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ABSTRACT

A strain-based 5-step procedure is illustrated for the probabilistic robustness assessment of 2D
reinforced concrete moment resisting frames. Considering the central column removal as failure
scenario, this study compares three frames, including a code-conforming design (frame I) and two
enhanced designs (frame 2 and frame 3). For the three frames, non-linear finite-element (NLFE)
models have been defined including properly calibrated translational springs. By sampling from
materials and loads, 300 displacement-controlled pushdown NLFE global analyses have been
conducted to determine energy-based dynamic amplification factors (1.02 - 1.75). Next, 300
probabilistic static-equivalent NLFE global analyses, performed by removing the column and
amplifying loads, permitted to monitor the aleatory peak strains in any material and point of the
frames. This allowed to compute the failure probabilities with respect to the ultimate limit state.
Robustness improvements lead to much lower failure probabilities (10”7 - 10) in any element with a
reduction of damage propagation.

Keywords: structural robustness; reliability assessment; reinforced concrete moment resisting
frames; strain-based 5-step procedure; probabilistic static-equivalent NLFE global
analyses; energy-based dynamic amplification factor.

1. INTRODUCTION

Terrible events like the terrorist attack of 2001, which caused the total collapse of the so-called Twin
Towers and thousands of victims, represented a shock for the entire community, not only for the
consequences due to the structural collapse of the buildings, but mostly for human losses. In the past
decades, such catastrophic phenomena on strategic structures, caused by exceptional events, brought
architecture, engineering and construction experts to show a growing interest towards structural
robustness, especially with respect to more sustainable systems [1]-[3] as well as optimized and
reliable solutions [4]-[6]. European code rules [7]-[11] have been integrated by specific sections
regarding structural robustness with suggestions or general requirements. The concept of extreme
actions and their consequences on a structure have been deepened by many international guidelines
[12]-[17]. In this way, it has been more and more clear that risk analysis should become part of
strategies for collapse prevention against low-probability high-consequence (LPHC) events to
investigate both socially acceptable and technically feasible solutions [18]. In this context, effects of
aging on structure lifetime [19] as well as extraordinary events of natural or anthropic origin, like
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explosions, avalanches or terroristic attacks, can determine critical conditions for structural systems.
The local collapse of a bearing element can trigger a chain reaction of structural element failures,
eventually leading to partial or full structural collapse as well described in [20]-[22]. A particular
situation, which has been deeply analysed by many authors [23]-[26], is the progressive collapse due
to a sudden column loss. The study of such problem is of interest to understand the entity of the
resistance reserves provided by the membrane and catenary effects [27]. Previous studies have
predominantly concentrated on the theoretical quantification of structural robustness. For instance,
[28] proposed a simplified tying force method, specifically designed to assess the progressive collapse
performance of reinforced concrete (RC) systems. Analytical models have been developed to evaluate
the ultimate bearing capacity of RC slabs in scenarios involving column loss, both for one-way and
two-way RC slabs [29] as well as RC flat slabs [30]. The study in [31] introduces an analytical model
highlighting the role of catenary forces under extreme lateral loading, focusing on cases where
damage is localized in a single structural member without complete column loss.

Another group of studies focuses on quantitative risk analysis. In fact, the level of safety associated
to LPHC events can be reliably investigated through quantitative risk analysis in probabilistic terms,
since it allows to include the uncertainties affecting engineering issues [32]. For example, a sensitivity
analysis is elaborated in [33] to compute the bearing capacity of different RC structural members in
case of the removal of a central supporting element. Fragility analyses are performed in [34] in case
of low-rise RC buildings to compute the exceedance probability of different damage states given a
column loss scenario. Global variance-based sensitivity analysis is used in [35] to study the major
sources of uncertainties in the response of RC structures subjected to sudden column loss. A
reliability-based index of structural collapse in case of extreme events is computed in [36], for 2D
linear elastic truss systems by randomly sampling loads and strengths. A probabilistic analysis of
steel-concrete composite floor against progressive collapse considering uncertainties of strengths and
loads in steel connections is performed by [37], concluding that using load combinations from
“General Services Administration - GSA” [20] may lead to a non-conservative design. The reliability
of RC frames under different column-loss scenarios is investigated in [38], obtaining failure
probabilities ranging from 0.016 to 0.137 and identifying side column-loss scenario as the worst case
if the presence of infill walls is not considered. The work [39] proposes a multilevel scheme to
evaluate the reliability of planar RC frames obtaining system failure probabilities of 0.254 and 0.173
for inner frames considering, respectively, 6-story and 3-story office buildings.

The actual code rules do not provide any requirement of a progressive collapse risk assessment as
well as associated reliability levels for buildings or bridges. Considering a reference period of 1 year
for a structural system, values higher than 1 for the reliability index are recommended in [14].

This study describes a strain-based 5-step procedure for the probabilistic robustness assessment of
2D RC moment resisting (MR) frames designed in seismic area. Considering a progressive collapse
scenario involving the loss of a central supporting column, three different frames are analysed: one
designed according to seismic codes (i.e., frame I) and two other ones (i.e., frame 2 and frame 3)
where the reinforcement arrangement is properly modified to achieve a more robust behaviour in
terms of both bearing capacity and catenary effect, according to [40]. In detail, the frame 2 adopts a
continuous reinforcement along the beams over the supports with two additional levels of side face
rebars, while the frame 3 derives from the frame 2 adopting the same reinforcement amount in all the
floors with symmetric cross-sections to exploit a global Vierendeel behaviour. For the three entire
frames, non-linear finite element (NLFE) global models have been defined in ATENA 2D including
the contribution of the orthogonal structural frames by means of equivalent translational springs.
Within a full probabilistic approach, for each frame, 100 random combinations have been sampled
from the aleatory properties of both materials and applied loads through the Latin Hypercube
Sampling (LHS) technique [41]. The aleatory properties denote the variables characterised by
randomness. Specifically, eleven different random variables have been sampled regarding the
concrete properties, reinforcing steel properties and concerning both permanent and variable loads
according to [7]-[10],[42]-[46]. After that, three sets of 100 displacement-controlled pushdown NLFE
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global analyses have been performed, by applying an increasing vertical displacement where the
central supporting column had been removed. From the resulting capacity curves (i.e., displacement-
reaction curves), the energetic equivalence approach [23] has been applied to compute the
corresponding dynamic amplification factors (DAFs) for each one of the 300 sampled frames. These
DAFs have been useful to perform 300 probabilistic static-equivalent NLFE global analyses, by
removing the central supporting column and amplifying the loads on the spans close to the removed
column. Successively, the peak strains monitored in both confined concrete and reinforcement in
different points of the frames have been probabilistically modelled. By convolution integrals between
the strain distributions with the corresponding ultimate threshold distributions, the failure
probabilities with respect to the ultimate limit state (ULS) have been estimated in any structural
element of the three RC MR frames. The comparison between the three RC MR frames provides
reference values of the failure probabilities and shows the relevant safety advantages when robustness
improvements are adopted: the failure probabilities are strongly lower in the spans close to the
collapse scenario, the safety level increases in any structural element for increasing distance from the
collapse event highly reducing the damage propagation.

2. RELIABILITY ASSESSMENT OF STRUCTURAL ROBUSTNESS: PROPOSED
FRAMEWORK

Structural reliability means the capability of a structure or a structural member to fulfil the specified
requirements during the reference lifetime, for which it has been designed [47]. The basic
requirements are intended in terms of safety, serviceability, durability and robustness [11]. In order
to quantify these requirements, the so-called limit states (or performance functions) are identified as
the conditions beyond which the structure, or a part of it, does no longer satisfy one of its performance
requirements [7],[11]. Reliability analysis represents a powerful method to deal with uncertainties in
engineering design [48]. These uncertainties differ for many aspects (e.g., the nature of the structure
itself, environmental conditions and applied actions) and can be distinguished between aleatory,
which are related to the inherent randomness of loads and of structural properties (i.e., mechanical
and geometrical), and epistemic, connected to the lack of knowledge and consequential assumptions
to model the variables [49]. The measure of the reliability is the failure probability Prwith respect to
the limit state function or the reliability index £ [7],[11],[50]-[51]. The methods to assess the
reliability can be classified in four levels [11]: full probabilistic methods (i.e., level I1I); probabilistic
methods (i.e., level II) (e.g., FOSM (first order second moment) or FORM (first order reliability
methods)); semi-probabilistic methods (i.e., level I); deterministic methods (i.e., level 0). In this work,
the full-probabilistic method has been adopted together with the Latin Hypercube Sampling (LHS)
technique [41], which represents a stratified sampling technique employed to generate samples of
random variables with an even distribution over the corresponding domains.

Structural robustness is one of the performance requirements that a structure should guarantee when
dealing with structural reliability. In general, it can be defined as the capability of a structure or a
structural member to avoid disproportionate damage, with respect to an exceptional action that has
caused the damage. The structural robustness can be assessed by means of a probabilistic risk analysis
(PRA), based on the concept of conditional probability [14]. Considering H as the hazard, connected
thus to the dangerous event, and considering LD as the local damage, the probability of structural
collapse P/C] can be computed [14] as follows:

P[C]=P[C|LD]-P[LD | H]- P[H] (1)

where P[C|LD] is the conditional probability of disproportionate collapse, given the local damage
LD, P[LD|H] denotes the conditional probability of local damage given the event H and P[H]
represents the occurrence probability of the event depending on its mean annual occurrence rate As.

In the hypothesis to investigate the robustness of a frame after an accidental event which causes the
sudden removal of a supporting column, the reliability assessment can be focused on the computation
of the term P[C|LD], considering that the local damage LD occurs (i.e., P[LD|H] is equal to unity) if
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there is the happening of the dangerous event H (e.g., gas explosion, terrorist attacks, failure at the
foundation level, excessive loads, etc.) characterised by its specific mean annual rate Ay [14],[52].
For the reliability assessment of structural robustness of a frame within the full probabilistic approach,
the following strain-based 5-step procedure is followed (Fig. 1), inspired by [23],[41],[53]-[54]:
1. The aleatory properties of both structure (e.g., materials and geometry) and loads have to be
sampled (e.g., through LHS method) defining N aleatory structures (as detailed in Section 5).
2.A preliminary analysis is needed by performing displacement-controlled pushdown NLFE
global simulations, where any aleatory structure is modelled without the supporting column and
a progressively increasing displacement is imposed at the point where the column is removed.
From these simulations, the reaction at the same point of the removed column is monitored to
define the probabilistic capacity curves (i.e., displacement-reaction curves). Additional details
are given in Section 6.
3.The computation of the DAFs: the dynamic amplification factor represents the increase of the
structural response to a static load to reproduce the dynamic application of the same load. The
energy equivalence approach can be followed, according to [23], to find the energetic
equilibrium corresponding to the equivalence between the work done by the external load and
the internal energy given by the structure. The approach is adopted to compute the dynamic
displacement and corresponding dynamic gravitational load P; on the probabilistic capacity
curves. In this way, the DAFs can be evaluated as the ratios between the dynamic and static
gravitational loads (as further described in Section 6).
4.Probabilistic static-equivalent NLFE global analyses have to be performed simulating the
removal of the column and amplifying the loads of the adjacent spans in each floor through the
energy-based DAFs, while the other spans are loaded with the non-amplified gravity loads.
Additional features are given in Subsection 7.1.
5.The aleatory results in terms of peak strains for the different materials have to be treated in
probabilistic terms to assess the reliability at structural level with respect to the ultimate limit
state (ULS), given by the onset of the ultimate strains of the materials. An in-depth description
is reported in Subsection 7.2.

1. Full-probabilistic sampling
(Nior: number of samples)

!

2. Displacement-controlled pushdown NLFE global simulations on the
Nios realizations and evaluation of the corresponding capacity curves

I

3. Energetic equivalence approach (Izzuddin, 2008) on
the Ny realizations to compute the DAFs

/\

Collapse if the energetic equivalence is Non-collapse if the energetic equivalence
not found is found and computation of the DAF
(Neoltapse: mumber of collapse cases) (Nnon-collapse: number of non-collapse cases)

4. Probabilistic static-equivalent NLFE global analyses
and output evaluation in terms of peak strains

l

5. Convolution integral to assess the
failure probability

Fig. 1 Flowchart of the 5-step strain-based procedure.

This procedure ensures to take into account, in a simplified way, the dynamicity of such failure
scenario avoiding the complexity of performing dynamic analyses but, at the same time, allowing to
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consider both geometrical and material non-linearities within non-linear simulations of the entire
structure [55]. However, it should be noted that other effects, due to dynamic features which can lead

to instability phenomena,

3. DESIGN OF 2D RC MR FRAMES IN SEISMIC ZONE WITH DIFFERENT

are not included.

REINFORCEMENT LAYOUTS

3.1 Seismic design according to current standards: ‘‘frame 1”

The starting point of this work is to design a 2D multi-storey reinforced concrete (RC) moment
resisting (MR) frame, regular in elevation and symmetric, consisting of four floors plus roof with four

spans.
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Fig. 2 Geometry of the multi-storey RC MR frame: (a) plan view with joists framework direction; (b) lateral view.
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The inter-storey height is equal to 3m for all the floors, the length of all the spans is equal to 5m and
the transverse effective width is equal to S5m (Fig. 2). The structure is located in L'Aquila city (Italy)
and a high ductility class is assumed according to [9],[57].

As for the materials, the reinforcing bars are made of B450C steel [9]-[10], while C25/30 concrete
[9]-[10] with 3.5cm of clear concrete cover is used in any structural element.

Static and modal analyses have been carried out to design the geometry together with the longitudinal
and transverse reinforcement with respect to ULSs, serviceability limit states (SLSs) and the capacity
design principles for seismic verifications in all the structural elements [8]-[10],[57]. Fig. 3 illustrates
the reinforcement detailing obtained from the verifications: in particular, ¢18 longitudinal bars and
¢8 stirrups are adopted, for all the structural elements.

All the beams have dimensions of 40x50cm?. The transversal reinforcement in the beams is made of
2-legs 08 stirrups arranged with a spacing of 10cm in the dissipative zone and 15cm in the central
zones of the spans, for all the floors. The transversal and longitudinal reinforcement of the beams are
depicted in Fig. 3(a). The dissipative zone has a length of 100cm from the beam-column joint.
Regarding the columns, they all have 60x60cm? cross-sections. The longitudinal reinforcement is
made of 12¢20 bars (located symmetrically in both directions), while the shear reinforcement is made
of 4-legs ¢8 stirrups with a spacing of 10cm, along the entire length of the structural element apart
from the beam-column joints where the spacing is equal to Scm. The transversal and longitudinal
reinforcement of both the columns and joints are depicted in Fig. 3(a)-(b).

3.2 Seismic design according to robustness improvements: ‘‘frame 2" and ‘‘frame 3”

Other two frames have been designed with proper modifications in the longitudinal reinforcement
arrangement to improve the response against a column removal scenario, adopting the criteria
combined with the cyclic procedure proposed and investigated in [40].

The frame 2 is characterised by the following assumptions: all the longitudinal reinforcement bars
are displaced continuously along the beams, respecting the suggestions to ensure the continuity over
the supports and for at least 30% of the span length in addition to the anchorage length, according to
[40] and [12]-[15]. This derives from the major extension of the bending moment in the upper chord
of the beams due to the column loss. It follows that the new arrangement of the longitudinal
reinforcement is made of 3¢18 in the lower chord of all the beams of the five floors, while 5¢18 in
the upper chord for the beams in the first three floors and 4¢18 for the beams in the last two floors.
In addition, two levels of 2¢16 side face rebars (placed at around 1/3 and 2/3 of the beam height) are
arranged continuously over all the beams for all the floors. The presence of the side face
reinforcement bars can anticipate the catenary effect activation because they can provide an important
contribution to a tension response, facilitating tie behavior [40]. It should be noted that the change of
the longitudinal reinforcement arrangement within the beams needed to be verified at the ULSs and
seismic verifications. Thus, the stirrup step in the dissipative area for the beams in all the floors was
modified from 10cm to 7.5cm. The other structural elements remained unchanged with respect to the
frame 1 (Fig. 4(a)). This new arrangement of the frame 2 is depicted in Fig. 4(b).

The third frame (i.e., frame 3) derives from the frame 2 by applying a symmetric reinforcement
between the upper and lower chord of the beams and arranging the same amount of reinforcement in
the beams of the first floor (i.e., the largest one) to the beams of all the other floors. The symmetry
criterion, as also suggested by [34],[40], is considered because when a loss of a load-bearing column
occurs, some sections undergo to opposite bending moments in sign. Instead, the equal reinforcement
criterion is followed to take advantage of the Vierendeel effect: in fact, due to the reduced axial
extensibility of the columns, all floors can be assumed subjected to the same displacement in
correspondence of the removed column and, therefore, to the same internal actions. However, it
should be recognised that this arrangement contradicts optimization principles [4] exclusively in
favour of robustness and safety criteria. By applying these two additional criteria, 5¢18 reinforcing
bars are arranged continuously and symmetrically in all the beams of the five floors. To respect the
capacity design principles, the stirrup step becomes 7.5cm in the dissipative areas of the beams for
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all the floors, whereas the stirrup diameter of all the beam-column joints increased to ¢10 with the
same step of Secm. The other structural elements remained unchanged with respect to the frame I (Fig.
4(a)). This new arrangement of the frame 3 is depicted in Fig. 4(c).

It is important to underline that all the modifications in the arrangement of the reinforcement are
verified according to the seismic codes [9],[57] and respect all the code limitations.

a) frame 1 b) frame 2 c) frame 3
Beams of floors 4-5  Beams of floors 1-2-3 Beams of floors 4-5  Beams of floors 1-2-3 Beams of floors 1-2-3-4-5
T, - 4p18 R0 ) 51811 - 5018
A8 518 o | |
_ 206 20161 20161
1% 2016 [ 2016 2016F
3018 s 30151k 3018 e 3018 [ 50187
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......... s - — - n s
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Fig. 4 Longitudinal and transverse reinforcement in the cross-sections of the beams of Fig. 3(a) and in the beam-column
joints for: (a) frame I; (b) frame 2; (c) frame 3. The dimensions are in millimetres if not indicated.

4. FE MODELS OF THE 2D RC MR FRAMES WITH THE COLLAPSE SCENARIO

The FE models of the three entire frames have been defined adopting the FEM software ATENA 2D
[56]. All the assumptions (i.e., typology and size of the mesh, mesh elements, constitutive laws of
materials, number of iterations, tolerances, boundary conditions) [58]-[67] behind the numerical
modelling have been validated by reproducing the results in terms of load-deflection curve and
horizontal-vertical displacement curve of the experimental test in [68], on a beam-column
subassembly with similar characteristics of the frame under study, as explained in Appendix A. The
only differences concern the material properties and geometrical characteristics, while the remaining
assumptions and modelling strategies are the same, as summarized in Table 1.

Table 1. Modelling assumptions explained in Appendix A.

- System of equations solved using the standard Newton-Raphson iterative
procedure with “line search”

Equilibrium - Max iteration limit: 2500

of forces - Convergence criteria: 1.0% for the norm of displacement error; from 1.0% to 2.5%

for the norm of residual force error; from 1.0% to 2.5% for the maximum error of

residual forces; 1.0%o for the out-of-balance energy error

- Macro-elements modeled as plane stress quadrilateral isoparametric finite
Kinematic elements, based on linear polynomial interpolation, with 4 Gauss integration points
compatibility - Mesh size ranging between 5 and 10 cm.

- Longitudinal and transverse reinforcement modelled by discrete approach

- Concrete compression behaviour: curvilinear response with linear compression

softening (LCS)
- Concrete tensile behaviour: bi-linear law with elastic response until tensile strength
Constitutive and post peak linear tension softening (LTS), calibrated for ultimate strain at zero
relationships stress equal to 10 times the strain of the peak tensile strength

- Cracking: smeared crack modelling with fixed crack model
- Reinforcement: bilinear constitutive model with hardening law for both
compression and tension

The compressive behaviour of concrete is shown in Fig. 5(a)-(b)-(c), respectively, for the frame 1,
frame 2 and frame 3 considering the mean values of the mechanical properties, while the tensile
behaviour is shown in Fig. 5(d). As it can be observed, the constitutive model in compression has
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been derived for: unconfined concrete (i.e., effective concrete cover - “unconfined”), confined
concrete in non-dissipative areas of beams (“beam ND”), confined concrete in dissipative area of
beams (“beam D” considering the step of the stirrups), confined concrete in columns, confined
concrete in beam-column joints (considering the stirrup diameter). The adoption of a constitutive law
accounting for confinement effects also in beams is extensively justified in Appendix A and derives
from the arching compressive forces that arise in the beams during the initial stages (i.e., flexural and
softening response [40]) of the progressive collapse phenomena.

b)
a) 100+ Unconfined 1001 Unconfined
Beam ND Beam ND
801 Beam D step 10 cm E 801 Beam D step 7.5 cm
—_ Column —_ Column
Q‘f 60k Beam-column joint 8 | g‘i 60+ Beam-column joint 8 |
= =
© 407/ 2 401
= \ (Z |
v 20f 20 /
|
0 0.02 0.04 0.06 0.08. 0.1 0.12 0.14 0.16 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Strain [-] Strain [-]
3
C) 1007 Unconfined d)
Beam ND 251
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Column 2t
= 60} Beam-column joint 10 | =
[ & 1.5
= z
) v 1t
2 3 05
0 T — 0 . . ‘
0 0.02 0.04 0.06 0A0.8 0.1 0.12 0.14 0.16 0 0.0002 0:0004 0.0006 0.0008
Strain [-] Strain [-]

Fig. 5 Constitutive laws: concrete compressive behaviour, respectively, for the frame 1 (a) frame 2 (b) and frame 3 (c);
(d) concrete tensile behaviour for all the frames and elements. Mean values of mechanical properties are assumed.

The compressive and tensile behaviour of steel is shown in Fig. 6 considering the mean values of the
mechanical properties.

Stress [MPa]

Strain [-]
Fig. 6 Constitutive law for the steel in tension and in compression for all the frames and for both stirrups and
longitudinal reinforcement, assuming mean values of mechanical properties.

More details about the statistical values of the mechanical properties for both the materials are
clarified in the following section.

The boundary conditions in the FE models are defined as fully restraints at the base of the columns.
As an example, the characteristics of the FE models in terms of joints, lines, macro-elements and
reinforcement discrete elements are shown in Fig. 7 for the frame I, depicting also the failure
scenario.
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The failure scenario of the central supporting column belonging to the internal frame (Fig. 2(a)) has
been selected since it is not influenced by the infills located along the orthogonal perimeter frames.

C

Fig. 7 Representation of the 2D entire frame in the FEM software, for example, regarding the frame I: (a) joints, lines,
macro-elements and mesh; (b) longitudinal and transverse reinforcement.

4.1 Contribution of the orthogonal framed systems

With the aim to include 3D effects in the 2D NLFE global analyses, the contribution of the orthogonal
systems to the frames under study is modelled, in a simplified way, by means of equivalent elastic
springs. In fact, in a 3D structure, the constraints due to the transverse frames (i.e., in the y-z plane of
Fig. 2) surely enhance the robustness by stiffening the frame in the x-z plane [27],[69]-[74]. The
transverse beams belonging to the orthogonal frames and slabs with one-way joists, have been herein
modelled, in a straightforward manner, by means of equivalent elastic translational springs. The
rotational stiffness has not been considered [69],[75] since it has a negligible influence on the flexural
response without any influence on the development of catenary action. The stiffnesses of these
translational elastic springs are properly calibrated for each joint of the five floors (apart from the
ones of the column involved in the failure scenario) through elastic analyses in SAP2000 [76]
conducted on the 3D structure, in absence of the central supporting column (Fig. 8(a)). Specifically,
the elastic axial (diaphragm) contribution of the one-way RC slabs having thickness of 4cm [9]-[10]
with the one-way joists of 20cm is modelled. The orthogonal frames (in the y-z plane) are assumed
to have the same geometrical and mechanical characteristics of the frame under study (in x-z plane).
In addition, the axial and bending stiffness of beams and the bending stiffness of the columns of the
frame under study (in x-z plane) are nullified since their contributions are already accounted for in
the FE model, while the torsional and bending stiffness of all other beams and the bending stiffness
of the other columns are reduced according to [77]-[78] to consider the cracked behaviour in a
simplified way.
Table 2. Equivalent elastic springs: stiffness for each joint of the different floors.
Spring Stiffness for column A and A’ [N/m] Spring Stiffness for column B and B’ [N/m]

1st floor 9.775E+07 9.634E+07
2nd floor 7.143E+07 7.062E+07
3rd floor 5.291E+07 5.247E+07
4th floor 4.122E+07 4.095E+07
5th floor 3.291E+07 3.270E+07

To compute the stiffness at each joint, a unitary horizontal force in the out-of-plane direction of the
orthogonal frame (i.e., x direction) is applied to that joint (Fig. 8(a)). The unitary horizontal force
divided by the displacement provides the elastic stiffness of the spring at that joint. This procedure
has been repeated for each joint of all the columns apart from the one subjected to the sudden collapse.
It should be underlined that since the axial and bending stiffness of the beams and the bending
stiffness of the column in the studied frame are nullified, the computation of the translational stiffness
at one joint is not influenced by the computation at another joint. Then, a spring on each joint of the
frames under study is applied in ATENA 2D considering a linear-elastic constitutive model and
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assigning the spring to the centre line of the joint, as shown in Fig. 8(b). The stiffness values of these
elastic springs for each joint and each floor, computed considering the mean values for concrete
properties, are reported in Table 2 and are effective for all the three frames (i.e., frame 1, frame 2 and
frame 3). The order of magnitude of these stiffnesses are in line with the results in many works
considering both sub-assemblies and frames [69],[75],[79].

the frame under study

b) A B C B’ A’

to the frame 9
under study

X
z

N x |
K
Z
Fig. 8 Calibration of the lateral springs: (a) example of calibrating the spring stiffness for the last floor, column A, in
SAP2000; (b) springs (in blue) applied to the frames under study in ATENA-2D.

5. PROBABILISTIC SAMPLING

A full probabilistic approach has been performed, by sampling the following basic random variables
regarding both materials and loads: concrete compressive strength f.; reinforced concrete specific-
weight p; reinforcing steel elastic modulus Ej; reinforcing steel yielding strength f;; reinforcing steel
ultimate strength f,; reinforcing steel ultimate strain ;,; permanent structural load G;; permanent non-
structural load G?; floor variable load O, roofing variable load O, and snow load Qs. According to
the first step of the procedure (Section 2), the LHS technique [41] has been adopted to sample 100
realizations. A sample size of 100 is assumed in line with the “rule of thumb” for which the sampling
size should be around 10 times of the number of basic variables in order to have a reliable evaluation
of the output variables [41]. At the same time, a sensitivity analysis of the final results as a function
of the sampling size has been performed demonstrating the effectiveness of this size: the final
probabilistic results have been evaluated for increasing discrete values of the sampling size and
showed a quite stable trend in correspondence of 100 sampled values.

Table 3. Summary of the sampled basic random variables.

Distribution Mean value Coefficient of variation [-]
fe Lognormal [44] 31.9 MPa [7],[9]-[10] 0.15 [44]
p Normal [45]-[46] 25 kN/m? [7],[9]-[10] 0.05 [45]-[46]
Eg Lognormal [44] 210000 MPa [7],[9]-[10] 0.03 [44]
fy Lognormal [44] 488.6 MPa [7],[9]-[10] 0.05 [44]
fu Lognormal [44] 589.8 MPa [7],[9]-[10] 0.05 [44]
Esu Lognormal [44] 0.14 [79]-[83] 0.09 [44]
G, Normal [43] 16 kN/m [7],[9]-[10] 0.05 [43]
G, Normal [43] 13 kN/m [7],[9]-[10] 0.05 [43]
Qr Gumbel [43] 7.3 kN/m [42] 0.20 [45]-[46]
Q, Gumbel [43] 1.8 kN/m [42] 0.20 [45]-[46]
Qs Gumbel [43] 4.7 kN/m [42] 0.20 [45]-[46]

Mean values and coefficients of variation (CoVs) of the random variables concerning the material
properties as well as the CoVs of the loads have been taken in accordance to [42]-[46]. Instead, as for
the mean values of the latter ones, the nominal values deriving from the analysis of the effective area
have been assumed for the permanent loads [7],[9]-[10], whereas the mean values for the variable
loads have been obtained from the characteristic ones, related to a reference period of 50 years [42].
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Even if there is not a mandatory regulation, Model Code 2020 [84] suggests for the variable loads an
annual reference period in case of an accidental scenario condition. However, the assumption of a
reference period of 50 years for the variable loads is in line with other hazards, like seismic one,
assumed in the design of the frames under investigation within a multi-risk view. Moreover, the larger
the reference period the more severe is the load intensity and, thus, this hypothesis is on safe side.

Table 4. Full correlation matrix.

fe P Es fy fu Esu Gy G, Qr Qr
f- 1 0 0 0 0 0 0 0 0 0
p 1 0 0 0 0 0 0 0 0
E 1 0 0 0 0 0 0 0
fy 1 0.85 -0.50 0 0 0 0
fu 1 -0.55 0 0 0 0
Esu 1 0 0 0 0
G, _ 1 0 0 0
G, 1 0 0
Qf 1 0
Q 1
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Fig. 9 a) JPDFs and contour plots for the following sets of correlated random variables: a)-b) f,, and f,; ¢)-d) f,, and &g,;
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Regarding steel inelastic properties, a mean value for the ultimate strain equal to 0.14 with a ratio
between the ultimate and yielding strength equal to 1.21 are assumed. These assumptions are in
accordance with different experimental tests investigating the robustness of RC sub-assemblies
[68],[79]-[82] as well as in line with the results of monotonic tensile tests conducted on a wide range
of steel reinforcing specimens [83].

As highlighted in Subsection 4.1, the equivalent elastic springs have been calibrated adopting the
mean properties of concrete parameters. The aleatory properties of the springs for each one of the 100
random simulations have been obtained by multiplying their values by the quantity E./Ecn, where
E¢n 1s the mean concrete elastic modulus and E; is the concrete elastic modulus corresponding to the
i sample of the concrete compressive strength. Table 3 resumes all the information regarding the
distributions of the random variables with the corresponding mean values and CoVs.

The LHS realizations strictly depend on the correlation between the variables. In the case under
analysis, correlations exist between the following variables: the tensile yielding strength f;,, tensile

ultimate strength f,, and tensile ultimate strain &, of the reinforcement steel. The values suggested
by [44] are used for the correlation coefficients. The full correlation matrix is reported in Table 4. In
Fig. 9, the joint probability density functions (JPDFs) together with the contour plots for the three
correlated variables are shown.

For completeness, it should be highlighted that this probabilistic analysis does not include geometrical
uncertainties for their reduced influence on the global structural resistance [44],[59]-[62].

6. PROBABILISTIC CAPACITY CURVES TO ASSESS THE ENERGY-BASED DAFs

This section deals with the computation of both the aleatory capacity curves and DAFs according to
the second and third step of the procedure in Section 2. These steps are needed to perform probabilistic
static-equivalent NLFE global analyses accounting for the dynamicity of the column removal
scenario.

The DAFs are computed applying the energy equivalence method proposed by Izzuddin [23]. This
method is based on the idea that an accidental column loss is a phenomenon physically associated to
a sudden application of gravity loads on the affected sub-structure, i.e., the spans above. At the
beginning (i.e., at the instant of column failure) the gravity load is larger than the static structural
resistance, which determines an increase in the deformations and, consequentially, in the associated
kinetic energy. While deformations grow more and more, the static structural resistance increases as
well, causing a reduction in the kinetic energy, i.e., in the velocities. The maximum dynamic
displacement dq is reached when its derivative is zero, thus, when the kinetic energy is null. This
coincides with the performance point where the external work W, i.e., the work done by the gravity
loads, is equal to the internal energy U, which is the energy absorbed by the structure. The internal
energy can be computed as the area under the capacity curve (i.e., P(6)). These two quantities (i.e.,
W and U) can be computed for the i'" realization, as follows:

W =24,Ro, (2)
U= j P(5)dS (3)

The performance point where the two curves (i.e., internal energy curve and external work curve)
have the intersection, corresponds to the dynamic displacement dq, as Fig. 10(a) illustrates for one
aleatory case of the frame 2. Then, the dynamic load Ps=A4P, is evaluated as the load corresponding
to the dynamic displacement in the pushdown curve (as shown in Fig. 10 (b)). Finally, the DAF,
denoted as A4, can be computed according to Eq.(4) [23], where P, represents the static gravity
concentrated force at the top of the removed column.

A== 4)
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Fig. 10 Example of application of the energy equivalence method on a realization of the frame 2: (a) energy curves and
calculation of the dynamic displacement; (b) pushdown curve with the calculation of the dynamic load.

In the following, the probabilistic characterization of the two quantities P, and Pq as well as of the
energy-based DAFs are illustrated.

6.1 Assessment of the static gravity load P,

For the calculation of the DAFs A, related to any aleatory frame, the static gravity concentrated force
at the top of the removed column P, needs to be evaluated. Since all the applied loads derive from a
probabilistic sampling, the force P, is consequentially a random variable. In detail, it has been
computed multiplying the 100 aleatory distributed gravitational loads per unit meter (i.e., permanent
structural and non-structural loads, snow load and live loads - distinguishing between the floors and
the roof), placed according to the load combination of [8], by the effective width to obtain the
corresponding resultant gravity force in the point of column removal. The aleatory values of P, are
shown in Fig. 11. It should be noted that these values of P, are equal for all the three frames since
they basically depend on the sampled external loads, which are equal for all the three frames (i.e.,
frame 1, frame 2 and frame 3).

1400
1300f Po,max= 1228 kN
* [
1200(0 \l o
(N 00’. AN )/ .} e
> —= P =1127 kN
2 !. ..‘ o3 ? . o,mean =
g 1oty & Q e, v,
Q
& 1000F *
Pomin=1009 kN
900
800 ' : : :
20 40 60 80 100

n simulation [-]

Fig. 11 Aleatory values of the static gravity concentrated force at the top of the removed column for the three frames.

6.2 Aleatory capacity curves and assessment of the dynamic response Py

To obtain the capacity curves, needed for the evaluation of the dynamic response P,, static
displacement-controlled pushdown NLFEAs have been performed [85]-[87] for the entire frames, as
the second step of the procedure (Section 2). Three sets of 100 random NLFE models have been
defined, each one with different values for the material properties but having the same geometry,
restrains and constraints. For these analyses, the entire frames have been modelled without the central
supporting column. Each numerical simulation consists in imposing an increasing vertical
displacement § with increase of 1cm where the column is accidentally removed and monitoring the
reaction in the same point. The application of such gradually increasing displacement determines a
continuously changing stress path in the entire structure. The results of these NLFE global analyses
are aleatory force-displacement curves, the so-called aleatory pushdown or capacity curves.
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Fig. 12 Aleatory capacity curves considering flexural peak (black dots), ultimate resistance (grey dots) and the
resistance at the energetic equivalence (yellow dots): (a) frame 1; (b) frame 2; (¢) frame 3.

In Fig. 12, the 300 aleatory capacity curves related to the three RC MR frames (i.e., frame 1, frame 2
and frame 3) are showed, highlighting the maximum resistant load in the flexural phase or flexural
peak Puax rr (black dots), the ultimate resistance before failure Puax res (grey dots) and the resistance
at which the energetic equivalence is reached Py (yellow dots). In addition, an example of an aleatory
failure mode for each one of the three frames is shown. From the simulations, especially, of the frame
2 and 3, three different stages can be clearly visible: flexural stage including compressive arch action,
softening stage and catenary effect stage [40]. The first one is initially governed by a linear elastic
behaviour of the materials until Puyux rr is reached. For all the three frames, the displacements needed
to reach Pyax rr are similar but the values of the corresponding peak loads change. This is mainly due
to the differences in the reinforcement layouts as well as to the dispersion of concrete compressive
strength, which also influences the behaviour of the transverse elements as defined in Subsection 4.1,
since the steel yielding strength is characterized by a quite low CoV (i.e., 0.05). After the flexural
peak, the softening stage follows, characterised by a reduction of the reaction due to the crushing of
concrete and consequent reduction of compression behaviour of the beams for the constraints (i.e.,
the surrounding columns). The amplitude of the second stage, is more varying as a function of the
sampled material properties. The third stage starts when the catenary effect activates, determining an
increase of the reaction for increasing vertical displacements in the point of the removal. This effect
derives from a combination of both the flexural and catenary effects in the reinforcing bars and, thus,
is mainly governed by the steel properties (e.g., CoV associated to the steel ultimate strain, i.e., 0.09).
Consequently, also the displacement value, at which the catenary peaks are reached, varies as well.
By comparing the three frames, it is more and more evident that the catenary is activated thanks to
the reinforcement continuity and starts for low displacements around 0.2 m thanks to the side face
rebars [40]. Moreover, the catenary effects (i.e., recovery in resistance) is evident in both the frame 2
and frame 3 but it is quite completely absent in the frame I, confirming the effectiveness of the
robustness improvements. This absence is due to concrete crushing in the softening stage as well as
failure in longitudinal rebars (without the help of the side fare rebars), as investigated in terms of
strain results in the next sections.

By applying the energy equivalence approach in all 300 aleatory frames, the external works and
internal energies are evaluated, as previously described, and then, the aleatory dynamic displacements
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04 with corresponding dynamic loads Ps are computed. In Fig. 12, the resistances at which the energy
equivalence is reached (i.e., yellow dots) are also indicated. The equivalences are obtained for lower
imposed vertical displacement for both the frame 2 and frame 3 with respect to the frame 1. This last
result highlights that not very large strains in the reinforcement are demanded at the performance
points (i.e., yellow dots) and, also confirms the simplified assumption of the equivalent elastic springs
since the horizontal displacements corresponding to performance points (i.e., yellow dots) are not too
large [40]. It should also be underlined that in Fig. 12(a) for the frame I only the P, values, related to
the cases in which energy equivalences are reached, are shown. The aleatory dynamic loads are shown
in Fig. 13 for the three frames. It should be highlighted that for the frame 1 (Fig. 13(a)) (i.e., designed
according to current standards) the two energy curves do not find an intersection in majority of the
cases, meaning that the structure, in these cases, is not able to sustain the accidental loss of the central
supporting column. For this reason, in Fig. 13(a) the aleatory dynamic reactions are represented only
for the cases where the energy equivalences were reached: these points are close to the flexural peaks.
In addition, the frame 3 leads to the largest values of dynamic reactions if compared to the frame 2.
This is because the larger quantity of reinforcement implies a larger bearing capacity for the RC
structure.
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Fig. 13 Aleatory dynamic gravity load P, obtained from the capacity curves for: (a) frame 1 (considering only cases
with energetic equivalence); (b) frame 2; (¢) frame 3.

6.3 Assessment of the aleatory Dynamic Amplification Factors (DAFs)

As described in the previous subsection, once the aleatory concentrated dynamic load is computed as
the value of the capacity curve corresponding to the dynamic displacement, the corresponding
aleatory energy-based DAF can be computed as A, = P,/ P, through Eq.(4), and represents the third

step of the procedure in Section 2. Fig. 14 shows the aleatory values of the DAFs as a function of the
number of simulations (from 1 to 100) for each frame. It should be noted that the larger the capacity
of the structure to sustain the accidental event, the larger is the DAF to be applied to gravity loads.
For this reason, the mean value of the DAFs for the frame 3, equal to 1.62, is larger than the one for
the frame 2, equal to 1.44. Again, for the frame I only the cases corresponding to energy equivalences
are shown, with a mean value of 1.16, confirming the trend previously explained.

From these results, it is interesting to note that the aleatory DAFs in case of non-linear response are
lower than 2.0, value indicated by [20]-[21] for linear static analyses. Similar results may be found in
different experimental and numerical investigations [88]-[89].
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Fig. 14 Aleatory energy-based DAFs for: a) frame 1;b) frame 2; c) frame 3.

7. PROBABILISTIC ANALYSES FOR THE RELIABILITY ASSESSMENT OF THE
STRUCTURAL ROBUSTNESS

In the first subsection, the probabilistic static-equivalent NLFE global analyses are described, and the
results are probabilistically modelled by means of appropriate probability density functions (PDFs).
In the second subsection, the cumulative distribution functions (CDFs) related to the ultimate capacity
of the different materials as well as the failure probabilities are computed to achieve the reliability
assessment of the robustness at structural level with respect to the ULS for the three frames under
investigation (i.e., frame 1, frame 2 and frame 3). A discussion of the results is in the last subsection.

7.1 Probabilistic analysis: aleatory static-equivalent NLFE simulations

In compliance with the fourth step of the procedure (Section 2), for both the frame 2 and frame 3, two
sets of 100 static-equivalent NLFE global simulations have been performed by applying the gravity
loads placed in line with the accidental load combination of [8] (the same adopted in Subsection 6.1),
removing the central supporting column and amplifying the gravity loads only on the spans of the
five floors adjacent to the central column through the previously computed DAFs. The other spans
are not amplified since the propagation of the dynamic effects is damped by the structural RC
elements, as achieved in some preliminary dynamic simulations and in accordance with [39],[88]-
[89]. After the amplification, collapse was never reached in all the simulations confirming the
prediction of the energetic approach. As for the frame 1, similarly, static-equivalent NLFE global
simulations have been carried out when the DAFs exist, whereas, in the other cases, static-equivalent
NLFE global simulations have been run achieving two possible results as predicted by the energetic
approach: 1) failure reached after removing the supporting column without amplifying the loads; ii)
failure reached by slightly amplifying the loads after the removal. These results, in terms of collapse
or no-collapse related to the three frames, also confirm that the simplification of applying a
concentrated displacement instead of a distributed configuration (hypothesis closer to the reality) in
the evaluation of both capacity curves and energetic performance points is a reasonable hypothesis.

Then, for each set of simulations, the aleatory peak principal total strains (&) in significant points of
the entire RC frames (Fig. 15(a)-(b), Fig. 16(a)-(b), Fig. 17(a)-(b)) have been extrapolated at the last
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549  numerical step of equilibrium. In detail, the points of both beams and columns close to each beam-
550  column joint have been considered, identifying four sections for each beam-column joint (except for
551  the corner columns as well as for the last floor where three or two cross-sections are, respectively,
552 present). Successively, in each cross-section, different points have been considered distinguishing
553  between the points of the confined concrete core, of the upper and lower longitudinal reinforcement,
554  ofthe side face rebars (only for the frame 2 and frame 3) and of the stirrups. For clearness, it is worth
555  noting that the colours adopted in Fig. 15 - Fig. 17 to distinguish between the different materials are
556  the same of the constitutive laws shown in Fig. 5, with different characteristics.
557
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Fig. 17 Frame 3: a)-b) Cross-sections close to the beam-column joint where the demand is evaluated; c)-d) PDFs of the
demanded aleatory peak strains in the most stressed cross-sections for each material.

A statistical inference analysis was needed to investigate the PDFs for the aleatory peak strains in the
different points of the structure by applying both the Chi-Square and Anderson Darling tests. In detail,
the Chi-Square goodness of fit test is adopted to check whether the frequency distribution of a variable
(i.e., the strain) is different from the expectation, while the Anderson Darling test is used to verify,
with a certain level of significance (i.e., 5%), if a sample of data comes from a population with a
specific distribution. Hence, the lognormal distribution has been selected as the proper probabilistic
distribution since it has always passed the goodness of fit test with a high p-values (around 0.8). The
statistical inference analysis has been performed for all the three frames leading to the same
conclusions. In this way, the statistics of the output aleatory peak strains have been computed through
the Maximum Likelihood technique [90] including also the statistical uncertainties according to the
Fisher Information Matrix [91] due to the no very large size, especially, for the frame 1. Fig. 15(c)-
(d), Fig. 16(c)-(d), Fig. 17(c)-(d) show examples of the PDFs of the demanded aleatory peak strains
in the most stressed points for each material or component (i.e., confined concrete in beams, confined
concrete in columns, longitudinal reinforcing bars, side face rebars and stirrups) related to the frame
1, frame 2 and frame 3, respectively.

7.2 Reliability assessment

According to the last step of the procedure in Section 2, for each material of structural elements
(shown in Fig. 5), denoting as S the demand (i.e., the aleatory peak strains monitored at the points)
and C the capacity (i.e., the aleatory ultimate strain of the materials), the failure probability is the
probability that the aleatory demand overcomes the aleatory capacity with respect to the ULS, thus it
can be expressed through the convolution integral [49] as follows:

1z =P(C<S8)= I{:fc (c)dc}s (s)ds =IFC(S)fS (s)ds ®)

where Fc(s) is the CDF of C evaluated at specific realizations of the demand (i.e., s), fs(s) and fc(c)
are the PDFs, respectively, of S and C.
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Fig. 18 CDFs of the capacity for different materials: a) confined concrete in the most stressed cross-section for the
frame I; b) confined concrete in the most stressed cross-section for both the frame 2 and frame 3; c) steel reinforcement.

For each of the points in any cross-section of the beam-column joints within each frame, a convolution
integral is performed between the PDF of the demand fs(s), computed in the previous subsection, and
the CDF of the capacity Fc(s), obtained as the CDF of the sampled ultimate strains thresholds (Fig.
18). In detail, for the steel, the ultimate strain is considered, as sampled in Section 5, while for the
concrete, the ultimate strain in confined condition, as confirmed by the numerical analyses, is
indirectly computed from the sampled concrete compressive strength, and assumed equal to the strain
corresponding to a post-peak strength equal to the 85% of the peak strength, on safe side. All the
ultimate strains are modelled through lognormal distributions, as described in Section 5. For example,
Fig. 18(a)-(b) show the CDFs of the capacity for confined concrete related to the frame 1, frame 2
and frame 3, respectively. Fig. 18(c) shows the CDF of the capacity for steel, that is equal for any
reinforcement and for all three frames.

The probabilities, computed through Eq. (5), represent the failure probabilities with respect to the
ULS, correspond to the term P[C|LD] of Eq. (1) and are related to a system failure condition since
NLFE global analyses have been carried out.

In Fig. 15(¢c)-(d), Fig. 16(c)-(d), Fig. 17(c)-(d), the PDFs of the demand § in the most stressed sections
are shown for the different materials and, respectively, for the frame 1, frame 2 and frame 3. It should
be underlined that the concrete in tension is not considered for computation of the failure probabilities
since it does not behave as a resisting material in the failure modes at those deformation levels.
Note that regarding the frame 1, the total probability theorem [92] has been adopted to compute the
failure probabilities of the beams and columns in the spans close to the failure scenario due to the
collapses of the majority cases achieved from the probabilistic static-equivalent NLFE global
simulations. The expression [92] applies, as follows:

N, < N
_ non—collapse collapse
pf,framel - N : IFC(S)fS (S)ds + N 1 (6)
tot 0 non—collapse cases tot

where, Neouapse 1s the number of collapse cases derived from the energy equivalence approach, Ny 1s
the total number of samples (i.e., 100) and Nyuon-coltapse 18 the complementary part of Neoapse With
respect to Nor.
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615 Inthe following, the failure probabilities for each section close to the beam-column joints are shown,
616  separating the probability related to a) the confined concrete material (only in compression), b) the
617  longitudinal reinforcement and c) the transverse reinforcement for the frame 1 (Fig. 19), frame 2 (Fig.
618  20) and frame 3 (Fig. 21), respectively. This probabilistic computation in the most stressed points

619 allows also to define the propagation of the damage, useful for robustness considerations.
620
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621 Fig. 19 Failure probabilities for the frame I considering: a) confined concrete; b) steel longitudinal reinforcement;
622 c) steel transverse reinforcement.
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623 Fig. 20 Failure probabilities for the frame 2 considering: a) confined concrete; b) steel longitudinal reinforcement;

624 c) steel transverse reinforcement.
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Fig. 21 Failure probabilities for the frame 3 considering: a) confined concrete; b) steel longitudinal reinforcement;
¢) steel transverse reinforcement.

Regarding, especially, the frame 2 and frame 3, in the beams close to the failed column, the failure
probabilities at the concrete level decrease in the upper stories in the cross-sections connected to the
columns B and B’ as well as are higher than those related to the cross-sections connected to the
column C. This is due to the constrain actions, higher at the lower levels, developed by the other
structural members. In Fig. 20(a), it is possible to observe that the cross-sections connected to the
column C at the first floor show low failure probabilities but slightly higher than those corresponding
to upper floors. This happens numerically also in the frame I (Fig. 19(a)) and frame 3 (Fig. 21(a))
and it is a consequence of the absence of the failed column at the first floor.

As a general observation, the frame I is characterized by the largest failure probabilities if compared
to the other two frames and this is valid for all the investigated materials. In fact, the frame 1 shows
failure probabilities in concrete (Fig. 19(a)) between 10>-10"! in the lateral spans, even if they are
indirectly affected by the column loss. The largest value (i.e., 0.818) is obviously reached in the beams
of the first floor adjacent to the removal, but also the beams of the upper floors are subjected to values
much larger than 107!, Regarding the longitudinal reinforcement (Fig. 19(b)), the failure probabilities
are lower in the external spans but are always larger in the central ones (i.e., much larger than 101).
This suggests that the amount of reinforcement, derived from the standard seismic design, is not
enough to guarantee resistance in robustness response. In addition, since the stirrups (Fig. 19(c)) are
not subjected to the same state of stress as for the longitudinal reinforcement, the failure probabilities
are lower.

By analysing the results of the frame 2, important improvements are registered, especially, regarding
the failure probabilities for the longitudinal reinforcement (Fig. 20(b)). Apart from the beams of the
central spans at the first floor, all the other beam-column sections are characterized by very low failure
probabilities (i.e., lower than 1077). This result suggests the importance of considering the side face
rebars in the design of this type of structures. Regarding the confined concrete in compression (Fig.
20(a)), lower failure probabilities are obtained with respect to the previous case, especially, in the
external spans, confirming that the presence of the side face rebars tend to reduce the mechanical
effort at the concrete level. In fact, the safety level regarding confined concrete in terms of fminimum
(in 50 years as structural reference period) is far below 1 for the frame I, while it has a value larger
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than 1 for the frame 2 (i.e., 1.08). Similar considerations can be drawn for the frame 3 (Fig. 21), with
the main difference that concrete is characterized by even lower failure probabilities with respect to
the previous case (i.e., f minimum equal to 1.23). The values of £ higher than 1 for the frame 2 and
frame 3 represent an important achievement in line with the provisions recommended in [14] (i.e.,
1.5) where the structural reference period is 1 year.

Regarding the steel longitudinal reinforcement, the  minimum is far below 1 for the frame 1, equal
to 5.11 and 7.45 for, respectively, the frame 2 and frame 3. These last two results become slightly
lower (i.e., up to around 4) even if the mean value of the ultimate strain of the reinforcement is
assumed lower than 0.14 (e.g., up to 0.075 [9]) since the energetic equivalences are reached for not
large vertical displacements (Section 6.2).

It is necessary to highlight that these very low failure probabilities at the reinforcement level (Fig.
20(b) and Fig. 21(b)) together with the activation of catenary effect visible in Fig. 12(b)-(c) are of
great importance especially when dynamic phenomena and large displacement are involved and, thus,
the response is mainly governed by the steel.

The maximum failure probabilities obtained in this investigation (i.e., 0.82, 0.14, 0.11 for,
respectively, the frame 1, frame 2 and frame 3) are comparable with the ones in different studies. For
instance, in [34], considering an amplification of the load equal to 1.3, failure probabilities of around
0.75 for complete damage limit state were obtained for seismically designed 2D RC internal frames,
in case of lateral column failure scenario. The frames were characterised by continuous and
symmetric longitudinal reinforcement, equal in all the floors. However, in [34], a lower CoV (i.e.,
equal to 0.1) for the concrete strength was adopted. Another comparison can be carried out with
respect to [38], where a force-based reliability computation is considered and a failure probability of
0.074 for a five-storey RC frame is obtained, in case of central supporting column loss scenario. The
frame of [38] is a seismically-designed symmetric frame and the beams have continuity with a
comparable longitudinal reinforcement layout between the lower and upper chords in all the floors.
However, it should be underlined that in [38] a force-based approach instead of a strain-based one
has been adopted and the steel properties are characterised by a lower dispersion in the statistical
characterization. Finally, with reference to the results by [39], planar frames (both internal and
perimetral) of two RC office buildings are studied in terms of failure probability, and values of 0.173
and 0.254 were obtained for, respectively, the 3-story and 6-story internal frame. However, the
buildings have horizontal stiffness provided by the bracings and no symmetry or floor equality criteria
as well as no presence of side face rebars is included. In addition, a reference period for the variable
loads of 5 years is assumed.

7.3 Final discussion

The proposals together with the results achieved provide the reliability levels with respect to the ULS
in any structural element of the three RC MR frames having different design recommendations with
respect to robustness. From the comparison between the three RC MR frames, it is possible to observe
the relevant safety advantages together with a significant reduction of the damage propagation in
reliability terms when different robustness design improvements are adopted: the failure probabilities
are strongly lower in the spans close to the collapse scenario, the safety level increases in any
structural element for increasing distance from the collapse event highly reducing the damage
propagation. In addition, the adopted robustness suggestions lead to values of # minimum slightly
higher than 1 within a structural reference period of 50 years. This result is absolutely relevant since
the guidelines [14] suggests a minimum value for £ equal to 1.5 considering a structural reference
period of 1 year. In addition, the results refer to a reference period for variable loads of 50 years
differently from the suggestion in Model Code 2020 [84] of an annual reference period in case of an
accidental scenario condition.

As aresult, it can be concluded that for this specific failure scenario and this structural typology (i.e.,
cast in-situ RC structures having slabs with joists), the design with side face rebars and continuity
(i.e., frame 2) appears to be the leading solution since it presents quite the same level of safety as the
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frame 3 with reduced costs (i.e., reduced amount of reinforcement). Therefore, the design solution of
the frame 2 represents a good trade-off between principles of robustness, sustainability [1]-[3] and
safety in accordance also with seismic design within a multi-risk analysis. In fact, the percentage of
increase of both longitudinal and transverse reinforcement with respect to the code-conforming
structure (i.e., frame 1) is equal to 21% for the frame 2 and 36% for the frame 3.

Note also that the contribution in the global structural resistance provided by the orthogonal frame
affected by the same column loss, by the infills as well as by the membrane effects are not included
in the reliability analysis and, thus, the proposed results are on the safe side. Future developments of
this study could investigate different failure scenarios (i.e., corner columns or second-to-last
columns), also including the above-mentioned beneficial effects. In fact, the central supporting
column loss is one of the most critical scenarios for the absence of the other positive effects. In
addition, other load conditions combined with other structural typologies could be examined.

8. CONCLUSIONS

This study describes a strain-based 5-step procedure to assess the structural robustness in reliability
terms of 2D RC MR frames located in a seismic area, in case of the accidental loss of the central
supporting column. The goal was to give insights into the safety level of frames designed according
to actual code rules and enhanced frames in order to achieve a more robust behaviour. In fact, actual
regulations do not give any provision on the safety level to be respected in case of progressive collapse
phenomena, but only recommended values are suggested. In detail, three different frames have been
compared: frame I designed according to the current European and Italian code rules; frame 2 adopts
continuous longitudinal reinforcement with two additional levels of side face rebars, while the frame
3 derives from the frame 2 adopting the same reinforcement amount in all the floors with symmetric
cross-sections to exploit a global Vierendeel behaviour.

According to the 5-step procedure, a full probabilistic approach has been followed by sampling
different basic random variables, related to both material properties and applied external loads.

The main outcomes can be summarized as follows:

- theresults in terms of aleatory capacity curves have demonstrated how the maximum flexural
capacity is found for a slightly dispersed range of the imposed vertical displacement; on the
contrary, the catenary peak as well as the softening branch (including arching compressive
forces) are strongly affected by all the non-linear properties of materials, leading to a strong
dispersion of the results, according to the CoVs of the material properties, especially, of the
ultimate strain of reinforcement steel;

- the catenary activation starts earlier when the side face rebars are added in the design and, at
the same time, the resistances corresponding to the achievement of the energy equivalence are
related to lower imposed vertical displacements;

- in most of the aleatory capacity curves, the frame I was not able to sustain the accidental loss
of the central supporting column. For these cases, the computation of the DAFs was not
possible. On the other hand, the frame 2 and frame 3 were characterized by mean values of
the DAFs equal to, respectively, 1.44 and 1.62;

- the failure probabilities are drastically reduced when the side face rebars are added into design,
reducing not only the mechanical effort at the concrete level but also the failure probabilities
in the longitudinal reinforcement, reaching values lower than 107;

- the frame designed according to standards (i.e., frame 1) presents failure probabilities of the
order of 10~ to 107! in the lateral spans, resulting in a spread of the damage from the central
spans (directly affected by the column loss scenario) to the external spans (indirectly affected).
This is not the case for the two improved solutions (i.e., frame 2 and frame 3), where the
lateral spans are characterised by failure probabilities lower than 107;

- the safety level in concrete in terms of # minimum is far below 1 for the frame 1, while it is
larger than 1 in the frame 2 (i.e., 1.08) and frame 3 (i.e., 1.23). Regarding the longitudinal
reinforcement, the # minimum is far below 1 for the frame I, and equal to 5.11 and 7.45 for,
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756 respectively, the frame 2 and frame 3;

757 - the frame 2 appears to be the leading solution since it presents quite the same safety level of
758 the frame 3, with reduced costs (i.e., additional reinforcement amount of 21% for frame 2 and
759 36% for the frame 3).

760 As a general conclusion, the adopted robustness improvements always present the catenary
761 response ensuring a stable response of the structure and lead to values of f minimum higher than
762 1 within a structural reference period of 50 years. This result is absolutely relevant and on safe
763 side with respect to the suggestions of f minimum equal to 1.5 related to a structural reference
764 period of 1 year and assuming a reference period for variable loads of 1 year. Therefore,
765 especially, for cast in-situ RC structures having slabs with joists, the solution strategy of the frame
766 2 represents a good trade-off between principles of robustness, sustainability and safety in
767 accordance also with seismic design within a multi-risk analysis.
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APPENDIX A

In line with the need of defining predictive numerical models in this work, a numerical model is
calibrated to reproduce the results of an experimental test [68] on a beam-column subassembly
extracted from a 10-story building designed in Seismic Category D according to ACI 318 Building
Code [93]. The experimental test is selected since it has similar characteristics with respect to the
case study of the present work. In detail, the sub-assembly (Fig. A1) is composed of two beams having
a length of 5.5m and two columns of around 4.5m height. The beams have a cross-section of
71.12x50.8cm? and are reinforced with 2 bars of 28.65mm diameter in the lower chord and 4 or 2
bars of 25.4mm diameter in the upper one for, respectively, dissipative and non-dissipative area. The
dissipative area has a length of 1.83m. The transverse reinforcement is composed of 2-leg stirrups
having 12.7mm diameter with a step of 22.8cm or 10.16cm, respectively, in non-dissipative area and
dissipative area. As for the columns, their cross-section is squared and have a size of 71.12cm, while
their longitudinal reinforcement is made of 12 bars of 25.4mm and the 4-leg stirrups have a step of
10.16mm and a diameter of 12.7mm.
Regarding the loading scheme, a displacement-controlled application of the load is assumed, by
means of 4 hydraulic rams placed on top of the central column and imposing a rate of 25mm/minute.
Four steel rods are fixed to the reaction wall to prevent any out-of-plane movement. Two concrete
blocks are placed on the internal side of the upper part of the lateral columns and fixed to the reaction
wall. Those concrete blocks are then connected to the column by means of 5Imm steel plates
constrained by four 32mm post-tensioning bars anchored to the columns themselves. The clamping
force is of 2669kN. Those constraint conditions are representative of a roller-fixture (i.e., prevention
of horizontal displacement). Finally, the longitudinal bars of the columns are fully embedded by two
footings having width, thickness and height of 2.235x1.626x1.067m?, respectively.
As far as concern the material properties, a campaign led to the following mean values of the
mechanical properties:

- concrete compressive of 32MPa;

- concrete tensile strength of 3.1MPa;

- top bars of the beams (with diameter of 25.4mm): fy(steel yield strength)=476MPa, fu(steel

ultimate strength)=648MPa, gs(ultimate strain)=0.21;

- bottom bars of the beams (with diameter of 28.65mm): f;=462MPa, f,=641MPa, £=0.18;

- bars of the columns (with diameter of 28.65mm): f;=483MPa, f,=690MPa, £,=0.17;

- stirrups (with diameter of 10.16mm): f;=524MPa, f.=710MPa, &=0.14.
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Fig. A1 Geometrical characteristics and cross-sections of the experimental test in [68] (modified from [68]).

The experimental test is reproduced in Atena 2D [56], by taking advantage of the symmetry of the
problem (Fig. A2), in fact, no horizontal movements are registered in correspondence of the center
line during the test. Distinction is made between concrete core and concrete cover by considering
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macro-elements made of plane stress quadrilateral isoparametric finite elements, based on linear
polynomial interpolation, with 4 Gauss integration points. The thickness of the macro-elements is set
equal to 0.7112m for all the structural elements (i.e., beam, columns and beam-column nodes), in line
with the geometrical out-of-plane dimension. The mesh size varies in the range between 0.05m and
0.10m, in line with a mesh-sensitivity analysis finalized to capture the experimental response in terms
of load-deflection curve and horizontal-vertical displacement curve. The bars are considered as
discrete elements.
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Fig. A2 Representation of the FE modeling of half of the sub-assembly: joints, macro-elements and discrete bars.

The constraint conditions are the following (Fig. A2): horizontal movements in correspondence of
the center line are avoided in order to respect the symmetry of the problem; fixed horizontal and
vertical movement at the base of the columns in correspondence of half of the height of the footing;
two springs (with a properly calibrated stiffness of almost 140N/mm) are placed at around 30cm from
the top of the column to represent the roller-fixture.
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Fig. A3 Constitutive laws of materials assuming mean values of the mechanical properties for: a) concrete in
compression; b) concrete in tension; c¢) steel bars in tension and in compression.
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Concerning the concrete behaviour in compression (Fig. A3(a)), the behaviour before the peak stress
is derived by the formula in CEB-FIP Model Code 90 [63], while the post-peak response is described
by a linearly descending branch and it is based on a local strain softening according to Saatcioglu and
Razvi model [64], in order to account for the multiaxial state of stress due to the confinement of
concrete in compression. In fact, the beams are subjected to compressive forces during the initial
stages of the progressive collapse phenomena, which should be taken into account both in terms of
resistance and ductility. The reduction of compressive strength due to cracks is taken equal to 0.45,
representing the maximal strength reduction under large transverse strain, as suggested by [65] and
in line with the experimental results of 0.

The tensile concrete behaviour (Fig. A3(b)) has been modelled choosing a local strain tension
softening, accounting for the tension stiffening effect [66] through a linear post-peak branch up to the
zero strength in correspondence of a strain equal to /0f./E., being f., the tensile strength of concrete
and E. the secant elastic modulus, computed according to [7]. Besides, the cracking process has been
reproduced using the “Smeared cracking” with the fixed crack direction model [65],[67].

As for the reinforcement steel (Fig. A3(c)), a bi-linear constitutive law in tension and in compression
has been adopted with hardening law. The reinforcement has been modelled with discrete bar
elements assuming a perfect bond with the surrounding concrete. It should be noted that, buckling of
reinforcement in the compressive zone is not considered since no buckling phenomena were declared
during the experimental test. This derives also from the seismic design with a larger number of
stirrups in the dissipative zones.

Within Atena 2D [56], the loading scheme consists in the application of the self-weight, followed by
an imposed vertical displacement at a rate of 1 cm in correspondence of the loading point (i.e., top of
the central column). In line with the experimental test, a steel plate of around 5 cm is placed on top
of the central column. The solution of the equations is solved by adopting a standard Newton-Raphson
iterative procedure considering 2500 maximum iterations and respecting contemporarily all the
following four tolerance criteria [58]: 1.0% for the norm of displacement error; from 1.0% to 2.5%
for the norm of residual force error; from 1.0% to 2.5% for the maximum error of residual forces;
1.0%o for the out-of-balance energy error.

The comparison between the experimental and numerical capacity curves (Fig. A4(a)) and horizontal
versus vertical displacements (Fig. A4(b)) is shown. It should be underlined that not considering the
concrete confinement effects implies an underestimation of both the resistance and ductility of the
response with a fail in capturing the evolution of the horizontal displacements [68],[94].
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Fig. A4 Comparison between numerical and experimental response: a) capacity curve; b) horizontal displacement at the
beam-column nodes.
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