translatable to building designs that consider no 
seismic design as the hierarchy of failures of the structural components 
might be somewhat different.

SAP2000 [42], which is a widely used structural analysis program by 
practitioners, was employed to perform all the computational simula
tions presented in this work. The applicability and accuracy of the 
adopted strategy were validated by comparing simulation predictions to 
selected experimental tests from the literature. The main findings of this 
validation exercise are shown in the following section (Sections 2.1, 2.2, 
and 2.3). Specific specimens and test campaigns have been chosen 
carefully to cover a wide range of scenarios, including 1) quasi-static 
tests of 2D frame systems without slabs [43], 2) dynamic tests of 2D 
frame systems without slabs [44], 3) dynamic tests of 3D frame systems 
including concrete slabs [45].

2.1. 2D-frame tests (without slabs) subjected to quasi-static load 
application

The test specimens were half-scaled RC beam-column subassemblies 
(2D frames without slabs) subjected to the removal of a central column 
[43]. Three specimens made of normal-strength concrete were selected: 
NSC-8, NSC-11, and NSC-13. The sole difference between these three 
specimens was the length of the beam, hence varying the span-to-depth 
ratio. The specimen NSC-8 is the shortest, with a beam clear span of 2 m, 
NSC-11 of 2.75 m, and NSC-13 of 3.25 m. The beam dimensions were 
250 mm (height) x 150 mm (width). The subassembly’s edge columns 
were restricted laterally and vertically. All three specimens had the same 
beam and column reinforcement configuration. The beam had 2 longi
tudinal bottom bars of diameter 12 mm along the whole beam; 3 top 
longitudinal bars of diameter 12 mm at the support and 2 top longitu
dinal bars of diameter 12 mm at the mid-span; and a shear reinforce
ment configuration of two-legged stirrups of 6 mm diameter spaced 
every 100 mm along the whole beam. The removed (middle) column 
had a dimension of 250 mm × 250 mm with 8 longitudinal bars of 
diameter 12 mm and three-legged stirrups of diameter 6 mm spaced 
every 100 mm. The edge columns had a dimension of 
400 mm × 400 mm with 12 longitudinal bars of diameter 16 mm and 
four-legged stirrups of diameter 6 mm spaced every 100 mm. The stiff
ness of the lateral restraints (boundary conditions) was reported as 
1 × 105 kN/m, and the same value was adopted in the numerical model 
reported in the present study.

The vertical load was applied over the central column using a 
displacement-controlled hydraulic jack (quasi-statically). Fig. 2b pro
vides a schematic illustration of the SAP2000 model, including the 
boundary conditions adopted to mimic the actual test setup (Fig. 2a).

Fig. 3 below shows the calibration process where a systematic vari
ation of the three main modelling parameters on specimen NSC-13 was 
performed: (a) concrete constitutive model (with and without confining 
effect); (b) number of fibre discretisation of the cross-section 
(throughout the depth of the member); and (c) the number of hinges 
per element length of the beam.

Fig. 3a indicates that the concrete confinement model produces 
steeper drops of vertical reactions after the first peak (i.e., when the 
concrete crushes at the end of the compressive arching action) at a 
displacement of around –100 mm and it also reduces slightly the final 
catenary capacities at around –700 mm vertical displacement. The in
fluence is expected to be stronger for specimens with a shorter span-to- 
depth ratio where the arching action becomes more dominant. To ensure 
that accurate responses can be captured for general scenarios with 
various geometrical aspects, it is recommended to always include the 
effect of concrete confinement in the model. Fig. 3b shows a relatively 
mild influence of the fibre discretisation, but generally, about 6 to 10 
fibres already provided consistent results. From these three investigated 
parameters, it is found that the influence of the number of hinges 
(Fig. 3c) is the strongest. A general trend can be observed: with fewer 
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hinges, the peak load tends to be higher because this is analogous to 
having more uniform stress along the rebar. On the contrary, increasing 
the number of hinges led to an earlier fracture of the reinforcing bars as 
the tensile stress became more concentrated in shorter plastic hinge 
regions during the catenary state. Observing the responses in Fig. 3c, the 
best fit for the test results was achieved with 10 hinges, which became 
increasingly conservative as the number of hinges increased. Based on 
these analyses, it is recommended to use 10–20 hinges within one beam 
length to capture the fracture of the reinforcing bars realistically. This is 
consistent with previous observations by [31].

Fig. 4 compares the measured vs predicted responses of specimens 
NSC-8, NSC-11, and NSC-13 using the adopted modelling strategy (i.e., 
adopting the confined concrete model; 10 ×2 fibres for the cross-section 
discretisation; 10 hinges per element length).

Overall, Fig. 4 shows that the adopted computational model accu
rately predicted the vertical and horizontal responses of all specimens. 
The peak of the arching state, the transition from the arching to the 
catenary, and the peak of the catenary state were all correctly repro
duced (these key points are indicated in Fig. 4a). However, a slight 
discrepancy can be observed in the first fracture of the longitudinal 
reinforcing bars that occurred earlier in the simulations (around the 
transition from arching to catenary). This can be explained by the fact 
that the adopted modelling strategy assumes a perfect bond condition 
(not accounting for the bond-slip phenomenon) that leads to a higher 
concentration of rebar tensile stress in a shorter region, leading to a 
slightly premature failure of the bars. A similar phenomenon was 
observed by Makoond et al. [46].

2.2. 2D-frame tests (without slabs) subjected to a dynamic column 
removal

In the original study [44], two half-scale specimens were tested: a 
cast-in-place concrete and a precast specimen. Only the cast-in-place 
specimen (specimen RC) was selected for validation here. The beam 
dimensions were 300 mm (height) x 200 mm (width), whereas the edge 
column was 350 × 350 mm. The specimen was pre-loaded with steel 
plates (weights) before performing the sudden column removal. In total, 
six different load stages were performed where the weights were 
incrementally increased for each stage to simulate different magnitudes 
of imposed loads. In this section, only the results of stages 2–5 will be 
presented as they are considered the most realistic range of loads to be 
encountered in practice (i.e., the 1st stage was performed with a very 
small load below the cracking point, whereas the 6th stage was very 
close to the collapse of the specimen where the behaviour was relatively 
unstable). Fig. 5 compares the measured and predicted responses in 
terms of vertical displacement vs. time at the location of the removed 
middle column.

Fig. 5 indicates that the predictions are in good agreement with the 
measured displacement responses for all load stages. Observing the 
dynamic motions, the numerical predictions seem to reach a state of 
equilibrium faster (i.e., the vibrations decayed in a shorter period). In 
contrast, the measured responses showed more waves of vibrations. One 
potential reason is the difference in the viscous damping in the system. 
As the damping values were not reported in the original test, we 
assumed a consistent viscous modal damping of 5 % consistently for all 
the load stages, which can be somewhat different in real tests [47].

Fig. 2. (a) Test setup and instrumentation layout of the test campaign by Deng et al. [43]; (b) The adopted computational model. Image reproduced with permission 
of the rights holder (ASCE).

A. Setiawan et al.                                                                                                                                                                                                                               Structures 70 (2024) 107898 

4 



2.3. 3D-frame tests (with slabs) subjected to a dynamic column removal

The following study considers a more complex and realistic scenario 
where a 3D-frame specimen with slabs was subject to a sudden edge- 
column removal [45]. The ¼-scale specimen consisted of two com
plete bays: two spans in the longer direction and one span in the shorter 
one, supported on eight columns. The frame spans about 2.25 m in both 
directions (column’s axis to axis), with a slab overhang of about 0.5 m 
representing the imposed loads from the parts of the floor system that 
were not included in the test specimen. Two different beam designs were 
used: interior beams with a dimension of 138 mm (height) x 80 mm 
(width) and perimeter beams of 112 mm × 80 mm. The column di
mensions were square and were 170 mm × 170 mm. The slab thickness 
was 64 mm. The imposed loads were applied using external weights in 
the form of concrete blocks. The sudden column removal was performed 
using a special device designed to rotate (so-called ICRD, Instantaneous 
Column Removal Device), thereby releasing the axial forces after hori
zontal impact (Fig. 6a). Two specimens were tested under dynamic 
loading conditions: D-0.91 and D-1.16, but only D-0.91 will be discussed 
here as the latter behaved unstably, where the vertical deformation kept 
increasing even some hours after the test was terminated.

The two most used approaches for modelling the nonlinear behav
iour of concrete slabs are 1) the grillage approach (Fig. 6b), where a slab 
is “substituted” by a series of orthogonally-arranged beams (line ele
ments), and 2) the nonlinear-layered shell approach (Fig. 6c), where a 
slab is discretised into several thin layers along the height of the section. 
The nonlinear-layered shell adopted here follows a thick-plate response 
(Reissner/Mindlin) formulation which includes the effects of elastic 
transverse shear deformation. The in-plane interaction (normal and 
shear stresses) is modelled according to the Darwin-Pecknold concrete 
model [48]. Darwin-Pecknold (DP) model is a co-axially rotating 
smeared crack concrete model which can simulate an interaction 

between bending and shear. The interaction between transverse tensile 
strain and compressive strength in the perpendicular direction, the 
so-called “compression softening” effect, is accounted for based on the 
Modified Compression Field Theory (MCFT) of Vecchio and Collins [49]. 
The out-of-plane shear failure (punching) is not considered as the 
transverse shear response is modelled as elastic. This is deemed 
acceptable for the slab system adopted in the present study (not a flat 
slab one). The reinforcing bars inside the slab are modelled as a thin 
shell layer (single layer) with an equivalent thickness (i.e., the area of a 
single reinforcement bar divided by the spacing between two adjacent 
bars). For each layer, integration of the layer stresses is performed at 
standard 2 × 2 Gauss points to obtain the sectional slab forces (bending, 
twisting, and shear). Throughout the present study, the slab is consis
tently discretised into ten layers throughout the thickness. Unlike the 
typical (default) centroid-to-centroid connections, the connection be
tween the slabs and the beams adopted in the present study was 
configured specifically so that the top surface of both elements is located 
at the same elevation (i.e., similar to a T-beam section). This was 
deliberately done in order to account for the bending stiffness of the 
beam-slab system more accurately.

Both approaches were used, and the resulting predictions are dis
cussed in the following. Concerning the mesh size for the shell elements, 
generally, a mesh length between L/10 – L/20 is deemed acceptable to 
yield reliable predictions [50], with L as the centreline-to-centreline 
distance between two adjacent supports/columns. For this test series, 
L is about 2250 mm, and the average mesh size for the shells was taken 
as 100 mm (about L/20).

Fig. 7 compares the measured vs. predicted displacement responses 
obtained using the two approaches. For the grillage model, several plots 
are presented in Fig. 7 to demonstrate the influence of adopting different 
torsional stiffness modifiers on the predicted responses. Overall, it can 
be observed that the nonlinear shell approach predicted the slab 

Fig. 3. Vertical load vs displacement response of specimen NSC-13 showing the influence of (a) the concrete confinement model, (b) fibre cross-section dis
cretisation, (c) the number of hinges along the element length.
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responses well, particularly the residual displacement, with a slightly 
larger error in terms of the peak value. The grillage model’s predictions 
are highly sensitive to the adopted torsional stiffness. The model with 
the smallest torsional stiffness modifier (0.08 of the uncracked torsional 
stiffness) best agreed with the measured response. In contrast, the gril
lage model without stiffness modifiers produced a much stiffer response. 
Considering this strong sensitivity, it is recommended to adopt the 
nonlinear-layered shell, as has been done for all the analyses described 
in the following sections.

2.4. Concluding remarks from the validation of the adopted modelling 
strategy

The results presented in Sections 2.1, 2.2, and 2.3 confirm that the 
adopted modelling strategy, combining distributed fibres for the frame 
elements and nonlinear-layered shells for the slabs, can produce accu
rate and reliable results with a reasonable computation time. Impor
tantly, several modelling parameters must be chosen and calibrated 
carefully to ensure reliable results. For the line (frame) elements, the 
most important aspect is the number of hinges per element length. It is 
recommended to use between 10–20 hinges per element. Regarding the 
modelling of the slab, the predictions of the simplified grillage model are 
strongly affected by the reduction of torsional stiffness. Considering this 
strong sensitivity, it is recommended to adopt the nonlinear-layered 
shell with a mesh size of about L/10 – L/20. Having a properly cali
brated model allows further objective evaluation of the robustness of a 
given structural system using various indexes. This aspect will be 
described in detail in Section 3.

3. Robustness index studies

The validated modelling strategy was further utilised to determine 
and compare the robustness indexes proposed by Khandelwal & El-Tawil 
[51], Bao et al. [52], Fallon et al. [53], and Fascetti et al. [54]. These 
four indexes are categorised as reserve-based deterministic indexes, and 
are deemed to be highly suitable for evaluating the effectiveness of 
design measures intended to improve load redistribution capacity [10]. 
These four indexes were selected because they vary broadly in terms of 
analysis procedure, and they also use different measures to express 
robustness. Table 1 summarises the four indexes, including their ad
vantages and limitations. These indexes were used to measure the 
robustness of three hypothetical building designs: a) Building A - the 
control building (reference) with 5 × 5 bays as all the other buildings, 
6 m span length and 3-storey height; b) Building B – with 10 m span 
length and 3-storey height (to evaluate the influence of span length); and 
c) Building C – 6 m span length and 6-storey height (to assess the in
fluence of the number of stories or building height) whereas the floor 
layout was kept the same. The chosen span lengths of 6 and 10 m were 
selected to represent the practical lower- and upper-bound spans of 
typical RC buildings found in practice. Similarly, the 3 and 6-storey 
buildings represent a category of low-rise and mid-rise (bare) frame 
systems that can be generally found in practice (without the presence of 
lateral bracing or wall systems). These three buildings were seismically 
designed as ductility class medium (DCM) according to EN 1998 [41]. 
The structural robustness designs were performed according to the 
prescriptive tying rules of the UFC guidelines [6]. More detailed infor
mation on these three buildings (element dimensions and reinforcement 
configurations) is provided in Supplementary Material.

For each building, multiple notional column removals were 

Fig. 4. Measured vs. predicted responses of specimens (a) NSC-8; (b) NSC-11; (c) NSC-13 subjected to quasi-static load (2D-frames without slabs).
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performed either individually or sequentially (depending on the 
robustness index procedure) according to a threat-independent 
approach. By taking advantage of the building symmetry and 
assuming that only the ground floor column removals are considered, 
there are six individual single-column removals to be investigated: one 
corner column removal, two edge column removals, and three internal 
column removals (refer to Fig. 8).

The following subsections will present an example of each index to 
demonstrate its implementation. For the sake of brevity, the demon
stration described in the following sections is only for Building A, but the 
three buildings will be compared altogether and discussed in Section 
3.5.

3.1. Index 1 by Khandelwal & El-Tawil [51]

In the original study of Khandelwal & El-Tawil [51], the authors 
proposed three alternative methods to analyse the structural robustness 
of a system: 1) nonlinear static bay pushdown, 2) nonlinear static global 
pushdown, and 3) incremental nonlinear dynamic analysis. In this 
paper, we adopted the first one as it is considered the most practical to 
perform. The bay pushdown shall be performed individually for each 
column location. It starts by deleting the column from the structural 
model (before the analysis), applying uniform accidental load combi
nations to the whole floor (in this study, we adopt 1.2DL+0.5LL ac
cording to the UFC accidental load combination [6]), and then gradually 
increasing the load only at the bay where the column is removed using a 
multiplier λ(1.2DL+0.5LL) until a collapse is triggered (Fig. 8). The 
value of imposed load (in LL) and superimposed dead load (in DL; in 
addition to the self-weight) used in the present study was 3 and 2 kN/m2 

respectively, that represent typical characteristic loads for office build
ings according to EN 1991–1-1:2002 [55]. The robustness index is 

determined as the minimum λ value, considering all column removal 
scenarios. Fig. 9a shows the results of the bay pushdown for all six 
column removals of Building A. The last data point plotted in Fig. 9a was 
taken as the last converged step before a significant force, displacement, 
or energy error occurred. This represents the moment where no further 
system equilibrium could be achieved, indicating collapse initiation 
(either partially or totally).

As shown in Fig. 9a, the robustness index of Building A according to 
Index 1 equals 1.589, which corresponds to the removal of column 
Internal-1 (penultimate-internal column; Fig. 8). In general, all three 
internal removals consistently failed at a significantly lower vertical 
displacement when compared to the edge- or corner-column removal. A 
further investigation was done to identify the failure mode, and it was 
found consistently that for all scenarios involving the loss of an internal 
column, the failure was triggered due to the compression failure of the 
concrete of the surrounding columns (overload), leading to a brittle 
failure mode. In all removal locations, the load resistance increases 
(hardening response) after experiencing the first drop, indicating a 
possible force redistribution due to the formation of the catenary 
mechanism of the beams and the tensile membrane action of the slabs. 
Fig. 9b compares the force- and displacement-controlled procedures to 
perform the bay pushdown. The two procedures are in close agreement, 
where only a slight deviation occurs at the descending part of the curve 
(i.e., the force-controlled method shows a snap-through response). In the 
present study, all the analyses were performed consistently using the 
displacement-controlled procedure as it captures the whole structural 
response of the system, including the redistribution of loads between 
structural members, typically indicated by a decrease/drop of 
resistance.

Fig. 5. Measured vs. predicted responses of specimens RC at four different load stages subjected to a sudden column removal (2D-frames without slabs) [44].
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3.2. Index 2 by Bao et al. [52]

The robustness index proposed by Bao et al. [52] also adopts the 
local bay pushdown method (as Index 1), but it implicitly accounts for 
dynamic amplification using the energy conservation principle [56]. It is 
worth mentioning that the use of an energy-based approach to estimate 
the approximate dynamic resistance from the static response was first 
introduced by Izzuddin et al. [56], but the implementation of such a 
concept to quantify the robustness of a structural system was done by 
Bao et al. [52] - Index 2, as an improvement from the static index pre
viously proposed by Khandelwal and El-Tawil [51] - Index 1. According 
to this principle, at any state, the external work done by the load (i.e., 
the load redistributed from the failed column and its corresponding 
displacement) is equivalent to the internal work done (i.e., the way the 
system redistributes the internal forces through straining actions). By 
assuming an SDOF idealisation, the pseudo-static response (approxi
mating the real dynamic response) can be determined from the 
static-bay pushdown results in a straightforward manner using the 
following formulations: 

λd(Δ).Δ =

∫ Δ

0
λs(Δ).dΔ (1) 

λd(Δ) =
1
Δ

∫ Δ

0
λs(Δ).dΔ (2) 

where λd(Δ) is approximate dynamic capacity (pseudo-static resistance), 
Δ is the corresponding dynamic displacement, whereas the integral at 
the right-hand side of (Eq. 1) represents the area below the static 
pushdown curve, representing the potential energy absorbed by the 
system with λs(Δ) as the quasi-static resistance of the system.

Fig. 10 shows both the static bay pushdown and the pseudo-static 
responses for all six single-column removals of Building A. The 
maximum/peak load multiplier factor is plotted in the same figure. 
Fig. 10 shows that the λ factor, according to Index 2, varies from about 
1.151 – 1.631, with the most critical scenario being the penultimate 
internal column (Internal-1), consistent with Index 1. The dynamic 
resistance of Internal-1 decreases from 1.589 in Index 1 to 1.151 in Index 

Fig. 6. (a) Test setup and important auxiliary components of the test campaign by Qian and Li [45]; two modelling approaches to simulate concrete slabs: (b) the 
simplified grillage model and (c) the nonlinear-layered shell model. Image reproduced with permission of the rights holder (Elsevier).
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2, which indicates the importance of accounting for the dynamic effect 
when determining the structural resistance. In this case, the design of 
Building A can be considered acceptable as the resistance against 
abnormal events for any single column removal is > 1.0.

In addition to obtaining the dynamic resistance, the energy- 
conservation principle can also be applied to estimate the system’s dy
namic amplification factor (DAF): 

DAF =
λs(Δ)

λd(Δ)
(3) 

These DAF values will be used when performing the global push
down in Index 3. Fig. 11 shows the DAF values plotted as a function of 
the vertical displacement of all six columns of Building A. In the same 
figure, the DAF model proposed by Marchand et al. [57] (also adopted in 
[6]) for reinforced concrete structures is plotted to provide a bench
mark. It is important to note that the model of Marchand et al. [57] was 
developed assuming a linear elastic, perfectly plastic (EPP) behaviour, 
which results in a continuous decrease (decay) in DAF as the plastic 
deformation increases. Fig. 11 indicates that the DAF obtained from the 
energy-conservation principle has a slightly different trend than the EPP 
model of Marchand et al. Particularly, the pattern of the curves obtained 
from the energy-conservation principle shows that the decreasing trend 
of the DAF reverses at a certain point and gradually increases until 
failure happens. This was possible due to the development of the cate
nary and tensile membrane actions at large deformation states that 
provide additional resistance to the system. In contrast, the EPP model 
does not account for this, which may underestimate the DAF at large 
displacement regions (unsafe design conditions). A consistent observa
tion was recently reported by [58].

3.3. Index 3 by Fallon et al. [53]

Fallon et al. [53] proposed a robustness measure based on the ratio of 
the resistance provided by the damaged system relative to the undam
aged resistance with all components intact. The index is referred to as 
the relative robustness index (RRI), and it is formulated as: 

RRI =
Ldamaged − Ldesign

Lintact − Ldesign
=

Ldanaged
Ldesign

− 1
Lintact
Ldesign

− 1
=

λdamaged − 1
λundamaged − 1

(4) 

where Ldamaged represents the collapse load of the damaged structure, 
Ldesign represents the design load (in this case, accidental load combi

Fig. 7. Measured vs. predicted responses of specimen D-0.91 [45] subjected to 
sudden column removal (3D-frames with slabs).

Table 1 
Summary of the four robustness indexes investigated in the present study 
[51–54].

Reference Index formula/ 
expression

Advantages/ 
unique features

Disadvantages/ 
challenges

Index 1 
[51]

RI1 =

Max static res.
Design load

• Simplest to 
perform;

• Requires the least 
post-processing 
from the analysis 
results.

• Does not explicitly 
consider the 
dynamic effect;

• Only applies for 
single-column 
removal scenario 
hence does not pro
vide any indication 
of the critical propa
gation path.

Index 2 
[52]

RI2 =

Max dynamic res.
Design load

• Requires the same 
analysis as Index 
1;

• Accounts for 
dynamic effect 
through energy- 
conservation 
principle (without 
requiring actual 
dynamic 
analyses).

• Only applies for 
single-column 
removal scenario 
hence does not pro
vide any indication 
of the critical propa
gation path.

Index 3 
[53]

RI3 =

λdamaged − 1
λundamaged − 1

• Provides a 
measure of the 
reduction of 
global structural 
resistance for a 
given damage 
scenario relative 
to the undamaged 
state

• The resulting 
predictions are 
sensitively affected 
by the adopted 
dynamic 
amplification factor 
(DAF);

• Only applicable for 
single-column 
removal scenario 
hence does not pro
vide any indication 
of the critical propa
gation path.

Index 4 
[54]

RI4 =
∑nr

i=1
i ∗ Li

n,cr

• It explicitly 
accounts for the 
dynamic effect 
(most realistic 
procedure);

• The only index 
that allows 
identifying the 
critical 
propagation path 
through 
successive column 
removal 
procedures 
(multiple).

• Requires the most 
expensive 
computation time;

• The index is not 
straightforward to 
interpret for 
evaluating a single 
building design (it 
requires another 
reference/ 
benchmark to be 
most useful).

Notes:
Max static res. = the maximum load that can be resisted by the structural system 
during the bay pushdown applied in a static manner;
Max dynamic res. = the maximum load that can be resisted by the structural 
system during the bay pushdown estimated using the pseudo-static approach 
(approximating dynamic analysis);
Design load = the design accidental load combination equivalent to 1.2DL 
+ 0.5LL;
λdamaged= the maximum load multiplier that can be resisted by the structural 
system during the global pushdown assuming a damaged system (removing the 
designated column);
λundamaged= the maximum load multiplier that can be resisted by the structural 
system during the global pushdown assuming an undamaged/intact system;
nr = the number of columns to be removed to initiate progressive collapse;
i = the weighting factor based on the order of the column being removed (from 1 
to nr);
Ln,cr= the axial load multiplier for the critical column removed in each phase.
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nation), Lintact represents the collapse load of the undamaged structure, 
λdamaged is the gravity load multiplier for the damaged structure (relative 
to the design load), and λundamaged is the gravity load multiplier for the 
undamaged structure (relative to the design load). Global pushdown is 
used to measure the resistance of the structural system. The procedure is 
done by gradually increasing the uniformly distributed load in all bays 
but multiplying the accidental load combination with DAF for the bays 
affected by the column removal and a multiplier of 1.0 elsewhere (refer 
to Fig. 12). Fig. 13a summarises the RRI for all the six column-removal 
scenarios. The values of RRI for Building A vary between 0.265 (lowest – 
Internal 1) and 0.921 (highest – Corner). All values of RRI are always 
positive, which reflects that the structural system has sufficient resis
tance to fulfil the ALP check for accidental load combinations. The 
lowest value of RRI was observed for Internal-1 removal scenarios, 
which indicates that this scenario is the most critical for the system’s 
integrity and is once again consistent with the previous indexes.

Fig. 13b demonstrates the sensitivity of the RRI to different adopted 
values for DAF for the Internal-1 scenario. Three variations of DAF were 
investigated: 1) one obtained from the energy-conservation principle 
(DAF=1.387); 2) Marchand et al. (DAF=1.302); 3) a linear elastic sys
tem (DAF = 2.0). It can be seen from Fig. 13b that the linear elastic 
model produces much lower RRI when compared to the other two 
models. This indicates that assuming DAF= 2.0 leads to a significant 
overestimation of the actual dynamic response of the system, leading to 
a very conservative result. The resulting RRI values from the energy- 
conservation principle and Marchand et al. are in reasonable agree
ment. These results suggest that selecting a realistic DAF is essential 
when determining the robustness index according to the Index 3 
approach.

Fig. 8. Illustration of Indexes 1 & 2 procedure [51,52]: indicating the removed column locations and the affected bays where the local bay pushdowns are performed.

Fig. 9. (a) The results of the local bay pushdown of all investigated six-column locations of Building A (Index 1) – the λ values are indicated for each curve; (b) a 
comparison between force- vs displacement-controlled procedure to perform the local bay pushdown.
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3.4. Index 4 by Fascetti et al. [54]

The fourth index combines dynamic column removal and nonlinear 
static pushdown at the removed column location. Unlike the other 

indexes, Index 4 requires performing sequential dynamic removal by 
gradually removing the critical columns in the system until collapse 
occurs. Thus, the index does not only provide a measure of the load the 
system can resist before the collapse but also reveals the critical path 

Fig. 10. Load factor vs. vertical displacement responses at the removed column location of six single-column removals of Building A (static and pseudo-static re
sponses) – Index 2 [52].
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where the collapse would likely initiate and propagate. Fig. 14 illus
trates a single cycle to obtain Index 4: 

1. The cycle starts by imposing uniform pushdown everywhere in the 
building according to the accidental load combination.

2. Then, a specific column/support is dynamically removed from the 
system.

3. Perform a check to determine whether a new state of equilibrium is 
possible.

4. If no equilibrium is achieved, then the process is terminated.

Fig. 11. Dynamic amplification factor (DAF) for six single-column removals of Building A obtained using pseudo-static analysis vs. Marchand et al. model.
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5. If equilibrium is achieved, the process continues by performing a 
nonlinear static pushdown, applied at the node where the corre
sponding column was removed until collapse takes place.

6. Redo Steps 1-5 by removing the (adjacent) critical columns succes
sively until no equilibrium is achieved when performing the dynamic 
removal. For more detailed information regarding the procedure, 
refer to Fascetti et al. [54].

It is important to mention that, for each cycle described in steps 1–6 
above, a new (updated) numerical model is required as the critical 
element identified in step 6 must be removed manually from the cor
responding model before proceeding to the next cycle/phase.

Figs. 15–17 show the three successive column removal phases per
formed to obtain Index 4 for Building A. Fig. 15 (left) indicates that all 
six single-column removal scenarios performed in Phase 1 can achieve a 
new equilibrium state. This suggests that the system fulfils the 

robustness requirement prescribed by the building codes according to 
the ALP (alternative load path) check. This conclusion is consistent with 
all the three previous indexes where λ > 1.0 for Indexes 1 and 2, and RRI 
≥ 0 for Index 3. Fig. 15 (right) shows the nonlinear static pushdown 
performed after the dynamic removal, and the plots suggest that column 
Edge-1 produced the lowest load factor (λ), equal to 1.062. Thus, the 
first cycle concludes that Edge-1 will likely be the first column where the 
failure will be initiated. Interestingly, this conclusion is different from 
the other indexes where the critical scenario was consistently predicted 
as Internal-1. This is because the incremental load applied after the 
dynamic analysis in Index 4 is applied as a point load at the joint where 
the column is removed instead of a uniformly distributed load as in the 
previous three indexes. In Fig. 16 (Phase 2), three possible combinations 
of two-column removals were checked (adjacent to Edge-1): 1) Edge- 
1 + Corner; 2) Edge-1 + Internal-1; 3) Edge-1 + Edge-2. Fig. 16 shows 
that all three scenarios achieved a new state of equilibrium, and the 

Fig. 12. Illustration of Index 3 procedure [53]: indicating the removed column locations and the load amplification factor for the affected and non-affected bays to 
perform the global pushdown analysis.

Fig. 13. (a) Relative robustness index (RRI) of all six column removals of Building A – Index 3; (b) The influence of the dynamic increase factor (DAF) on RRI.
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subsequent critical column was identified as Corner (lowest λ = 0.836).
Fig. 17 shows the procedure’s final phase (Phase 3), where the sys

tem collapses after removing the third column (either Internal-1 or 
another Edge-1 column). This indicates that Building A can only sustain 
two-column removals and that it fails after the third. Based on the 
mathematical formula proposed by Fascetti et al. [54], the robustness 
index for Building A can be calculated as follows: 

RI =
∑nr

i=1
i ∗ Lin,cr = (1) ∗ λ1 +(2) ∗ λ2 = (1)1.062+(2)0.836 = 2.735

(5) 

where nr indicates the total number of columns being removed before 
collapse is triggered, i indicates a weighting factor depending on the 
order of the column removal and Li

n,cr indicates the load factor (λ) the 
corresponding column can withstand under the nonlinear static push
down. Using the equation above, we obtain a robustness index of 
Building A equals 2.735. This index cannot be interpreted individually, 
as the number alone might not provide any meaningful information. 
However, the index is useful for comparing different building designs or 
structural systems where a lower value indicates lower robustness and 

vice versa, as will be discussed in the next section.

3.5. Comparison of the four robustness indexes applied to Buildings A, B, 
and C

In this section, the summary of all four indexes applied to Buildings 
A, B, and C will be presented, and a systematic discussion will be pro
vided to evaluate 1) the consistency between indexes and 2) the influ
ence of building characteristics (span length and number of stories) on 
its structural robustness.

Fig. 18 shows the robustness index for individual column locations 
calculated according to Indexes 1–3. It is essential to mention that Index 
4 is not included in Fig. 18 because it cannot be expressed for individual 
column loss scenario but instead as a single global (system) index. 
Fig. 18 indicates that in all three buildings, the indexes suggest that the 
critical scenario is the loss of the Internal-1 penultimate-internal col
umn, except for Index 1 – Building C where Internal-2 is governing. This 
can be explained as the load that must be redistributed at the internal 
column is typically higher due to the corresponding column’s tributary 
area, making it more critical than the edge or corner column. Besides, 

Fig. 14. Illustration of the procedure applied for a cycle of Index 4 (Fascetti et al.[54]).

Fig. 15. Phase 1 of Index 4 [54] applied to Building A.
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when comparing Internal-1, 2, and 3, Internal-1 is located closest to both 
the free edges of the building where the lateral stiffness provided by the 
system is lowest, leading to the weaker development of both catenary 
actions of the beams and tensile membrane actions of the slabs [59,60]. 
Another observation suggests that the difference between the robustness 
index for Internal-1 and Internal-2 is always very narrow. This is rele
vant for protective design as the two columns are located next to each 
other and could be damaged simultaneously during an extreme event 
such as a blast or a fire.

In Fig. 19, the final robustness indexes (Index 1–4) for all three 
buildings are summarised. According to Indexes 1–3, it can be observed 
that Building B, with a longer span, is always the least robust. Building B 
scored 1.081 for Index 2, indicating that the system is close to not ful
filling the ALP requirement for a single-column loss (with λ < 1.0). This 
is consistent with Index 3, which gave Building B a score of 0.146, which 
is very close to 0 (not fulfilled if RRI < 0). Buildings A and C produced 
very similar scores for Indexes 1–3. Regarding Index 4, a slightly 
different pattern can be observed. The three buildings survived with at 

least two column removals, and they collapsed after the third column 
was successively removed. However, the critical path is different: 
Building A = Edge − 1 -> Corner; Building B = Internal − 1 -> Internal- 
2; Building C = Internal-1 -> Edge-1. One observation that can be made 
is that for Building B, where the span is longer, the critical path starts 
and propagates through the inner parts of the building, where the trib
utary area is the largest (dominated by gravity loads). On the other 
hand, in Buildings A and C, with a 6 m span, the critical path mainly 
crosses the perimeter and corner parts of the building. Comparing 
Buildings A and C, it can be seen that Building A scored 2.735, whereas 
Building C scored 1.909. This can be potentially caused by the fact that 
with more floors, Building C is subjected to higher unbalanced moments 
when the local pushdown is applied, hence scoring lower for Index 4.

Evaluating a system using multiple robustness indexes proved more 
valuable, providing a more complete picture of system performance 
than relying solely on a single index. Indexes 1 and 2 are the most 
straightforward and simple to apply, and they provide a direct measure 
of how robust the system is in resisting the prescribed accidental load 

Fig. 16. Phase 2 of Index 4 [54] applied to Building A.
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combination under a particular damaged state. They can also be used to 
identify the most critical column loss scenario (spatially) for a given 
building design. Index 3 compares the resistance of damaged and un
damaged states of a system. As such, it provides a quantitative measure 
of how sensitive a system is (how much the global resistance is affected) 
to different considered initial damage scenarios. Although Index 4 is 
considered the most time-consuming as it requires successive dynamic 
column removals, it may reveal useful information about the behaviour 
of the building, including the critical path and the maximum number of 
columns being removed/damaged before global stability is lost. Such 
information cannot be obtained from the other three indexes, and it is 
more associated with the path a building would follow in case of 
disproportionate collapse.

Besides, the data extracted in one index can be used to compute 
others. For instance, Index 2 can be obtained simply by performing a 
post-processing of the static load-deformation response extracted for 
Index 1. Besides, DAF obtained from Index 2 can be used when 

performing the global pushdown in Index 3. This allows users to obtain 
several indexes by performing a limited number of computational sim
ulations. Considering the effort and computation time required to 
perform the analysis and the usefulness of the index, it can be concluded 
that Index 2 is the most practical to use. It requires only a nonlinear 
static pushdown that is less time-consuming than the dynamic analysis, 
yet it indirectly accounts for the dynamic effect through the energy- 
based principle. In the following section, the potential usefulness of 
Index 2 to two specific applications is presented.

4. Potential application of robustness index

In this section, two practical examples are presented to further 
demonstrate the potential applications of Index 2 as a decision-making 
tool for practising engineers. Section 4.1 shows how the robustness 
index can be linked to the damage state (condition) of individual 
structural components. In Section 4.2, a systematic comparison between 

Fig. 17. Phase 3 of Index 4 [54] applied to Building A.
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various retrofitting schemes was performed by utilising the index.

4.1. Relating the robustness index to the damage state of the structural 
components

All four indexes used in the previous section have provided different 
measures of the system’s robustness. However, they did not explicitly 
indicate the level of damage suffered by individual components involved 
during the development of the alternative load paths. To provide such 
information, further post-processing can be done by linking the 
robustness index (global system response) to the elements’ damage state 
(strain, stress, or rotation). For a demonstration, the damage state 
classification proposed by Parisi et al. [61] will be adopted. The classi
fication consists of five limit states: 

1. LS1 (slight damage): represented by minor concrete cracking or steel 
yielding in critical portions of beams located in floor areas above the 
removed column. The threshold is controlled by the strain in the 
concrete cover and the longitudinal reinforcement bars.

2. LS2 (moderate damage): moderate cracking of concrete cover in the 
affected beams, assumed to be controlled by the beams’ rotation.

3. LS3 (significant damage): concrete spalling and concrete core’s 
cracking that is controlled by the maximum strain of the beams’ 
concrete cover and core.

4. LS4 (extensive damage): crushing of concrete core controlled by the 
maximum strain experienced by the concrete core.

5. LS5 (progressive collapse): a state where the partial or total collapse 
of the building occurs, controlled by either the fracture of the beams’ 
longitudinal bars or a rotation limit of the beam.

This application is illustrated using the pseudo-static curve obtained 
using Index 2 for Internal-1 removal from Building A. Two specific 
beams were assessed: Beam-1 connecting Internal-1 and Edge-1 
(Fig. 20a), and Beam-2 connecting Internal-1 and Internal-2 
(Fig. 20b). Both beams are located at the ground floor level). Fig. 20
correlates the global pseudo-static curve (Index 2) with the damage state 
of the two investigated beams. The accidental load requirement (λ=1) is 
also plotted in the same graph.

Two main observations could be made from Fig. 20: 1) either beam 
has not reached LS5, which indicates that global failure occurs before 
the beams reach their limit of catenary state, suggesting that the failure 
of the columns governs; 2) Both beams are severely damaged at λ= 1, 
with Beam-1 trespassing LS3 and Beam-2 already trespassing LS4. This 
indicates that extensive repair would be necessary if such an extreme 
scenario occurs. Linking the robustness index to the damage state pro
vides more complete information about the (global) system’s state with 
the local damage of the engaged structural components. Knowing the 
damaged state of individual components, further post-processing could 
even be made to estimate the cost required for performing repair and 
replacement, for instance, according to FEMA P-58 methodology [62]. 
These costs can be used to estimate the consequences associated to the 
occurrence of different possible failure scenarios. Combining such con
sequences with estimates of the probability of occurrence of the sce
narios would enable a holistic risk assessment of the structural system to 
be carried out.

In addition to this, combining the robustness index and the damage 
state, as shown above, can also be useful to assist the decision-making 
process during the design stage (even before any extreme event takes 
place). For example, the information gathered from such analyses can be 
utilised to decide whether we need to redesign some elements in our 
buildings in order to ensure an acceptable damage limit state (within a 
performance-based approach). In such a way, we can ensure that 
alternative load paths can be developed effectively while also limiting 
the damage to the surrounding elements when local failures take place.

4.2. Evaluating and comparing the performance of various design/ 
retrofitting solutions

Another potential use of Index 2 is to systematically evaluate and 
compare several design/retrofitting solutions for a specific building/ 
column-loss scenario. For instance, from the previous robustness eval
uation of Building A, it was observed that the Internal-1 scenario always 
governs. Although it fulfils the accidental load requirement, the margin 
of safety is minimal. A further investigation was performed using Index 2 
to compare various retrofitting solutions for the Internal-1 scenario. In 
particular, three solutions were investigated involving strengthening 
different building components: 1) strengthening the catenary actions of 
the beams by attaching a 3 mm layer of additional steel plate at the 
bottom surface of the beam (steel material S355); 2) strengthening the 
tensile membrane actions of the slabs by adding a rebar mesh made of 
Φ10 mm bars, spaced every 100 mm, at the bottom surface of the slabs; 
3) increasing the resistance of the column against compressive loads by 
increasing the concrete strength from C30/37 to C50/60. For an existing 
building, solution 3 might not be possible, but an equivalent solution can 
be adopted, for instance, by using column jacketing to increase the cross- 

Fig. 18. The robustness index for each (individual) column-loss scenario of 
Buildings A, B, and C for (a) Index 1 [51], (b) Index 2 [52], and (c) Index 3 [53].
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Fig. 19. Summary of the robustness index of Buildings A, B, and C.

Fig. 20. Correlation of the global pseudo-static curve (Index 2) for the removal of column Internal-1 (Building A) to the damage state of (a) Beam-1 connecting 
columns Internal-1 and Edge-1; (b) Beam-2 connecting columns Internal-1 and Internal-2 (both at GF level).

Fig. 21. Systematic evaluation of various design/retrofitting solutions using Index 2 for Internal-1 removal of Building A: (a) original design vs. strengthening of 
beams and slabs; (b) original design vs. strengthening of columns.
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sectional area or introducing more confinement with FRP (fibre-rein
forced polymer) to increase the confined concrete compressive strength.

In all these solutions, only structural elements directly affected by 
the removal of Internal-1 were strengthened. Fig. 21a compares the 
pseudo-static curve of the original design with solutions 1 and 2, 
whereas Fig. 21b compares the original design with solution 3. Fig. 21a 
indicates that solutions 1 and 2 achieved lower vertical deformation (Δv) 
at the level of load corresponding to the accidental load combination, 
leading to less system damage. Adding the steel plate to the beam re
duces the chord rotation (θc) from 0.034 rad (original design) to 
0.017 rad, whereas the additional slab mesh to 0.023 rad. However, it is 
interesting to note that the peak resistance (λmax) does not substantially 
increase for either solution (within the range of 1.1–1.2). This, once 
again, justifies that the failure of the columns initiates the global system 
failure. Hence, full activation of neither the catenary of the beams nor 
the tensile membrane of the slabs can be achieved. On the other hand, 
Fig. 21b shows that increasing the column compressive strength sub
stantially increases the λmax from 1.151 (original design) to 1.493, an 
increase of about 30 %. However, such a solution does not improve the 
performance of adjacent beams at λ= 1 as the new design experiences 
the same chord rotation as the original design (i.e., the adjacent beams 
experience the same magnitude/level of damages). An optimum (cost- 
effective) solution can be achieved by mixing strengthening solutions for 
different members according to the desired performance objectives. It is 
important to note that the two examples presented in this section were 
performed using only one robustness index (Index 2). More detailed 
assessment and retrofitting evaluations should be, in reality, performed 
with multiple indexes as they may provide different yet valuable insights 
(as discussed in Section 3). For instance, if retrofitting was only done 
locally in one part of the building, the distribution of element resistance 
in the system would change, resulting in potentially different critical 
paths. In this case, re-evaluation of the retrofitted system using Index 4 
can be beneficial. Nevertheless, the corresponding example strongly 
demonstrates that the robustness index is a useful tool that can be used 
by practising engineers to systematically explore, compare, and even
tually decide the optimum design/retrofitting solution for a given case.

5. Conclusions

This study proposes a practical methodology to evaluate and quan
tify structural robustness of RC buildings by combining an efficient 
modelling strategy and suitable robustness indexes. The modelling 
strategy explicitly accounts for nonlinear materials and geometry under 
large deformations, dynamic effects, and 3D-framing effects, including 
the contribution of the floor slabs. The proposed model was then used to 
quantify structural robustness using four different indexes for three 
hypothetical building designs. Finally, two practical applications are 
presented to demonstrate the potential of combining the proposed 
modelling strategy with one of the selected robustness indexes as an 
effective decision-making tool for practising engineers.

The main findings of the present study are summarised below: 

• To model the beam and column elements, the use of a distributed 
fibre hinge approach (instead of lumped hinges) is recommended as 
it can realistically capture the spread of plasticity (yielding of the 
reinforcement bars) along the members during the catenary state. 
The most influential parameter that was found to affect the response 
is the amount of discretisation along the element length. For cast-in- 
place RC beams and columns (studied in this work), it is recom
mended to use at least 10-20 hinges per length to capture reliable 
behaviour during catenary stages.

• To account for the contribution of the floor slabs, two modelling 
alternatives were explored: a simplified grillage model and a 
nonlinear layered shell. The accuracy of the equivalent beam (gril
lage) model was found to depend significantly on the adopted 
torsional stiffness modifier. As such, it is recommended to use 

nonlinear layered shells for modelling monolithic RC two-way slabs. 
Regarding the mesh size, it is recommended to use a square mesh size 
with a side length of L/10 – L/20 for this type of slab, with L rep
resenting the centreline-to-centreline distance of adjacent columns 
supporting a bay.

• The dynamic amplification factor (DAF) obtained from the pseudo- 
static approach (energy-conservation principle) shows a different 
trend than that is assumed in current codes. The difference comes 
from the fact that the codes assume an elastic-perfectly-plastic (EPP) 
model, whereas the actual response (as considered in the pseudo- 
static approach) accounts for the increase of resistance from cate
nary mechanisms. Such discrepancies can lead to unconservative 
(lower) DAF values for the codes. Such discrepancies have also been 
studied by other researchers (e.g. [56,58]), indicating that guidelines 
and standards can underestimate DAF values, leading to uncon
servative predictions.

• Comparing six different locations of removed columns in the three 
investigated building samples, the indexes consistently agreed that 
the removal of a specific penultimate–internal column (Internal-1) is 
the most critical one. This is mainly because the corresponding col
umn has a high level of gravity loading (large tributary area) while 
having relatively weak lateral restraints due to being located rela
tively close to the free edges of the building. Consequently, the 
development of the catenary and tensile membrane actions during 
large deformation stages was rather limited.

• Comparing the three building designs, Indexes 1-3 consistently 
valued Building B with a longer span length as having the lowest 
residual capacity after initial column failure. As the span becomes 
longer, the tributary area for each column becomes proportionally 
larger, and hence, more loads must be redistributed from the failed 
column to its surroundings to achieve a new equilibrium state.

• Contrarily to the other indexes evaluated, Index 4 suggests that 
Building C is least robust. This index provides useful information on 
the critical failure path (sequence of column losses) that can trigger 
collapse. In this study, all three buildings can withstand two-column 
losses without collapsing, but the critical path of each building is 
unique. The critical path for Building B, with a longer span, mainly 
crosses the inner part of the buildings where the tributary area is the 
largest, whereas, for Buildings A and C, the critical path mainly 
crosses the perimeter and corner parts of the building. The critical 
path of Building C leads to collapse before that of Buildings A and B, 
explaining why it is deemed as the least robust according to this 
index.

• Considering the time and effort required to perform the analysis and 
the versatility of the index, it can be concluded that Index 2 is the 
most practical to use for most applications. It requires only a 
nonlinear static pushdown that is less time-consuming than the dy
namic analysis, yet it indirectly accounts for the dynamic effect 
through the energy-based principle. However, evaluating a system 
through the lens of multiple robustness indexes proved to provide a 
more complete picture of system performance compared to relying 
solely on a single index and, therefore, suggested.

• Two potential applications of the robustness index (Index 2) have 
been presented: 1) relating the global (system) robustness index to 
the local damage state of individual structural components; 2) 
comparing and evaluating different retrofitting solutions. These two 
demonstrations suggest that combining efficient modelling strategy 
and suitable robustness indexes can be a very useful and versatile 
decision-making tool for practising engineers.
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