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Abstract: Building progressive collapse is currently one of the hottest topics in the structural
engineering field. Most of the research carried out to date on this topic has been focused on the
structural analysis of the failure of one or more columns in a building to determine the Alternative
Load Paths (ALPs) the structure can activate. Past research was mainly focused on extreme situations
with high loads and large structural deformations and, to a lesser extent, research looked at lower
loads used in design accidental situations, which requires a different set of assumptions in the analysis.
This paper describes a study aimed at analysing accidental design situations in corner-column removal
scenarios in reinforced concrete (RC) building structures and evaluating the available real ALPs in
order to establish practical recommendations for design situations that could be taken into account
in future design codes. A wide parametric computational analysis was carried out with advanced
Finite Element (FE) models which the authors validated by full-scale tests on a purpose-built building
structure. The findings allowed us to: (i) establish design recommendations, (ii) demonstrate the
importance of Vierendeel action and (iii) recommend Dynamic Amplification Factors (DAFs) for
design situations.

Keywords: corner-column removal; extreme events; FEM; parametric study; building structures

1. Introduction

Progressive collapse is one of the hottest topics in structural engineering [1,2]. In this field,
many researchers have worked on independent-scenario approaches, considering the sudden removal
of an element in buildings or bridges to study the consequences of an extreme event rather than
studying the triggering causes of a progressive collapse. These approaches can demonstrate (or not)
that the structure has a minimum level of robustness and highlight potential areas for improvement,
extracting conclusions to increase the resilience of a structure against accidental actions. Research studies
to date have concentrated on both computational simulations (e.g., [3-16]) and experimental analysis
(e.g., [17-28]), together with studies of real events of progressive collapse [29-32].

Few experimental studies are available on reinforced concrete (RC) building structures,
particularly on purpose built full-scale structures subjected to sudden removal of columns [28,33].
Most of the cases studied with sudden column removal have been on subassemblies, including cases
involving internal and edge columns (e.g., Qian et al. [34]) and, to a lesser extent, on corner columns
(e.g., [35]), although the columns in the latter case are more vulnerable to accidental events [28]. Due to
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the small number of tests on full-scale buildings, only a few of the computational models found in the
literature have been fully validated.

The aim of this paper was thus to make a thorough parametric study based on a validated Finite
Element (FE) analysis and high performance models of a purpose-built full-scale RC building structure
under a corner-column removal situation experimentally tested in a previous work carried out by the
authors [28]. This is part of the research significance and novelty of the paper, together with its focus on
design accidental situations according to the actual load combinations established in the codes [36-38]
so as to set: (i) Alternative Load Paths (ALPs) activated after the sudden loss of a corner-column,
(ii) Dynamic Amplification Factors (DAFs) or Load Increase Factors (LIFs) and (iii) key aspects of
building design and recommendations for achieving safe structures. This work is focused on predicting
the response to failure of one of the members in the structure after column removal which could trigger
progressive collapse; the propagation of failure after this point is not within the scope of this paper.

The paper is organised as follows: Section 2 contains a description of the study carried out,
including the building and the test itself, the FE model, its validation and the parametric study.
The results obtained are given in Section 3, while Section 4 contains the discussion on the activation of
the ALPs and considers key aspects for the design of robust structures against corner-column removal
situations and the definition of the DAFs and LIFs obtained in relation to the parameters studied.
The main conclusions are given in Section 5.

2. Description of the Study

2.1. Description of the Building and Test

A full-scale RC building structure, purpose built for the experiment and previously analysed
by Adam et al. [28] and Buitrago et al. [27], was used for the computational analysis and parametric
study described here. The building consisted of two floors and 2 x 2 bays with 0.30 x 0.30 m?
columns and flat-slabs that were 0.20 m thick. The distance between column edges was 5 m and the
floor-to-ceiling height was 2.8 m. B500S reinforcement steel bars (yield stress of 500 MPa) were used
for the reinforcement of slabs and columns. The design of the building followed the requirements of
Eurocodes [38-40]. A more detailed description of the reinforcement bars of the concrete elements can
be found in Adam et al. [28]. Table 1 gives the concrete mechanical properties of slabs and columns
obtained on the day of the test, which have been used in the FE model validation.

Table 1. Mechanical properties of concrete for columns and slabs.

Mechanical Property Element Result [MPa]

. 1st slab 30.5
Compressive strength(f.) 2nd slab 311
. 1st slab 2.44
Tensile strength(fet) ond slab 183

Ground floor columns 29,275

. 1st slab 28,810

Elastic Modulus(E) 1st floor columns 29,403

2nd slab 33,119

The building was subjected to a sudden corner-column removal [28]. In addition to the self-weight
of the structure, a superimposed uniformly distributed load was considered on each floor. That load
was equal to 5.3 kN/m? and applied to a tributary area of 5 X 5 m? on the corner bay where the column
was to be removed. At the edges of this corner bay, a facade load of 0.56 kN/m was also applied on the
first floor simulating the load of a hypothetical outer wall. The resulting load configuration represents
a design load case under accidental scenarios [28,36]. Figure 1 contains a sketch and a photograph of
the loads (in red in the sketch) and the building prepared for the test.
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Figure 1. Sketch and photograph of the building prepared for the sudden corner-column removal.

2.2. FE Model

A Finite Element (FE) model was developed with the dimensions of the real building on
ABAQUS/Explicit software [41]. Columns were modelled as beam elements (element B31 [41]) and
slabs as area elements with hourglass control (element S4R [41]). The FE model considered non-linear
slab concrete and steel reinforcement behaviour. For the sake of simplicity, the columns were modelled
using a linear-elastic behaviour with an elastic modulus (see Table 1) and a Poisson ratio of 0.2.
It should be noted at this point that the columns’ linear-elastic behaviour was supported by the lack of
damage to these elements during the test. The ABAQUS concrete damage plasticity model [12,41-45]
was used for the concrete in the slabs, including concrete cracking and crushing for tensile and
compressive behaviour, respectively. Compression was defined from Eurocode 2 [40] considering
the mechanical parameters given in Table 1. Concrete tension behaviour was defined by a bilinear
softening stress-strain response after reaching its maximum tensile strength, f; (Table 1). This bilinear
response was defined by an intermediate point with a strain of 5.5 x 1074, stress equal to 0.33 f.; and a
final point with a strain of 25 x 107* and a stress equal to f./100 [46]. Damage was also introduced in
the model in terms of tension and compression damage [41] by defining two independent parameters,
named dt and dc, respectively. Both parameters are used to identify the inelastic behaviour of concrete
when subjected to tensile and compressive stresses in the presence of tensile cracking and compressive
crushing, respectively. In both cases, multilinear relationships are assumed as it is considered in
ABAQUS by default [41]. The rest of the parameters of the damage plasticity model, such as the
dilatation angle, eccentricity, {b0/fcO and K, were considered by default [41]. The steel reinforcement
bars (yield stress of 500 MPa, Young modulus of 200,000 MPa and Poisson ratio of 0.3) were introduced
in the slabs using perfect bond smeared layers [28]. The measured strain rate in the tests were lower
than 1/s, as discussed in [13]. Strain rate values registered during the test with Digital Image Correlation
(DIC) showed a peak strain rate value of 0.32/s, which in concrete structures is normally representative
of small dynamic events such as earthquakes or heavy traffic. Micallef et al. [47] showed that, for values
less than 10/s, this effect can be ignored as it was adopted in the FE analysis. Figure 2 shows the FE
model that was developed.

The self-weight of the structure was automatically considered by the FE model based on the density
of the materials (25 kN/m? and 78.5 kN/m? for concrete and steel, respectively). The superimposed
experimental load was also modelled as uniform and line loads in the FE model. Fully-fixed boundary
conditions were adopted for the bottom nodes of the ground columns, while nodes in the slab belonging
to the intersections with the columns were coupled as plate constraints to ensure that all the nodes in
these regions had rigid body displacements.

Dynamic non-linear mechanical and geometrical analyses (DNLA) using explicit calculations were
performed for both FE validation and the subsequent parametric study. Rayleigh damping [41] was
considered according to the values obtained experimentally, neglecting stiffness proportional damping
and considering mass proportional damping [48], which is directly proportional to the damping
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coefficient ({ = 7.3%; based on the test results [28]) and the fundamental period of the structure after
column removal (T; = 0.2785 s; based on the test results [28]). A preliminary step with static-linear
analysis (SLA) was carried out to obtain the load of column P3 before its sudden removal. This force (E3)
was then applied to the model prepared for the DNLA. The removed column (P3) was not modelled
in this analysis (Figure 2) but was substituted by the equivalent force F3 obtained from the SLA.
During DNLA, the concentrated load, F3, and the gravity loads (i.e., self-weight and superimposed
loads) were increased gradually in the first step (from t = 0 s to t = 1 s) to obtain a stable response of
the structure and zero vertical displacement in the position of the concentrated force, F3 (column P3
before column removal). In the second step, the concentrated force, F3, was gradually deactivated,
as defined by the column removal time parameter. For the FE validation, this column removal time
parameter was given a value of 0.1 s, i.e., the value obtained in the test [28]. The third step was defined
until t = 2 s to analyse the dynamic non-linear structure response after the corner-column removal.

Figure 2. Finite Element (FE) model without the ground floor column P3 (column removed).
Colours represent sections with different amounts of reinforcement according to the building details [28].

2.3. FE Model Validation

This section describes the validation of the FE model using experimental results [28] such as
vertical and horizontal structural displacements, axial forces on columns and the structural damage
after the column removal. It should be noted that the experimental measurements were obtained
considering the column removal action only, so only displacement or force increments can be considered
for comparison within experimental and numerical results.

The vertical deformed shape of the first slab was measured during the test at 5 points along the
corner-bay edge of the 1st floor slab connecting columns P2 and P3 (the column that was removed).
Displacements were also measured at the same points in the FE model. As can be seen in Figure 3,
the FE model precisely reproduced the vertical displacements.

The remaining or residual structural drift values were also compared in the test and the FE model.
Figure 4 compares both sets of values. The FE model can be seen to match with the test results in the
1st slab and is slightly different in the 2nd slab. Nevertheless, the error is less than 1 mm, so the FE
adequately reproduces the structural horizontal displacements.

The peak structural dynamic response values were also measured after removing the column
in both the test and the FE model for the drift and the vertical displacement in the position of P3.
The results are given in Table 2 and include the error involved. The FE model comes closer to the
experimental residual values than the peak values, although these errors are quite low.
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Figure 3. Comparison of the residual vertical deformed shape of the first floor between P2 and P3 in
the experimental test [28] and FE model.
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Figure 4. Comparison of the residual horizontal displacement/drift of the structure between the test [28]
and the FE model. Positive values indicate horizontal displacement towards the removed column.

Table 2. Comparison of the peak and residual values of maximum vertical displacement and drift
between the test [28] and the FE model.

Component Value Test FE Model  Error [mm]
. . . Peak —48.1 —41.9 6.2
Maximum vertical displacement [mm] Residual _108 _405 23
il 1 Peak 1.40 0.84 0.56
Drift [mm] oor Residual ~ 0.40 0.38 0.02
Fl 9 Peak 4.80 2.34 2.46
oor Residual ~ 2.40 1.53 0.87

Figure 5 shows time-history comparisons between the axial force increments in the FE model
(FEM) and the test for columns P1, P2/P6, P5 and P7. The comparison is shown fromt=0stot=2s,
where t = 1 s is the start time of the column removal. Columns P2/P6 show a good correlation within
experimental and numerical results. In this case, the average of these columns’ experimental values
(P2/P6 = (P2 + P6)/2) was calculated for correct comparison with the numerical values. The removal
of corner column P3 increased the compressive axial load in columns P2 and P6 and decreased it in
columns P1, P5 and P7. The comparison between the experimental and the FE model shows a good
correlation, reaching similar load values with a dynamic response. Particularly, this is reproduced
more realistically in columns P2/P6, P5 and P7 than in column P1.
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Figure 5. Comparison of the test [28] and FE model for the axial force increments in columns P1, P2/P6,
P5 and P7. Positive values indicate compression.

The level of damage sustained in the test was also compared with the FE model results. Figure 6
shows this comparison in terms of the computed damage in tension of the slabs and a picture of the
cracks that appeared during the test.

DAMAGET
SNEG, (fraction = -1.0)
SPOS, (fraction = 1.0)
(Avg 75%)

(a) Damage in the FE model (b) Damage in the Test

Figure 6. Comparison of the tensile damage (DAMAGET) between the FE model and test [28].

The different comparisons generally show good correlation between the test and the FE model
results for displacements, forces and slab tensile damage. Thus, the model might be considered
validated for further parametric studies. Residual values show better estimates than peak values in
respect of the test results, although both are good enough for the subsequent parametric analysis and
have some implications in the discussion section (described in detail in Section 4.2).
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2.4. Parametric Study

The parametric study analysed the influence of five different structural response parameters of
the building under study. The results are given and discussed in the following sections. The five
parameters considered were (i) tensile concrete strength (f¢), (ii) flexural reinforcement ratio around
the P2/P6 column-slab joint (p), (iii) number of floors (nf), (iv) column removal time (crt) and (v) the
applied superimposed load (q). Ten different models were processed, establishing the model described
in Section 2.3 as the reference model but considering the same tensile strength (2.0 MPa) for both
slabs. Models built for the parametric study vary by only one parameter at a time. Three different
f.t values were considered: 2.0, 2.5 and 3.0 MPa, the lowest value being similar to the experimental
one and adopting two higher levels. The flexural reinforcement ratio around the P2/P6 column-slab
joint was approximately equal to 0.8%, which could be considered relatively high, so a value of 0.5%
was also considered. The number of floors was also taken into account due to its possible influence in
the Vierendeel action and the dynamic response, adding two and five extra levels to those of the test
(i.e., four and seven floors). As the column removal time clearly affects the dynamic response of the
structure, for this parameter, three extra levels were considered: 0.01 s, 0.05 s (both smaller than that in
the test) and 0.2 s (higher than that in the test). The lower value is acceptable according to the limit of
T/10 [36], where T (vibration period) was 0.28 s according to the experimental results. The applied
superimposed load was also increased from 5.3 kN/m? to 9 kN/m?, which represents the maximum
design load for a Ultimate Limit State (ULS) in persistent and transient design situations and was also
near the flexural capacity of the slab. Table 3 shows the parameter values in each model.

Table 3. Parametric study.

Parameters

Model f [MPa]l p! nf crt[s]  q[kN/m2]?!
Reference (M_Ref) 2.0 0.8% 2 0.1 53
M_fct2.5 2.5 0.8% 2 0.1 5.3
M_fct3.0 3.0 0.8% 2 0.1 53
M_p0.5 2.0 0.5% 2 0.1 53
M_nf4 2.0 0.8% 4 0.1 5.3
M_nf7 2.0 0.8% 7 0.1 53
M_crt0.01 2.0 0.8% 2 0.01 53
M_crt0.05 2.0 0.8% 2 0.05 5.3
M_crt0.2 2.0 0.8% 2 0.2 53
M_q9 2.0 0.8% 2 0.1 9.0

! Considered equal for slabs 1 and 2.
3. Results

This section presents the results obtained by the FE model. The numerical outcomes are organized
in subsections, each one dealing with a specific result: vertical displacements, horizontal drift,
vertical reactions in different columns and tensile damage maps in the building.

3.1. Vertical Displacement

The deformed shape extracted from five points along the corner-bay edge of the 1st floor slab
connecting columns P2 and P3 is depicted in Figure 7. As can be seen, the results are organized into
five sets of simulations according to each parameter. It is worth mentioning that each group compares
the FE outcomes obtained and the results provided by the reference Model (i.e., M_Ref). The deformed
shapes shown in Figure 7 were obtained using the residual vertical displacements. Table 4 contains a
summary of the peak and residual values obtained at these five points.

As expected, the deformed shapes depicted in Figure 7a—d present a similar trend of the vertical
residual displacements with slight variations depending on the group of simulations. As an example,
the results from the first group of simulations (i.e., obtained varying the tensile concrete strength) are
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depicted in Figure 7a and show a similar trend in slab deformation with a negligible reduction of
vertical deformability due to the higher concrete tensile strength (and therefore lower tensile damage)
experienced by the models during the simulations. Similar outcomes are visible in Figure 7b—d.
In all those models, the maximum residual vertical displacement was lower than 100 mm, as seen
in Table 5, which also gives a summary of the maximum vertical residual displacement in P3 and
the corresponding increase/decrease percentages obtained in all models with respect to the reference
model. The results shown in Figure 7e refer to the last group of simulations, in which the superimposed
load was significantly higher than in the reference model and reached a value related to the ULS for
flexure. The effect of the increased superimposed load is clearly visible in the deformation. As expected,
this load yielded the corner-bay slab with a quasi-non-restricted residual vertical displacement of
550 mm in the position of column P3. This is also confirmed by the tensile damage maps given in
Section 3.4. The distribution of the tensile damage throughout the building clearly shows the formation
of a yielding mechanism. This case lead to large deflections (larger than the thickness), and this would
normally lead to the activation of membrane actions.
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Table 4. Vertical displacement peak and residual values obtained at five points on the 1st floor slab

from P2 edge to P3 edge. Units in mm.

Distance [m]

Model 0.62 1.67 3.33 4.35 5
Peak  Residual Peak  Residual Peak  Residual Peak  Residual Peak  Residual
M_Ref 4.47 4.39 17.61 17.38 36.60 36.09 44 .46 43.84 46.88 46.18
M_fct2.5 3.14 2.97 11.84 11.17 24.10 22.51 29.33 27.33 31.32 29.02
M_fct3 2.74 2.54 9.99 9.16 20.15 18.24 24.45 22.06 26.20 23.63
M_p0.5 7.54 7.48 27.78 27.64 57.35 57.20 69.83 69.46 72.85 72.48
M_nf4 7.209 717 26.96 26.78 56.09 55.53 68.09 67.53 71.23 70.41
M_nf7 8.37 8.26 29.94 29.63 61.63 60.82 74.54 73.55 77.71 76.52
M_crt0.01 6.05 6.00 23.70 23.60 50.14 49.72 60.45 60.13 63.42 63.32
M_crt0.05 5.48 5.39 21.62 21.38 45.28 44.73 55.06 54.33 57.83 56.99
M_crt0.2 3.44 3.39 13.44 13.27 27.61 27.23 33.50 33.03 35.62 35.11
M_q9 5.32 5.32 230.7 230.7 446.80 446.80 533.54 533.54 556.30 556.30
Table 5. Percentage increase/decrease in maximum residual vertical displacements.
Model Vertical Displacement in P3 [mm] Increase/Decrease [%]
M_Ref 46.18 -
M_fct2.5 29.02 —37.2%
M_fct3.0 23.63 —48.8%
M_p0.5 72.48 57.0%
M_nf4 70.41 52.5%
M_nf7 76.52 65.7%
M_crt0.01 63.32 37.1%
M_crt0.05 56.99 23.4%
M_crt0.2 35.11 —24.0%
M_q9 556.30 1104.7%
3.2. Drift

This subsection compares the lateral horizontal drifts obtained in each group of simulations and
the reference model (i.e., M_Ref). Figure 8 depicts the numerical residual horizontal drift obtained by
varying the concrete tensile strength (Figure 8a), flexural reinforcement ratio (Figure 8b), number of
floors (Figure 8c), column removal time (Figure 8d) and superimposed load (Figure 8e). It is worth
mentioning that positive horizontal displacements imply deformation of the building toward the
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removed column, as indicated in Figure 8. A summary of the peak and residual horizontal drift values
obtained on each floor from all the models is given in Table 6.

The horizontal drift of the building obtained in each group is similar to the reference model,
except for the last simulation (i.e., M_q9). The maximum horizontal drift obtained at the second-floor
level in all the models is lower than 1.5 mm. The models with a higher number of floors showed a
quite similar trend of the horizontal drift with respect to the reference model, but obviously a higher
maximum horizontal displacement. In this set of simulations, the maximum top horizontal drift was
4.8 mm on the fourth floor (M_nf4) and 12.0 mm on the seventh (M_nf7). Results for cases with more
than seven stories are not shown because the results were influenced by instability caused by the lack
of bracing in the building [13].

A clearly different horizontal displacement trend was obtained in the last simulation (i.e., M_q9),
in which the 1st floor experienced a negative drift of about 0.5 mm, while the 2nd floor reached a
drift of around 1.0 mm. This result can be justified by the activation of in-plane effects related to the
large vertical deflections. For such an amount of load and large deflections, the mechanical-linear
assumption for columns could not be accurate. Additionally, punching will occur, so the modelling of
the column-slab connection would need to be refined to consider post-punching behaviour.

7
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Figure 8. Numerical residual horizontal drift obtained by varying (a) concrete tensile strength,
(b) flexural reinforcement ratio, (¢) number of floors, (d) column removal time and (e) superimposed load.

Table 6. Residual and peak horizontal drift values obtained in each floor for each model. Units in mm.

Floor
Model 1st Floor 2nd Floor
Peak Residual Peak Residual

M_Ref 0.61 0.21 1.99 1.36
M_fct2.5 0.73 0.28 1.85 1.16
M_fct3 0.71 0.27 1.76 1.11
M_p0.5 0.45 0.06 1.95 1.30
M_nf4 0.41 0.07 2.05 1.37
M_nf7 0.16 0.01 1.58 1.35
M_crt0.01 0.63 0.14 2.14 1.46
M_crt0.05 0.62 0.16 2.06 1.38
M_crt0.2 0.53 0.22 1.70 1.30
M_q9 -0.74 —0.46 1.57 1.05

3.3. Vertical Reactions in the Adjacent Columns

This section gives the vertical reaction forces in the adjacent column, P2, for each group
of simulations (i.e., concrete tensile strength, flexural reinforcement ratio, number of floors,
column removal time and superimposed load). The numerical reaction histories are depicted in
Figure 9 from t = 0 s to t = 2 s. The results of columns P1, P4, P5 and P7 are reported in Appendix A,
to which the reader is referred for further details. It is worth mentioning that from 0 s to 1 s the building
supports gravity loads, while from 1 s to 2 s it undergoes the removal of ground floor column P3 and
the subsequent free vibration phase.

As can be seen by comparing Figure 9a,b,d, the peak vertical reaction force in P2 is not influenced by
varying the concrete’s mechanical properties, reinforcement ratio or column removal time, respectively.
Each of these parameters influences the reaction force histories after the peak value. Higher concrete
tensile strength reduces the formation of tensile damage in the structure and therefore extends the
vibration of the building after the column removal (Figure 9a). A longer column removal time (Figure 9d)
delays the peak value, but the results still reach the same peak and residual values. As expected,
the application of higher superimposed loads and the higher number of floors modify the vertical
reaction force in column P2, as can be seen in Figure 9c,e.
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Figure 9. Numerical reaction in P2 obtained by varying (a) concrete tensile strength, (b) flexural

reinforcement ratio, (¢) number of floors, (d) column removal time and (e) superimposed load.
Positive values indicate compression.

Figure 10 shows the axial force histories in the first-floor column P3 because it is a key element on
the load redistribution of the load supported by the missing ground floor column, P3. As is clearly
visible, the models behaved in two different ways: (i) from 0 s to 1 s and (ii) from 1 s to 2 s. In the first
phase, all the models are subjected to compressive forces due to the application of the gravity loads,
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while in the second phase the column is subjected to the effect of the sudden removal of the ground
floor column, and column P3 suddenly loses almost all its axial force.
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Figure 10. Numerical axial force in P3 (first floor) obtained by varying (a) concrete tensile strength,

(b) flexural reinforcement ratio, (c¢) number of floors, (d) column removal time and (e) superimposed

load. Positive values indicate compression.
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3.4. Computed Tensile Damage Maps

The computed tensile damage maps are given in this section for five selected models: M_fct2.5,
M_p0.5, M_nf7, M_crt0.2 and M_q9. The results are depicted in Figure 11. The proposed maps are
extracted from the models at t = 2 s (i.e., at the end of the simulations). The maps depicted are
superimposed on the deformed shape of the building and show both the upper and lower tensile
damage computed in the slabs. All the models present the formation of tensile damage on the upper
surface of the 1st and 2nd floors close to columns P2/P6, in agreement with the formation of the yielding
mechanism during the column removal. Similarly, the bottom surfaces of both floors experienced
tensile damage around the removed column P3. This damage mechanism was observed in all the
simulations regardless of the group of models. In model M_q9, the tensile damage reached the
maximum propagation as it is a case of ULS load combination; at the end of the simulation, both floors
were seriously damaged, with tensile damage on the upper surface connected to cracks on the lower
surface. This could be explained by the complete failure of the slabs subjected to the column removal
(see Figure 11e) considering the limitations of this model (i.e., failure of connections, elastic behaviour
of columns).

Legend:

0.00 means that tensile strength peak is not
achieved.

Higher values are the computed damage, which
is directly proportional to the inelastic strain.

0.55

SoNWE L
SHNERDS

CODOOOO

(©

Figure 11. Cont.
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(d) (e)

Figure 11. Computed tensile damage at t = 2 s obtained for (a) M_fct2.5, (b) M_p0.5, (c¢) M_nf7,
(d) M_crt0.2 and (e) M_q9.

4. Discussion

This section discusses and analyses the activation of ALPs and the variation of DAFs regarding
the influence of different parameters.

4.1. Activation of Alternative Load Paths (ALPs)

When a corner column fails, the structure must be able to effectively activate ALPs to replace
one of its main vertical load-bearing elements, and in this particular case only a limited number of
ALPs can be activated, with the Vierendeel action or slab cantilever action being the most effective
ones at low deflections [28]. However, there may be others, such as the contribution of masonry infill
walls [27] (not studied in this work) or, to a lesser extent, membrane action [28]. To study the activation
of the main ALPs and other key aspects of design accidental situations in the building under study,
its behaviour was analysed before and after the sudden column removal.

As part of the conception of the test, a computational simulation was carried out using software
SAP2000 [49], which included modelling an equivalent frame corresponding to the facade frame from
P1 to P3 of the building under study. Three different structural states were analysed. An initial state in
which P3 was still functional and another two states after losing the column, where different ALPs
might be activated: (i) cantilever action of slabs and (ii) Vierendeel action of the structure. Figure 12
gives the results obtained for the different states, showing the structural deformation, axial and shear
forces and bending moments. Considerable differences were found in the deformed shape of the
structure between the cantilever-type and Vierendeel-type behaviour. The former recorded an increase
of 51% of the maximum deflection of slabs. However, the shear and bending moment demand of the
column-slab joint near the column next to the removed one (around P2) presents a similar order of
magnitude in all three states, always slightly higher after column removal (for further information,
see Garzon-Roca et al. [13]). The most notable differences between the Vierendeel and initial or
cantilever actions were found in the load distributions close to the missing column, P3; for example,
the notable differences found in the slab moments in the corner bay and in the bending moments and
shear forces of first-floor column P3.

From now on, the discussion will centre on the most important forces in the Vierendeel-type
behaviour compared to the initial state and cantilever action in the models analysed in the parametric
study, which also considered inertial effects.
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Figure 12. Conceptualisation of static column removal effects (deformed shape, axial and shear forces
and bending moments) of the building under study in design situations before (initial state) and after

(cantilever and Vierendeel) column removal.

Shear forces activate slightly membrane-type behaviour in the slabs (as can be seen in the axial
forces of the corner-bay slabs when Vierendeel behaviour is activated; see Figure 12). Figure 13 gives
the shear and axial forces before and after column P3 removal for the ten models considered in the
parametric study processed with dynamic non-linear effects in the ABAQUS software. The shear
forces change their sign and their magnitude rises slightly, causing more or less participation of the
compressive and tensile membrane in-plane action of the slabs. Axial forces drop to zero or change from
compression to tension after column removal. Tension forces in the first-floor column P3, when they
exist after column removal, are really small (less than 3.4% of the vertical tie design force for the
column), but this can be totally different if infill masonry panels are considered [27], where tie forces in
the column above the removed one play an important role as a part of the ALP regarding the infill
panels. In this study, no significant differences were found in the different parameters considered.
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Figure 13. Shear and axial force of first floor column P3 before and after column removal for the
different models. Positive axial force values indicate compression.

The slab moments close to P3 have a completely different form to the design situation (Initial State;
see Figure 12). While, in the design situation, there is a negative moment in the slabs close to P3;
in the accidental situation after column removal, the sign of the moment is reversed. This is important
because this type of accidental situation should be considered to be able to include the necessary
reinforcement required to obtain a sufficiently robust structure. In this reinforcement zone in the initial
state before column removal (design state for persistent and transient situations), only a minimum
amount of reinforcement is required in the bottom layer grid, with a value of 1.8 cm?/m [40], while in
accidental situations during Vierendeel-type action, the reinforcement required is considerably higher
(see comments below).

For the dynamic non-linear models processed in ABAQUS in the parametric study, Figures 14
and 15 show the bending moments of the P2-P3 alignment for the first and second slabs, respectively,
at the time where the maximum vertical displacement of the structure achieved the peak value. As can
be seen, the bending moments have a negative value near P2 and a positive value near P3, this last
ranging approximately from 40 kNm/m to 80 kNm/m. Considerably more reinforcement is required
in the bottom layer grid near P3 for these cases than the minimum reinforcement of 1.8 cm?/m [40],
being around 5.9 cm?/m, 9.1 cm?/m and 12.4 cm?/m for bending moments of 40 kN*m/m, 60 kN*m/m
and 80 kN*m/m, respectively. The differences between the parameters, as shown in Figures 14 and 15,
are significant for the reinforcement ratio, number of floors and column removal time parameters.
However, concrete tensile strength has no influence on the distribution of the analysed bending
moments. The results of model M_q9 confirm that the structure yielded, because this model was that
of the Ultimate Limit State (ULS) of the structure.
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Figure 14. Influence of different parameters on bending moments from P2 to P3 in the first slab:

(a) tensile strength, (b) flexural reinforcement ratio, (c¢) number of floors, (d) column removal time,

(e) superimposed load.
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Figure 15. Influence of different parameters on bending moments from P2 to P3 in the second slab:

(a) tensile strength, (b) flexural reinforcement ratio, (c¢) number of floors, (d) column removal time,

(e) superimposed load.

4.2. Dynamic Amplification and Load Increase Factors (DAFs and LIFs)

The scientific community and the international codes [36,37] proposed different types of factors
to simplify building structure calculations in extreme events-accidental situations. These factors
multiply the applied load to obtain an equivalent load to avoid more complex calculations such as
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those considering dynamic effects and non-linear material behaviour. The present study focused in two
groups: (i) factors applied to simplified non-linear static calculations to address dynamic effects and
(ii) factors applied to simplified linear static calculations that consider both material nonlinearities and
dynamic effects. The former group of factors can be called Dynamic Amplification Factors (DAFs) [36],
while the latter are called Load Increase Factors (LIFs) [27,37].

In this work, both DAFs and LIFs have been computed in the processed models for the
parametric study, and both were determined for the displacements and the loads as suggested
by codes (e.g., DoD [37]). In displacements, the DAF; p and LIF;p were computed as the difference
in the maximum displacement on the top of the removed column (P3) between a static-nonlinear or
static-linear and a dynamic-nonlinear FE model, respectively. In the forces, the DAF;p and LIF
were computed as the difference in the axial force of columns P2/P6 between a static-nonlinear or
static-linear and a dynamic-nonlinear FE model, respectively. Table 7 shows the results obtained.

Table 7. Dynamic Amplification Factors (DAFs) and Load Increase Factors (LIFs) for displacements
(DAFp and LIF; p) and forces (DAF g and LIF ).

Static Nonlinear Static Linear Dynamic Nonlinear
Model Max. Disp.  Axial Force  Max. Disp.  Axial Force ~ Max. Disp.  Axial Force ~DAFLD LIFtp  DAFip  LIFr
[mm] P2/P6 [kN] [mm] P2/P6 [kN] [mm] P2/P6 [kN]
M_Ref 25.6 317.4 14.1 317.3 46.9 340.1 1.83 333 1.07 1.07
M_fct2.5 20.6 316.0 14.1 317.3 313 346.4 1.52 222 1.10 1.09
M_fct3.0 18.4 316.1 14.1 317.3 26.2 351.4 1.42 1.86 1.11 1.11
M_p0.5 26.9 317.9 14.1 317.2 72.7 350.6 2.70 5.16 1.10 1.11
M_nf4 27.8 645.0 15.2 649.6 70.3 720.7 2.53 4.63 112 111
M_nf7 30.7 1138.8 18.1 11521 77.7 1267.4 253 4.29 111 1.10
M_crt0.01 25.6 317.4 14.1 317.3 63.4 352.6 2.48 4.56 1.11 1.11
M_crt0.05 25.6 317.4 14.1 317.3 57.8 343.6 2.26 4.10 1.08 1.08
M_crt0.2 25.6 317.4 14.1 317.3 35.6 330.5 1.39 2.52 1.04 1.04

M_q9 76.3 4114 18.7 399.3 556.8 398.6 7.30 29.78 0.97 1.00

DAFi p values in general were between 1.80 and 2.70, which can be considered consistent with test
results, theoretical considerations and codes [27,28,37]. The lower values obtained within this range are
related to stiffer models where the dynamic amplification was lower and where damping was higher;
for a single degree of freedom system with 7.3% damping (test value), the theoretical DAF p is 1.79,
which is similar to that obtained in M_Ref. The low value of DAF; p in M_crt0.2 was due to the slow
removal of the column (i.e., low dynamic amplification). The higher values obtained for DAF;p were
predicted in models with parameter leading to higher deformations, accelerations and lower damping
effects. In such cases, DAF| p was larger than 2, which could be justified on (a) undesired overly stiff
numerical response predicted by the static nonlinear models and (b) valid theoretical considerations,
i.e., as shown in [13], for a single degree of freedom system with nonlinear parabolic response and no
damping, the DAF; p is larger than 2 (e.g., 10% or higher depending on the curvature of the parabola).
The uncommonly high value of DAF;p in M_q9 was due to the formation of a yield line mechanism
in the slab leading to development of plastic deflections captured in the dynamic nonlinear analysis.
In this case, the values of DAFs and LIFs are strongly influenced by the flexural capacity of the slab,
as shown by the yield lines in Figure 11e. It should be noted that values of LIF; p are always higher
because material non-linear effects are included in the factor besides the dynamic effects.

The DAF; r and LIF; p values are not significantly different, and they are also relatively constant
with changes in the parameters in the study. All the values are around 1.10, slightly inferior to the
1.20-1.30 which the authors obtained in previous studies [13,28] and which can be justified by (i) the fact
that the present study considered experimental damping in the FE models and (ii) the small differences
found in the reactions peak values between experimental and computational results. Model M_q9
again obtained a value of 1.00 because the load was exactly the yielding load. Model M_crt0.2 had a
slightly lower value (1.04), again due to the slow removal of the column.
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5. Conclusions

The work carried out included a wide parametric study conducted by advanced FE models
validated by a purpose-built full-scale RC building structure subjected to a sudden corner-column
removal scenario. The parameters included (i) tensile concrete strength (f¢), (ii) flexural reinforcement
ratio (p), (iii) number of floors (nf), (iv) column removal time (crt) and (v) the applied superimposed load
(q)- The influence of each parameter was studied on deflections, drifts, forces, damage, Alternative Load
Paths (ALPs) and Dynamic Amplification and Load Increase Factors (DAFs and LIFs), for both
displacements (DAFp, LIF; p) and loads (DAFp, LIF p). From the results obtained, the following
conclusions can be drawn:

e  The tensile concrete strength has a strong influence on the numerical predictions of displacements
and structural damage. This affects the computed DAF;p, with low values of f generally
giving more realistic values of DAFp. This parameter did not have a significant effect on the
reactions/forces.

e  Thesame conclusions can be drawn for the influence of the flexural reinforcement ratio, although in
this case it also had a significant influence on the member reaction/force values. However,
this influence is not transferred to the computed DAF; , which is not significantly influenced by
this parameter.

e  The number of floors also has a clear influence on both vertical displacements and member
reaction/forces. However, DAF; p and DAF; f are not influenced by this parameter.

e  Column removal time has a strong influence on vertical displacements and bending moments,
although it barely affects the reaction forces” peak and residual force values. Due to the wide
variation found, it is always recommended to assume the worst possible case at the limit of the
GSA recommendations [36] to establish a column removal time equal to a tenth of the structure’s
fundamental period without the missing column (T/10).

e The applied superimposed load had a strong influence on all the aspects studied. A comparison
was made between a load combination for ULS and a common design accidental load.
Results showed that considering a more aggressive scenario than a design accidental situation
could result in making different and erroneous recommendations on the safe side, in some cases
(e.g., excessive deflections or forces can be considered in a design accidental situation but this
is a persistent and transient situation), but these recommendations would still be unsafe for the
DAFif (i.e., resulting in a lower value than in a design accidental situation).

e  The test and FE models in this paper showed that Vierendeel action was the main ALP of the
structure for the particular case investigated, i.e., without infill walls and subjected to a design
compliant corner-column removal situation. The rest of the column above the removed one acts
as a key element in effectively activating this ALP. However, for this ALP to be safe, a series of
reinforcement details should be in the design phase of the structure.
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Appendix A

This section is devoted to the presentation of additional results obtained in columns P1, P4, P5 and
P7 of the building. The numerical results are subdivided into five groups of simulations. In detail,
the reaction force obtained in columns P1, P4, P5 and P7 are depicted in Figures A1-A4, respectively.
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Figure Al. Numerical reaction in P1 obtained by varying (a) concrete tensile strength, (b) flexural
reinforcement ratio, (c¢) number of floors, (d) column removal time and (e) superimposed load.
Positive values indicate compression.
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Figure A2. Numerical reaction in P4 obtained by varying (a) concrete tensile strength, (b) flexural
reinforcement ratio, (¢) number of floors, (d) column removal time and (e) superimposed load.

Positive values indicate compression.
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Figure A3. Numerical reaction in P5 obtained by varying (a) concrete tensile strength, (b) flexural
reinforcement ratio, (¢) number of floors, (d) column removal time, and (e) superimposed load.
Positive values indicate compression.
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Figure A4. Numerical reaction in P7 obtained by varying (a) concrete tensile strength, (b) flexural

reinforcement ratio, (¢) number of floors, (d) column removal time and (e) superimposed load.
Positive values indicate compression.
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