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ARTICLE INFO ABSTRACT
Keywords: Although mathematical optimization can be a handy tool for structural design, neglecting to consider criteria
Structural optimization such as safety can result in designs vulnerable to specific scenarios. One aspect of structural safety that has been

Progressive collapse

gaining interest is buildings’ progressive collapse (PC) resistance. Many experimental and numerical studies have
Reinforced concrete

Frame building been developed on this subject, although few investigations have related it to structural optimization. This paper
Floor slabs presents a procedure called Optimization-based Robust Design to Progressive Collapse (ObRDPC) that integrates
Infill walls both topics. This framework incorporates typically overlooked factors, such as including floor slabs and infill
Soil-structure interaction walls as part of the superstructure or accounting for soil-structure interaction. The methodology is applied to five
case studies of three-dimensional reinforced concrete frame building structures. The results demonstrate the
significant influence of slabs and walls on the PC resistance of buildings. Beams are the elements that benefit the
most from the presence of both to bridge over the failure of a load-bearing element. On the other hand,
increasing the structure levels improves its robustness, contrasting with increasing the span length. The impact of
PC-resistant design on beams, columns, and foundations is also evaluated compared to the traditional approach.

environmental impact [9], the latter with durability and constructability
[10], or time, cost, quality, and CO2 emissions [11]. However, in addi-
tion to the criteria mentioned above, aspects associated with the struc-
tural safety of buildings have yet to be implemented. The lack of studies
that formulate structural safety as part of the design optimization
problem of realistic RC buildings may originate in the difficulty of
modeling, analyzing, and designing this type of structure. Another cause
may be the difficulty of measuring how safe a building is.

One of the phenomena that has been receiving much attention about
building safety is the resistance to progressive collapse (PC). Extreme
events, such as hurricanes, earthquakes, explosions, vehicle crashes,
human error, or terrorist acts, can affect buildings. These events often
cause local damage to the building structure, which can trigger a total
collapse. Any PC of buildings results in significant losses in both human
life and material assets [12,13]. As a result, the U.S. General Services
Administration (GSA) [14] and the Department of Defense (DoD) [15]
have issued guidelines to reduce the potential for PC in building design.
One of the approaches proposed in these guidelines is the Alternate Path
(AP) method. It ensures that the structure can withstand the failure of a
structural element and localize the resulting damage. The main

1. Introduction

Mathematical optimization is a very useful tool for solving complex
structural design problems. However, depending on the optimization
problem formulation, this tool can be more or less effective. For
example, optimizing economic or environmental aspects may worsen
other essential criteria, such as structural safety. Therefore, a wise
choice of optimization criteria is essential to make good use of this great
tool.

The construction industry is one of the most polluting and resource-
consuming sectors [1,2]. Reinforced concrete (RC) frame buildings are
an important component of this industry. Thus, their economic and
environmental impact is significant. That is why many authors have
developed methodologies to apply economic optimization to this type of
construction [3,4]. Others have focused on optimizing environmental
criteria such as embodied carbon [5,6]. Some studies have compared the
results of optimizing both criteria [7]. Other authors have developed
multi-objective optimization methodologies, combining criteria such as
construction cost with constructability [8], economy with
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Nomenclature

AP Alternate Path.

APM CC Alternate Path Method removing a corner column.

APM EC Alternate Path Method removing an exterior column.

B Beams.

BBO Biogeography-based Optimization.

C Columns.

c Soil cohesion.

CDLIS  Constrained Deterministic Local Iterative Search.

CDLIS 1 Solution found when applying the CDLIS local search
algorithm for the first time.

CDLIS 2 Solution found when applying the CDLIS local search
algorithm for the second time, also considered as the global
optimal.

CP Coefficient of penalization.

d Strut diagonal length.

D Dead load.

DCR Demand Capacity Ratio.

DoE Design of Experiment.

e; Unit CO, emissions.

E Modulus of elasticity of the soil.

E, Concrete elastic modulus of columns.

E, Secant modulus of elasticity of masonry infill walls.

F Foundations.

Fx Dimension of a foundation base in the x-axis direction.

Fy Dimension of a foundation base in the y-axis direction.

S Characteristic compressive strength of the masonry.

8i Behavioral constraints.

GSA General Service Administration.

H Columns height.

H Columns free height.

HFS High-Fidelity Simulation.

I, Columns moment of inertia in the longitudinal direction of
the wall.

KBO1 Solution found when optimizing the first Kriging-type
metamodel.

KBO 2  Solution found when optimizing the new local Kriging-type
metamodel.

k Soil stiffness coefficient.

Kg Coefficient used to calculate E,,.

L Span of each bay of the building.

Ly Length of the building span on the y-axis.

Li Live load.

LFS Low-Fidelity Simulation.

Ly Length of the building span on the x-axis.

LSP Linear Static Procedure.

m; Measures related to the material/constructive activities
units.

N Number of building levels.

Np Number of spans in the y-axis direction.

N; Height of each level of the building.

N; Number of spans in the x-axis direction.

ObRDPC Optimization-based Robust Design to Progressive
Collapse.

P Pressure acting on the foundation base.

PC Progressive Collapse.

qQ*br a1 Foundation base bearing capacity pressure.

Qar Forces acting on the elements.

Quc Unfactored ultimate capacity of the elements.

R’* Linearity limit stress of the soil.

RC Reinforced Concrete.

RDPC Robust Design to Progressive Collapse.

S Foundation base settlement.

S Foundation base settlement for an acting pressure equal to
the base linearity limit stress of the soil.

SSI Soil-Structure Interaction.

T Total emissions.

bty Thickness of the masonry infill wall.

\% Volumetric index.

w Equivalent strut width.

w Wind load.

x1, x2,..., xn Design variables.

tan (a)  Secant stiffness coefficient of the soil during the loading
process.

tan (f)  Secant stiffness coefficient of the soil during the unloading
process.

y Soil density.

@ Soil friction angle.

u Soil Poisson’s ratio.

0 Angle formed by the equivalent strut.

A, An Parameters used to calculate the equivalent strut width.

objective is to redistribute the gravity loads after removing a
load-bearing element [16]. Given the unpredictability of accidental
events, this hazard-independent design method is considered one of the
most reliable methods for assessing the resistance of building structures
to PC [17].

In recent years, many studies have focused on this phenomenon’s
experimental and numerical study. A common practice in experimental
studies is the use of substructures to study the loss of a load-bearing
element in typologies such as beam-column frames [18], RC flat plates
[19], or precast RC frame structures [20]. Regarding the numerical
approach, several studies have comprehensively evaluated the PC of 3D
RC buildings against the loss of corner, exterior, and interior columns
[21]. Others have also analyzed the consequences of the loss of shear
walls located in critical zones of the building [22], or the simultaneous
and sequential loss of load-bearing elements [23]. The influence of
building height has also been evaluated in detail [24].

On the other hand, one of the important aspects of this topic is the
influence of alternative structural elements, such as floor slabs and infill
walls, on the PC resistance of buildings. Several experimental studies
have demonstrated slabs’ influence on the resistance capacity of

substructures [25,26] and even of a full-scale building [27]. Regarding
structural walls, practical [28] and numerical [29] experiments have
proved their influence on building structural robustness. This type of
element improves not only the initial stiffness of the structural assembly
but also the additional load path produced by its presence, which can
mitigate concrete damage at the ends of the beams, thus improving their
ductility and reparability. In a study of a full-scale building, [30]
analyzed the structural influence of infill masonry walls on aspects such
as load redistribution and their alternate paths in the event of the loss of
a corner column. This study provides practical recommendations for
modeling this type of infill wall, many of which have been adopted in the
current research.

However, following the guidelines established by these studies and
the corresponding codes to implement robust design to progressive
collapse (RDPQ), it is straightforward to overdesign the structure. It is
here that combining this approach with structural optimization must be
crucial in designing safe yet sustainable buildings. Thus, one area that
still needs to be solved in this branch is the implementation of studies
combining RDPC and structural optimization, even though some authors
have proposed some methodologies that integrate both topics. For
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example, the design optimization of redundant systems [31], or
risk-based design applied to cost-benefit analysis [32,33] and to the
optimal design of RC structures [34,35]. Other authors have adopted a
deterministic ~approach combining machine learning as a
decision-making technique with a classical heuristic to optimize the
design of RC frame buildings [36]. Nonetheless, these studies are limited
by simplifications made to the case studies. They consist of substructures
or plane frames, and do not consider slabs and walls part of the building
frame.

Another common simplification is the non-consideration of the
foundations within the structure to be optimized. It causes the supports
to be idealized, even though it has been proven that the soil-structure
interaction (SSI) is an aspect that significantly influences the behavior
of the superstructure in RC frame buildings [37]. In practice, buildings
settle, and due to differences in acting loads and foundation shape, these
settlements are not equal at all points. It causes additional stresses to be
introduced in the superstructure, which changes the structural behavior
concerning models with idealized supports. It not only conditions the
structural design of the building, but also changes the stress-strain state
of the structural elements. Hence, the evaluation of the PC resistance of
the structure may be erroneous [38,39].

Therefore, this study aims to overcome all these limitations by
integrating RDPC with structural design optimization. The case studies
consist of five 3D RC buildings, including the design optimization of the
foundations as part of the structural assembly and their interaction with
the soil (SSI). Slabs and walls are modeled as part of the superstructure.
It allows for evaluating these elements’ influence on the building’s
structural behavior in case of loss of load-bearing elements, as well as
the environmental benefit of their presence in designing buildings that
are structurally robust to abnormal events. The design problem is
formulated as a mathematical optimization problem, where the objec-
tive function (CO4 emissions) serves as a control element while ensuring
structurally robust design in the form of constraints. In other words,
safety and structural robustness are guaranteed while minimizing the
environmental impact of the building construction. This environmental
criterion is chosen because by optimizing this indicator, other economic
and environmental indexes are also significantly improved. Considering
all these aspects makes solving the optimization problem very complex,

Basic case study
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especially from the computational point of view. Consequently, a met-
aheuristic consisting of a biphasic search based on Kriging-type meta-
models is designed, including local optimization procedures to refine the
search for the best solutions.

2. Methodology

The methodology begins with a description of the case studies. The
Alternate Path method is also introduced, as well as how floor slabs and
infill walls are modeled. Subsequently, the proposed general method-
ology, i.e., the Optimization-based Robust Design to Progressive
Collapse (ObRDPC) framework, is described. Here, the objective func-
tion, variables, and constraints of the resulting optimization problem are
established. Then, it is explained how the SSI is modeled within the
ObRDPC framework. Finally, the strategy for solving the formulated
complex optimization problem is presented.

2.1. Problem description

This research is based on five reinforced concrete frame buildings as
case studies. The primary case has three bays in both directions, with
four levels. Each bay has a length L of 4 m. The other cases start from this
one, increasing the number of levels (N) to five (case 2) and six (case 3)
keeping L = 4 m, and the length of the bays to 6 (case 4) and 8 m (case 5)
keeping N = 4. In all cases, the story height (N;) is 3.5 m. Fig. 1 repre-
sents the five case studies.

The superstructure model is based on frame-type elements (beams
and columns). This study also includes slabs and walls as elements that
contribute structurally to the building frame. The floor slabs are struc-
turally connected to the beams, while the walls are considered to be
masonry and, therefore, have a structural nature. The modeling of these
elements is detailed below. The cross sections of the frame elements are
rectangular. An aspect of notable relevance is the modeling and design
optimization of the foundations as part of the structural assembly, as
well as their interaction with the soil. In this case, the shallow single-
footing variant has been selected because of its good adaptation to the
type of building investigated. The foundation footings are modeled as
shell elements. They are discretized (meshed) to improve their behavior

Fig. 1. Five case studies considering the modeling of foundations, floor slabs, and infill walls. The latter are modeled as strut-type elements, as discussed in Sec-

tion 2.1.2.
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as slab footings. A sensitivity analysis concludes that four divisions in
each direction are sufficient to obtain accurate structural behavior re-
sults (see Section 2.3).

Another important aspect is the realistic design of the elements.
Beams, columns, and foundations are automatically designed with the
actual steel area. That is, from the steel area required by calculation, a
realistic distribution of the reinforcing bars within the concrete sections
is made. For the case of frame-type elements (beams and columns), this
area is obtained from the structural software SAP2000 and converted
into a real solution to get the planar layout of reinforcement within the
cross-section. Each solution is checked for compliance with the con-
straints explained later. In addition, reinforcing bar cutoff and detailing
are performed, as shown in Fig. 2. It is done using a tool programmed in
Matlab. In the case of foundations, the programmed tool performs the
geotechnical and structural design. The possibility of communicating
the SAP2000 software with programming languages such as Matlab
through CSi API functions makes it possible to fully automate the pro-
cess and assemble it to the optimization procedure. For more informa-
tion on these procedures, consult [40].

The traditional approach uses the Limit State method based on the
ACI 318-14 code. The most essential load combinations are shown in
Egs. 1-4. Here, D, Li, and W are the dead, live, and extreme wind loads,
respectively. It should be highlighted that other load combinations are
used to design the foundations and check the serviceability limit state.
The applied load values are shown in Table 1.

1.2D+1.6Li (€))
1.2D+0.8W (2)
1.2D+1.4W+0.5Li 3
0.9D +1.4W @

2.1.1. Alternate Path method

One of the alternatives proposed by codes such as GSA to apply the
RDPC is the Alternate Path method. As the overall approach is static, the
analysis will be implemented using the Linear Static Procedure (LSP).
According to [29], this approach can be used to evaluate the PC po-
tential of existing or proposed structures. Furthermore, according to
GSA guidelines, the buildings used in this study are suitable for analysis
using this method. All structural elements are considered primary, i.e.,
they provide capacity to the structure to resist the collapse due to
removing a vertical load-bearing element. The load combination shown
in Eq. 5 is applied on the spans adjacent (at all levels) to the removed
column (see Fig. 3). The same combination is applied in the rest of the
superstructure but without the dynamic amplification factor equal to
2.0.

2.0[1.2D + 0.5Li] (5)

The methodology proposed in this study makes some simplifications
regarding the original method. These simplifications are due to the need

L1 top exterior L1 top interior

- k k
Extra top reinf- ‘

B Base top reinf 1

LT T

Extra bottom reinf

L1 bottom

I W

— Base bottom reinf

Fig. 2. Configuration of reinforcing steel in frame elements, with actual dis-
tribution and cutoff/detailing of steel bars.
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Table 1
Loads considered.
Description Value
Dead load on lower floors 4.80 kN/m?
Dead load on roof 5.40 kN/m?
Live load on lower floors 3.00 kN/m?
(Offices)
Live load on roof 0.80 kN/m?
Wind load Positive pressure Negative pressure

0.92 kN/m? 0 —5 m,
1.01 kN/m? at 7 m,
1.13 kN/m? at

10.5 m,

1.25 kN/m? at 14 m,
1.37 kN/m? at
17.5m,

1.50 kN/m? at 21 m.

0.50 kN/m? 0 —5 m,
0.55 kN/m? at 7 m,
0.62 kN/m? at

10.5 m,

0.69 kN/m? at 14 m,
0.76 kN/m? at
17.5m,

0.83 kN/m? at 21 m.

to convert the cumbersome iterative checking procedure proposed by
codes such as GSA into an automated design process. Therefore, instead
of implementing a trial-and-error method, the structure is designed to
directly meet the criteria established in these codes. As a result, this
methodology that enables structural robustness can be inserted into the
building design optimization problem. It is important to note that the
proposed framework encompasses several factors that make a single
design procedure extremely complex. If we add that structural optimi-
zation requires repetition of these design procedures, the whole problem
becomes even more complicated to solve. Therefore, these simplifica-
tions adopted when implementing the AP method are essential to
improve the computational efficiency of the procedure considerably.

These simplifications are based primarily on the unification of both
action components (force- and deformation-controlled actions) in the
same procedure. The codes establish differences in the processes for
evaluating each component, which makes the approach laborious to
execute. In this study, the first simplification is to use the same load
amplification factor of 2.0 for both action components, as shown in Eq. 5
[29,41,42].

On the other hand, one of the fundamental aspects of the AP method
is the acceptance criteria. For the LSP, the PC potential of a structure is
evaluated by checking each structural member’s demand capacity ratio
(DCR), as shown in Eq. 6 [29]. Here, another simplification is intro-
duced. It is implemented that for both action components, the DCR
values must be less than 1.0. In codes such as GSA, this DCR limit for
deformation-controlled actions must be calculated using an extremely
laborious procedure. In the case of force-controlled actions, the accep-
tance criterion in the codes establishes that the DCR must be less than
1.0. It is also another simplification on the safety side since some authors
establish that DCR values can reach 1.5 and avoid the collapse of the
structure. That is, some damage to the element is allowed [29]. Thus,
this simplification may be conservative, but in addition to increasing the
structural safety of the building, it ensures that the intervention after the
extreme event is minimal [43]. In Eq. 6, Qar represents the forces acting
on the elements, which can be bending, axial, or shear forces. Quc¢
represents the unfactored ultimate capacity of the elements, which can
also be bending, axial, or shear resistance.

DCR= — (6)

As can be seen, the implemented simplifications mainly focus on
deformation-controlled actions. Therefore, another acceptance criterion
is introduced to increase control in this field. It consists of limiting the
rotation angle of the beams to 4°, as [41] suggested for the case of doubly
reinforced concrete beams when the tension membrane is not included
in the analysis. For this study, the analysis does not consider the action
of the tensile membrane, mainly due to the lack of control over the slab
design. Therefore, the reinforcement steel characteristics of both the
slabs and the connection with the beams are ignored, although it is
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Fig. 3. First level exterior column removal scenarios: (a) corner column, (b) exterior column.

assumed that there is continuity in the direction perpendicular to the
beams (vertical displacements). On the other hand, this connection is
represented in the model as discrete points, as shown in Fig. 4a. This lack
of continuity means that the tensile membrane action of the slab on the
beam is not adequately represented. Therefore, given all this uncer-
tainty, it is considered that there is no tensile membrane action, and the
critical acceptance criterion is assumed. Note that, when considering
this phenomenon, the limit of the beam rotation angle increases to 12°
[41]. With all this uncertainty, the best alternative is the most critical
option. Thus, limiting the rotation angle of the beams to only 4° gua-
rantees the non-occurrence of excessive deformations so that, as
assumed, the tensile membrane action of the slab does not occur. In
addition, this acceptance criterion with the most critical condition en-
sures greater control of deformations, which is what was sought in
principle.

All these simplifications make it possible for the structural software
to design the structure based on the design forces obtained in the
damaged model with their corresponding load combinations. Instead of
proposing designs and checking whether they meet the acceptance
criteria iteratively, our methodology proposes a design that already

Reference node for

meets these criteria. Therefore, it is moved from a manual trial-and-error
procedure to an automated design optimization one, as summarized in
Section 2.2.

Another key point of the AP method is the position of the elements to
be eliminated. According to [44], corner columns are possibly one of the
most exposed and vulnerable structural components of a building. Pro-
tecting exterior columns from blast or impact is usually more chal-
lenging than interior columns. Considering this statement and following
the recommendations set out in GSA for removing these load-bearing
elements, two failure scenarios are established. The first is removing a
corner column (Fig. 3a). The second is removing an exterior one
(Fig. 3b). It is important to note that, due to the configuration of the
variables, the design is symmetrical. Therefore, when considering the
failure of one element and extending the design to analogous zones, the
other elements are designed to resist the failure in their zone. In other
words, the structure’s final design is configured to cope with the failure
of any element analogous to the one assumed to fail.

2.1.2. Modeling of floor slabs and infill walls
As mentioned, the slabs are considered solid, 12 cm thick, and are

Eight divisions [

sensitivity analysis

—_—

Compression only

(a)

Displ. of reference

)

-0.032 T

Eight divisions

~-0.034

g

= -0.036

=]

2-0.038

-0.04
2 4 6 8 10 12

Number of divisions (b)

Fig. 4. (a) Modeling of slabs and walls as part of the RC frame structure, (b) sensitivity analysis to determine the ideal number of divisions for shell-type elements
simulating slabs, and (c) geometric parameters defining the properties of the equivalent strut that simulates the infill walls.
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modeled as shell elements. These are discretized to make their structural
behavior more realistic, especially their interaction with the beams. It is
assumed that the slab-beam connection is made in such a way that there
is continuity in the vertical direction. Therefore, both elements deform
together. Discretization is fundamental to achieving this effect. Thus, the
more the slab is divided, the more realistic the behavior is. However, it
also makes the model “heavier”. A sensitivity analysis is performed to
find a balance, as shown in Fig. 4b. For this case, the deformation at the
center point of the slab is measured for the same load combination as a
function of the number of splits. In the figure, it can be seen how, from
eight divisions onwards, the behavior stabilizes. Then, each slab is
divided into eight parts in each direction.

On the other hand, the modeling of infill walls is a more complex
phenomenon. Thus, instead of modeling this element as is done for slabs,
an alternative procedure is used. The masonry assembly is replaced by a
single equivalent elastic diagonal strut, acting only in compression
(Fig. 4a and c). This methodology has been validated in a full-scale
experimental study [30].

As mentioned, the infill walls are considered masonry, and the me-
chanical properties of both mortar and bricks are taken from the
experimental study by [30]. The secant modulus of elasticity E, is
calculated using Eq. 7.

E, =Kz fi 7

Here, the coefficient Kg is taken as 550 as per ASCE/SEI [45]. In the
study [30], it was demonstrated that this is the value that most closely
matched the real experiment. On the other hand, fj is the characteristic
compressive strength of the masonry. It is equal to 6.97 MPa, as ob-
tained in this practical experiment. Therefore, E,, = 3834 MPa. From
here, the equivalent strut width w is calculated according to Eqs. 8, 9 and
10, as is done in codes such as ASCE/SEI 2007.

w = 0.1751;%d ®

A= H (C)]
4/E,t,sin260

A= /W (10)

Here, d is the diagonal length, H’ is the free height, t,, is the thickness
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of the masonry infill wall (113 mm in this case), 6 is the angle formed by
the equivalent strut, E, is the concrete elastic modulus of columns, I, is
the columns moment of inertia in the longitudinal direction of the wall,
and H is the columns height. These parameters are shown in Fig. 4c.

As shown in Fig. 4a, the struts are only located at the upper levels. It
is considered that no structural walls are placed at the lower level since
these locals are assumed to be intended for stores (with glass walls or
similar). Another aspect to highlight is that in Fig. 4a, only the struts
working in compression are shown. In Fig. 1, where the case studies are
represented, two struts per span can be seen. In the structural model, the
“compression-only” function is assigned to each strut-type element, so
only the one that works in compression will be activated.

2.2. The ObRDPC framework

Everything explained above about the traditional design and AP
method is summarized in the flowchart in Fig. 5a. In general terms, the
optimization method “drives” the process by assigning values to the
design variables. Subsequently, the structural software SAP2000 is
automated to model the structure according to the design variables. The
analysis is then run, and data is stored, for example, to design the
foundations (support reactions). These data are also used to check
constraints, such as the horizontal displacement of the structure. Once
the analysis is run, the software designs the frame-type elements, as
established in previous sections. It has already been mentioned that, in
this case, the program provides the reinforcement area required for the
concrete sections proposed by the optimization algorithm. Once all this
information is stored, the SAP2000 is closed, and the programmed tool
proceeds to the final design of all the elements and the checking of the
constraints. Finally, the emissions required to construct the proposed
building are calculated, and the optimization algorithm analyzes this
value to reassign values to the variables and repeat the procedure. Each
of these processes is called function count, i.e., a procedure in which the
optimization algorithm assigns values to variables and obtains an
answer from the objective function.

Within each function count there are two design procedures. The first
one refers to the classic design, which is similar to previous research [10,
37]. As for the RDPC (second design procedure), the AP method is
implemented, converting the manual and iterative checking process into

Optimization problem
formulation

Geometric variables
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Fig. 5. (a) General flowchart of the ObRDPC (SSI is explained in Section 2.3), (b) plan view of the graphical representation of geometric variables.
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an automatic direct design one. The load-bearing element is eliminated,
and the load conditions and combinations are established depending on
the location of the eliminated element. The influence of the SSI from the
classical model is also included in the damaged model (see Section 2.3).
Instead of establishing the revision procedure proposed by the related
codes, a direct design approach is adopted. The model is assigned the
dimensions of the cross-sections proposed by the optimization algorithm
in the traditional design. Based on these dimensions and the design
forces Qr of the damaged model (including the SSI effects from the
conventional model), the required steel areas are calculated. In this way,
the resistant capacity Qu¢ is automatically higher than Quf, and the
DCRs are less than 1.0 for both force- and deformation-controlled ac-
tions. These areas are transformed into real solutions. The foundations
are also designed geotechnically and structurally for this failure state
(without applying the dynamic amplification factor). These results are
stored and compared with those obtained with the classical design to
select the critical ones (design envelope). With this global design, the
value of the objective function is calculated, and it is checked that this
global design meets the structural requirements in the form of con-
straints. If non-compliance, the objective function is penalized, and the
optimization algorithm assigns new values to the variables. This process
is automatically repeated until an “optimal” design is obtained accord-
ing to the formulated objective function. At the same time, the proposed
building is robust to PC.

2.2.1. Objective function

The objective function of this design optimization problem is COy
emissions, as established in Eq. 11. This environmental indicator has
been selected because it has proven to be an excellent alternative for the
design optimization of this type of structure. Its use provides
outstanding results in other indicators such as monetary cost (economic
criterion) or embodied energy (environmental criterion) [7]. Within the
ObRDPC framework, the objective function serves as a control element
since it is minimized while the structure seeks a configuration that al-
lows it to be robust to PC, in addition to meeting all the other
constraints.

CO,emissions = Zi:l L8 % m;(x1,x2,...,xn) (11)

Here, e; represents the unit CO, emissions, m; are the measures
relative to the material/constructive activities units as a function of the
design variables (x1, x2,..., xn). The values shown in Table 2 are ob-
tained from the 2016 database of the Institute of Construction Tech-
nology of Catalonia [46]. These emission values are related to the use of
building materials in the different phases of production and placement.
Consequently, the higher this value, the lower its sustainability.

2.2.2. Variables
All variables in these problems are discrete in obtaining practical
engineering solutions. The first four variables regulate the dimensions of

Table 2
Unit CO, emissions for materials and activities.
Material Units CO; em (kg)
Formwork m? 2.53
Steel (G—60)* kg 3.01
Concrete 25 MPa m? 244.94
Concrete 30 MPa m® 279.21
Concrete 35 MPa m® 305.96
Concrete 40 MPa m? 307.06
Activities
Concrete placement Beams m> 34.72
Columns m? 37.20
Found m? 19.84
Earthwork Excavation m® 3.99
Refill m® 12.80

* fy = 420 MPa, Es = 220 GPa
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the cross-sections of the beams and are limited to values multiples of
5 cm. All beams are grouped into two geometry groups: interior and
exterior. Therefore, all interior beams will have the same section, while
the exterior beams will have a different one. This is done due to the
symmetry of the structure and obeys constructive or architectural
criteria. Those regulating the element depth (x1, x3) take eleven
possible values, depending on the length of the spans. To set the lower
limit, the span L is divided by 18 and adjusted to be a multiple of 5 cm.
The upper limit is set so that the variable can take the abovementioned
eleven values. For example, for buildings of L = 4 m, the depths of the
beam sections can vary from 0.25 to 0.75 m. For L = 6 m, it would range
from 0.35 to 0.85 m, and so on. Those related to the width (x2, x4) can
take five values, starting at 0.20 m for the L = 4 and 6 m buildings and
increasing that lower limit to 0.25 m for the 8 m span building.

The other eight variables regulate the dimensions of cross-sections of
each column geometry group: interior (x5, x6), exterior on the x-axis
(x7, x8), exterior on the y-axis (x9, x10), and corner (x11, x12). The first
of the two variables handles the side in the x-axis direction. The second
one regulates the side in the y-axis. These variables are also limited to
multiples of 5 cm and vary from 0.25 to 0.60 m to take eight possible
values. The other four variables control the rectangularity of the base of
each foundation group: interior (x13), exterior in the x-axis (xI14),
exterior in the y-axis (x15), and corner (x16). Each foundation group can
take nine values of rectangularity, i.e., [0.50, 0.63, 0.75, 0.88, 1.00,
1.25, 1.50, 1.75, 2.00]. Fig. 5b graphically represents each of these
variables. Finally, the last three variables are related to the type of
concrete (see Table 2) to be used in beams (x17), columns (x18), and
foundations (x19). Therefore, the problem is formulated with a total of
19 discrete variables.

Alternatively, another type of grouping exists that does not affect the
number of variables. This grouping relates to the design and configu-
ration of reinforcing steel and is known as "design groups." For archi-
tectural and construction consistency, many elements share identical
dimensions (geometry groups, which govern design variables). How-
ever, reinforcement configurations vary depending on the position of the
element to which they belong.

Beams, for instance, are divided into two design groups per level:
interior and exterior. Each level has its own independent design groups.
Thus, a four-level structure comprises eight beam design groups, while a
five-level structure has ten, and so forth.

Columns, in contrast, are grouped every two levels, maintaining four
column types per level (interior, exterior along the x-axis, exterior along
the y-axis, and corner), similar to the geometry grouping. For a four-
level structure, eight column design groups are distributed across
levels 1-2 and 3-4. Structures with five or six levels add four groups to
cover levels 5 or 5-6, respectively.

Significantly, variations in span length do not affect these design
groupings. This geometry/design grouping approach ensures homoge-
neity, enhancing the construction process and enabling the application
of RDPC results to equivalent locations where load-bearing element
failures are simulated.

2.2.3. Constraints

In this type of problem there are two types of constraints. The first
are called design constraints. These directly regulate the limits of vari-
able movements (boundaries) and are formulated for various reasons
such as constructive, architectural, and the like. The other group is more
complex, called behavioral constraints. They are responsible for
ensuring that the elements comply with both the Limit States and the
constraints of the AP method. Eq. 12 represents the classical formulation
of behavioral constraints.

g(x1,x2,...,xn) <0 12)

The constraints related to the strength (ultimate) Limit State of the
RC elements are automatically satisfied by calculating the steel area
required for the cross-sections proposed by the optimization algorithm.
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This also applies to the design approach based on the AP method. On the
other hand, the constraints related to compliance with the Serviceability
Limit State are deflections in beams for the traditional design approach,
limit displacement at the top of the building, cracking of the concrete
elements, among others. Another group of behavioral constraints in-
cludes the constructability of the RC elements (allowable reinforcement
bar spacing) or the limitation of the rotation angle of beams in the AP
method. The way to check these constraints is that when any of them is
not met, the value of the objective function for the current solution is
penalized so that the algorithm discards it as feasible. This penalty is
directly proportional to the number of constraints violated, i.e., the
penalty coefficient increases as the number of violations increases. For a
more detailed report on this type of problem formulation, see [10,37].

2.3. SSI modeling within the ObRDPC framework

Soil-structure interaction is generally ignored in the optimization of
building design due to the complexity of its modeling, even though its
importance in the efficient design of the superstructure has been
demonstrated [37]. Regarding its effect on assessing the PC resistance of
buildings, some investigations have numerically proved that its influ-
ence is significant [38,39].

However, due to the lack of experimental studies on the behavior of
the soil-foundation joint during the failure of a bearing element, this
research assumes that the deformational state of the soil during the
occurrence of this phenomenon remains constant. That is, the supports
remain rigid. This is assumed since the extraordinary event is not long
enough in time to cause additional deformations in the soil, which is
already supposed to be sufficiently compacted.

Conversely, what happens between the foundation and the soil
before the loss of the bearing element is relevant. During its regular
behavior stage, the foundation settles, which modifies the initial con-
ditions of the structure at failure [37,40]. Therefore, the consideration of
the SSI modifies the stress-strain state of the superstructure when the
bearing element is lost, which influences the evaluation of the PC
resistance of the building. On the contrary, if rigid supports are
considered (as is usually done in this type of design optimization
problem), the structural elements will have a different design, and the
evaluation of the PC resistance will be wrong.

The hypothesis behind this phenomenon is that the superstructure
modeled with classical supports will be under-designed. That is, with
less material than if the foundations and their interaction with the soil
are modeled. It is due to differential settlements between adjacent
foundations caused by differences in shape and acting loads, as in
practice. These differential settlements, even within a permissible range,
introduce additional stresses in the superstructure, mainly caused by

g whose stiffness is
injg to the variable

stiffness coeffigignt soil model
Ei, pi.cr 0. M1

Sy
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increased deflection compared to a rigidly supported structure.

The soil is modeled as a linearly elastic half-space (Fig. 6a). This
study assumes a single homogeneous soil stratum with the following
properties: E = 12000 KPa (modulus of elasticity), y = 19 kN/m® (den-
sity), ¢ = 60 KPa (cohesion), ¢ = 8° (soil friction angle), and x = 0.40
(Poisson’s ratio). The foundation is considered as a shallow slab footing.
The pressure-settlement relationship is used to model the soil stiffness.
Several authors have validated this strategy for different soil types [37].
The pressure-settlement curve (p vs. S) proposed by [47] represented in
Eq. 13 (Fig. 6b) is used to establish this relationship.

(5 )
S= 13)

Gprr — P

Here, S is the base settlement for an acting pressure equal to the base
linearity limit stress of the soil R’*, and q*pr is the base bearing ca-
pacity pressure, based on expressions from plasticity theory. Eq. 14 is
used to obtain the soil stiffness coefficient k. The angle « is represented
in the curve of Fig. 6b.

k = tang — p_ Qorn — P

This coefficient k is applied to the nodes resulting from the founda-
tion footing meshing according to their tributary area. Each node will
have a different coefficient depending on its position (interior, exterior,
or corner) and the foundation to which it belongs. All this, added to the
fact that each spring corresponding to each node deforms according to
its stiffness, but also to the acting loads, makes the foundation base
behave realistically (see Fig. 6¢). Quite different from the idealized
supports usually implemented. For more information on the modeling of
the SSI, refer to [37].

The automatic implementation of this phenomenon within the
ODbRDPC framework has its special considerations. Recall that its influ-
ence is only considered at the stage of regular behavior of the structure
(phase 1), changing the stress-strain conditions of the building at the
beginning of the extreme event. Fig. 7 shows a diagram with each step
for considering the SSI. First, it is started with the traditional model
using idealized supports (fixed in this case). The analysis is run for the
solution being analyzed, the first foundation design is made, and the k
coefficients are calculated for each foundation group. In step 2, foun-
dations and coefficients are included in the initial model. The analysis is
rerun, this time using a more realistic model. The foundations are
redesigned again, and the k coefficients are updated to match the new
conditions. In step 3, the new foundations are modeled, and the updated

14)

(b) (c)

Fig. 6. Concepts related to SSI modeling; (a) General considerations (E, y, c, ¢, and y are soil parameters); (b) pressure-settlement curve (p vs. S); (c) top: meshing of
the shell elements of the foundation base, bottom: non-uniform pressure distribution for a foundation case.
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Fig. 7. Implementation of SSI within the ObRDPC framework. * Regular load combinations. * * Load combinations of the AP method according to GSA, the load

increase factor is not considered for foundation design.

coefficients are included. The analysis is run again, and the entire
structure (superstructure and foundations) is designed this time. All the
design results are stored, and this concludes what we call phase 1, or the
regular behavior of the structure. The deformational state of the foun-
dations and the top node where the column is to be removed is also
stored.

Phase 2 simulates the failure of the load-bearing element. It is
eliminated, and the deformational state of the previous phase is
included. This deformational state of the foundation remains un-
changed, as explained at the beginning of the section. With the AP
method’s state and load combination, the analysis is run, all elements
are designed, and the results are saved. From here, the final part pro-
ceeds, as shown in the figure and as described in Section 2.2 (also in
Fig. 5a).

2.4. Metamodel-assisted optimization

The above (ObRDPC, SSI, models with slabs and walls) make the
optimization problem extremely expensive to solve by traditional
methods. The process of modeling, analysis, and structural design using
the building model is called, in optimization terms, high-fidelity simu-
lation (HFS). A single HFS is computationally expensive, so the thou-
sands required by conventional heuristics make the procedure almost
prohibitive. A very efficient alternative for these cases is metamodel-
assisted optimization. ILe., creating a model of the actual model, which
is much simpler to evaluate than the complex model, and using it as a
surrogate for the real one in the optimization process. These simulations

using the metamodel are called low-fidelity simulations (LFS).

An initial population of real values must be created using HFS to
build a metamodel, i.e., the so-called Design of Experiment (DoE). From
this cloud of points, the metamodel is constructed. There are several
techniques for both the DoE and the construction and validation of the
metamodel itself. The most commonly used combination in structural
design optimization is Latin Hypercube Sampling (LHS) for the DoE and
Kriging-type strategies for constructing the metamodel [48]. Hence, in
this study, we implement a variant to the one proposed by [37] con-
sisting of a biphasic search combining LHS-Kriging. It is also used a local
search algorithm called Constrained Deterministic Local Iterative Search
(CDLIS) proposed in the previously referenced study, which is improved
for this research. The proposed methodology includes a traditional
heuristic called Biogeography-based Optimization (BBO) as a base
method, proposed by [49]. This heuristic has shown excellent results for
this type of discrete structural optimization due to its particular
recombination operator [50].

It is essential to point out that for the construction of the metamodel,
the space of solutions is restructured since, in the previous study, it was
proved that the Kriging-type metamodels lose effectiveness when the
number of variables is large compared to the number of values that they
can take. It makes the space of interior solutions minimal compared to
the number of solutions at the boundaries. That is why the 19 variables
(with an average of 8 possible values) become 5, grouping (1) the beams,
(2) the "interior" and "exterior on x-axis" columns, (3) "exterior on y-axis"
and "corner" columns, (4) the foundations, and (5) the concrete quality
in the different structural elements. The number of variables decreases
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considerably and increases the average number of possible values each
variable can take to approximately 3568. It makes the interior solution
space much larger than the number of variables. BBO parameters are
tuned (using LFS) to solve these 5-variable problems as efficiently as
possible. However, the CDLIS algorithm is designed for problems like the
original one: many variables compared to the values they can take. That
is why the problem is returned to its original 19-variable version when
performing local optimization. Another aspect of relevance is the
establishment of the coefficient of penalization (CP). Through a trial-
and-error procedure, and using information from previous studies, it
was decided to penalize the solution with a 15% increase (CP = 1.15)
when it violates one constraint, 30% when it violates two, 45% when it
violates three, and 60% when it violates four or more.

By optimizing one case study with the traditional heuristic (BBO) and
checking the efficiency (accuracy and computational savings) of the
proposed methodology, the remaining cases are optimized directly with
the metaheuristic approach. Three procedures are performed for each
case. The proposed strategy is graphically described in Fig. 8. Note that
the response surface presented in this figure represents in the z-axis the
emissions predicted by the metamodel created for that case. The XY
plane represents variables two (2) and three (3) of the 5-variable version
of the problem. As explained above, they symbolize the eight variables
associated with the dimensions of the columns (in the original 19-vari-
able problem) grouped into two variables (Group Columns 1 and 2).
To graph this response surface, the points belonging to the solution
space of these two variables are plotted in order. At the same time, the
other three take random values within their respective solution spaces.
Therefore, this is a two-dimensional representation of the five-
dimensional problem to exemplify how the proposed algorithm works
graphically. These two variables have been selected because they have
the same dimension (4096 values) and ensure that the XY plane is
symmetric. The basic steps of the biphasic search algorithm are outlined
below.

Step 1: Construction of the global metamodel using 100 points
distributed by LHS and regression with a first-order polynomial
(regpolil). This choice is based on the experience of the previous study
[37], combined with several trial-and-error tests. The figure shows an
example of a cloud of points obtained in a DoE (red circles projected on
the XY plane). Ten additional points also distributed by LHS are used to
test the accuracy of the metamodel. The algorithm checks that these ten
points do not coincide with the initial dataset. The actual values of these
ten points are obtained through HFS. With these values, the mean

KBO 1)

[ Predicted surface
o LHS points

Global metamodel
(regpolil)

Global metamodel-based search using BBO
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absolute percentage error between the simulated and real response is
calculated. If this average error is less than 5%, this step is completed,
and the metamodel is considered good. If the error does not meet this
criterion, the 10 points are added to the initial set, and another meta-
model is built again, which is checked with another 10 points. This
process is repeated until the criterion is met.

Step 2: Once the global metamodel is built, it is optimized by the base
heuristic BBO. This process is repeated ten times (the computational
consumption of optimization using LFS is negligible compared to the
traditional one using HFS), and the best solution is chosen (KBO 1). This
solution is updated with an HFS and checked for compliance with the
constraints. If it does not, it is added to the initial cloud, and the met-
amodel is rebuilt and reoptimized until KBO 1 is feasible. For the case
shown in Fig. 8, the solution KBO 1 = [140, 251, 798, 2455, 22] in the 5-
variable version. This solution is transformed into its 19-variable
version, and the CDLIS algorithm is applied to exploit the neighbor-
hood using the actual model (HFS). The new solution achieved is called
CDLIS 1. For the case represented, the values of the variables of CDLIS 1
are [1-6].

Step 3: The CDLIS 1 solution is transformed to its 5-variable version
([57, 157, 211, 3360, 1]), and a subspace is created by shrinking the
limits to 15% of the initial size of each of the five variables. If the point is
so close to a global boundary that half of 15% cannot be reached, the
remainder is added in the other direction, as shown in Fig. 8. For the case
explained, the new limits would be LB = [1, 1, 1, 1, 2868, 1] and UB
= [454, 614, 614, 3852, 10]. In the figure, these limits are represented
(for the two variables analyzed) with the thick red arrows.

Step 4: With these new boundaries, another metamodel is created,
using 30 LHS points and the regression with a polynomial of order 0.

Step 5: This new local metamodel is optimized with BBO another ten
times, and the best result is saved. This is called KBO 2, and for the
process represented, the configuration of variable values is [57, 605,
258, 3838, 1]. The 5-variable solution is converted to its 19-variable
version ([1-6]), and a local search is performed again. This solution is
called CDLIS 2 and is considered the optimal one. For the reference case,
CDLIS 2 = [1-6] for the final 19-variable version. In the 5-variable
version, which is the one being represented in the figure, this final so-
lution would be [57, 84, 17, 3290, 13]. The value of this final solution is
52282 kg CO,, which has an accuracy of 99.42% compared to that ob-
tained with a traditional heuristic procedure (51982 kg CO»), saving
80% of computational consumption.

As can be seen, the CDLIS local search strategy is of great importance

Step 4: Local metamodel based on new
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Fig. 8. Graphical illustration of the proposed metamodel-based metaheuristic. The solution represented belongs to the basic case study applying the ObRDPC

framework for the failure of a corner column.
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in the overall metaheuristic procedure. The improvement regarding the
previously proposed version lies in gradually combining the individual
solutions that improve the one that starts the iteration. In the original
CDLIS, all the individual solutions that improve the basic are combined
and tested as a single one. If it does not improve the basic, the best in-
dividual solution is established as the new basic solution, and the pro-
cedure is repeated. In this case, all the individual solutions that
improved the basic one are combined randomly, starting with
combining all of them. If the new solution obtained does not improve the
basic, all but one of the solutions are randomly combined. If it continues
without improvement, all but two are randomly combined, and so on,
until no more solutions can be combined. If none improves the basic, the
same is done as in the original, and the best individual is selected. For
more information on this algorithm, refer to [37].

3. Results

The first section of the results focuses on checking the influence of
slabs and infill walls on the structural robustness of the building in case
of a load-bearing element failure. Then, the differences between the
solutions optimized by traditional design and those obtained by
applying the ObRDPC framework are compared. In this case, it is studied
the influence of buildings’ geometrical factors such as the number of
levels and span length on their structural robustness. Finally, the dif-
ferences observed in the structural elements as a function of the design
approach are analyzed.

3.1. Impact of floor slabs and infill walls in RDPC

As mentioned, one of the essential points of this study is to examine
how additional structural elements (slabs and walls) enhance the
building’s capacity to resist extreme events. Fig. 9 shows the optimal
solutions obtained for each case study, where each structure is opti-
mized without (grayscale bars) and with (colored bars) slabs/walls in
the model. The first group of bars refers to the design using the classical
approach. In contrast, the other two groups pertain to applying the
ObRDPC framework while implementing the AP method and the cor-
responding design envelope. The first of these two groups corresponds to
the loss of a corner column (APM CC), while the second represents cases
where an exterior column is removed (APM EC). Therefore, this figure
allows for analyzing the influence of slabs and walls on the optimal
design for each case study, especially when RDPC is incorporated.

In the case of traditional design, the influence of these additional

x10
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elements is not significant, especially when the span length is greater.
The red line shows how the difference (in percent) between the models
without and with slabs/walls tends to decrease. The results are the
opposite for the cases where the ObRDPC framework is applied. Slabs
and walls are more beneficial in models with longer span lengths.
Eliminating a load-bearing element changes the structural behavior of
the superstructure, and the presence of these additional elements is
essential for stress redistribution (Fig. 10). The graphs show that, unlike
traditional design, the additional structural elements lose effectiveness
as the number of levels increases in the case of failure of a load-bearing
component. This is because increasing the number of levels increases the
number of structural components that “help” to redistribute and support
the loads when the load-bearing element is eliminated.

In general, the additional structural elements represent a decrease of
about 5.20% in emissions in the case of the traditional design. The
beams are the most “grateful” for their presence, with an average
reduction of 10.19%. Columns decrease by 1.69%, and foundations by
4.12%. In the case of a corner column loss, slabs and walls help reduce
by an average of 11.07% the environmental cost of implementing RDPC
(compared to a beam-column superstructure). Beams decrease by
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Fig. 10. Load redistribution after load-bearing element failure in frame struc-
tures without (left) and with (right) slab-walls.
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15.42%, columns by 8.68%, and foundations by 9.86%. For the loss of an
exterior column, the additional elements result in environmental savings
of 11.11% when implementing the ObRDPC framework. The environ-
mental cost of beams is reduced by a significant 20.89% (especially for
the L = 8 m model), columns reduce their cost by 9.83%, and founda-
tions by 3.43%. Therefore, beams are the elements that benefit most
from the presence of the additional structural components.

3.2. Comparison between traditional and RPC designs

Another significant aspect of this research is how constructing
structurally robust buildings in abnormal situations impacts the envi-
ronment. After confirming the impact of slabs and walls on structural
robustness, all subsequent analyses are conducted using models that
include these additional structural components. This evaluation of
environmental cost focuses on two characteristics of the buildings: the
number of levels and the span length.

3.2.1. Influence of number of levels and span length

One of the main characteristics that seems to influence the resistance
of a building against collapse is the number of levels. It appears logical to
think that the more levels the structure has, the weaker and more prone
it should be to collapse. In addition, more levels mean more load to be
redistributed/supported in case of failure of the load-bearing element.

However, Fig. 11 confirms the opposite. The increase in the number
of levels seems to be a feature that increases the robustness of the
structure. It is because, even when there is an increase in load to
redistribute, the number of structural elements is also increased for this
purpose. Note how the optimal designs based on the failure of a corner
column are practically as costly as the traditional ones. The failure of an
exterior column also does not seem to increase the environmental cost
substantially. Note also that the beams do not change from one case to
the other due to the presence of the slabs and walls, as discussed in the
previous section. Columns and foundations are the elements responsible
for absorbing load redistribution, although the differences are also
negligible.

On the other hand, the span length does inversely affect the struc-
tural robustness of the building. Note in Fig. 12 that the differences are
negligible up to the failure of a corner column for the L = 6 m model.
After that, it becomes very costly to implement the PC-resistant design,
especially if an exterior column fails. It is worth noting how this time, for
the case of L = 8 m, the beams suffer significant cost variations, even
with the structural assistance of slabs and walls. As in the previous
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instances (variation of N), the columns and foundations are the main
ones responsible for resisting the redistribution of load.

3.2.2. Environmental cost of ObRDPC implementation as a function of Vi
It is necessary to unify the most significant characteristics of a
building in a single term to visualize the differences described above. For
this purpose, a metric called “volumetric index” is proposed, which in-
cludes parameters such as length/number of spans and height/number
of levels. After finding that span length is directly and significantly
proportional to the higher environmental cost of structures resistant to
PC, it directly affects the index. Other terms, such as the number of levels
and spans, affect it indirectly. Eq. 15 expresses this index, an abstract
concept applicable to structures with symmetrical spans and levels.
1 1

1
Vi= (L *Lg *N;) * (=4 —+—)

1
N N, N (15)

Here, L;, Lg, and N; are the lengths of the spans on the x-axis, y-axis,
and the height of each level, respectively. This first term represents the
volume of each sub-cube of the overall 3D frame. N, N, and Nj are the
number of levels, spans in the x-axis direction, and spans in the y-axis
direction, respectively.

Fig. 13 shows the relationship of V; with the environmental cost in-
crease when applying ObRDPC compared to the traditional design. Note
that curves symbolizing the five case studies are plotted for the two
implemented column failures. In addition, the differences in models
with (red curves) and without (black curves) the additional structural
elements are plotted. Since the points follow this pattern, these curves
are obtained by a logarithmic fit (except APM CC WITH slabs and walls).
The most important conclusion demonstrated by this graph is the very
positive influence of slabs and walls on the structural robustness of the
buildings. The most significant impact of these additional elements oc-
curs in buildings with higher indexes, basically in those with longer
spans. In these buildings, it is extremely costly to implement a robust-to-
collapse design, exceeding a 50% increment for the case of L =8 m.
However, by constructing the slabs and walls in a way that affects the
overall behavior of the superstructure, it is possible to design robust
buildings to PC while increasing the environmental impact by less than
25%. Even so, these increases are quite significant, suggesting that it is
necessary to look for other alternatives for buildings with spans greater
than 6 m.

As discussed in Section 3.1, the main reason for this behavior is the
redistribution of forces caused by the presence of slabs and walls in
response to the loss of the load-bearing element (see Fig. 10). This more
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efficient redistribution is particularly beneficial for the beams, which
can more effectively handle the increasing demands resulting from the
column failure. This phenomenon, where alternative load paths are
activated more efficiently due to the presence of additional elements,
becomes more significant as the span of the beams increases.

3.3. Structural behavior of each element type

This section further analyzes the structural behavior of beams, col-
umns, and foundations to resist the loss of the load-bearing element.
Consequently, the differences between traditionally designed (and
optimized) elements and when applying the ObRDPC framework are
presented. The case studies analyzed are those that include slabs and
walls in the model.

3.3.1. Beams

Fig. 14 shows the behavior of two properties, the span-to-depth ratio
and the geometric ratio (ratio of steel to concrete area) of each group of
beams for each case study. The first property (L/h, blue lines) shows that
the beams do not undergo many changes between the traditional and the
progressive-collapse-resistant design, as stated in previous sections. The
only cases that have increased their depth compared to the traditional
design are (a) the exterior beams in the L = 8 m model for the loss of the
corner column, (b) the interior beams of the basic case for the loss of the
exterior column, and (c) the interior beams in the same failure situation
for the L = 8 m model.

The other property referring to the amount of steel as a function of
concrete does not reveal significant changes either, except for the failure
of the exterior column. Note the increase of the top reinforcement (red
symbols), especially for the cases of L = 6 and 8 m. Generally, neither
the beams’ top nor bottom reinforcement increases significantly for
corner column failure. For the case of exterior column failure, the bot-
tom reinforcement does not increase significantly either, while the top
reinforcement increases by 37% compared to the traditional design. In
this case, the exterior beams stand out with an increase of 47%, mainly
in the models with larger spans. To get an idea of the influence of the
additional structural elements, in the models with beam-column typol-
ogy (without slabs/walls), the upper reinforcement in interior beams
increases by 32% due to the loss of an exterior column. The exterior
beams increase their steel geometric ratio by 60% in both failure cases.

3.3.2. Columns

The columns are elements that significantly change from the tradi-
tional design to the progressive-collapse-resistant one. It is not only the
increase in cost but also the cross-section rectangularity of their groups.
For this type of structure, it is essential to highlight the predominance of
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bending due to gravity loads. The columns that do not have this pre-
dominance (e.g., interior and corner in the traditional design approach)
tend to seek their optimal shape to improve the stiffness of the building
against horizontal loads (wind, in this case). On the other hand, the
exterior columns in both directions seek their shape to deal with the
predominance of bending due to gravity loads. Note how, in the classic
design, the x-axis exterior columns (Ext-X, “x” in Fig. 15) have optimum
rectangularities of less than 1 (are located below the red line). The
exterior columns in the y-axis (Ext-Y, diamonds in Fig. 15) change their
rectangularity, and their largest side is in the x-axis direction (above the
red line). Notice how the other groups distribute their sections so that
there is no predominance of rectangularity in any direction. The points
do not tend to be distributed in the same area (do not saturate the graph
on either side of the red line) but are symmetrically distributed. Even if
the points on one side of the red line move away from it, the same thing
happens on the other side. This symmetry means that the stiffness in
both directions is well distributed.

Note that the rectangularities tend to decrease during corner column
failure. The most critical aspect in both failure cases is that the exterior
columns change their optimal configuration. Now, the x’s are above the
red line (largest side on the x-axis), and the diamonds tend to be below
(largest side on the y-axis). Another aspect that stands out is that for the
failure of the corner column, the remaining columns of this group tend to
be square (or with low rectangularity). On the contrary, for the failure of
the exterior column, its optimum shape tends to be with the largest side
in the x-axis direction to deal with the increase in bending that produces
the loss of the load-bearing element. The opposite is true for interior
columns. I.e., little or no rectangularity at the corner column failure, and
shapes that tend to have the larger side in the y-axis direction while the
exterior column fails.

Overall, the average rectangularity in the classic design is 1.09 for
interior columns, 0.69 for Ext-X columns, 1.44 for Ext-Y columns, and
1.12 for corner columns. The total average rectangularity is 1.08, reaf-
firming the symmetry mentioned above. For the APM CC design, the
average rectangularities are 1.03, 1.17, 0.90, and 1.00, respectively,
with an overall average of 1.03. For the exterior column failure (APM
EC), the distribution would be 0.77, 1.15, 0.96, and 1.34, for an average
of 1.05.

This means that each type of design has its particularities, and even if
specific common patterns are met, certain groups tend to change radi-
cally from one design approach to another. Therefore, the best solution
would be to establish all situations and create an optimized envelope to
achieve the best overall layout that is efficient in all scenarios.

3.3.3. Foundations
Fig. 16 clarifies the tendency to use square footing in the case of
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Fig. 15. Rectangularity of column groups as a function of the optimization-based design method.
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foundations. What changes from one design approach to the other is the
area of the foundation footing, which is directly related to the increase in
environmental cost at the failure of the load-bearing element compared
to the classical design. Recall that the dynamic amplification coefficient
is not used for load combinations to design the foundations in the failure
state. Therefore, this increase is only due to resisting the extra load
resulting from the eliminated load-bearing element.

The interior foundations do not increase their area when the corner
column fails. However, failure of the exterior column causes a 20% in-
crease in the base area of this group of elements. Both groups of exterior
foundations increase their footing area by 8% in both failure cases. The
corner foundations do not suffer significant changes in the failure of the
corner column, but they do increase their base by a considerable 36%
when the exterior column fails.

3.4. Future lines of research

With the application of the ObRDPC framework, it has been possible
to design buildings resilient to extreme events while minimizing the
environmental impact of their construction. Aspects often overlooked,
such as the influence of slabs and walls on structural robustness or the
soil-structure interaction, have been considered within the methodology
developed. However, this field needs further exploration, and much
research remains.

One of the areas for development within the framework is improving
the design envelope. Its current version evaluates the failure of corner
and exterior columns independently. Future studies should combine all
possible failures (including interior positions) to create a more
comprehensive envelope. This will make each function evaluation even
more computationally expensive.

Considering a more comprehensive design envelope will make the
building structurally more robust. However, this entails higher material
consumption and a greater negative environmental impact. An alter-
native to further enhance the influence of additional structural elements,
such as slabs, is to include them in the design optimization process.
Optimizing slab design as part of the structural assembly would allow for
regulating its influence on collapse resistance, potentially leveraging
phenomena overlooked in this study, such as the tensile membrane
action.

A critical area for improvement is updating the methodology used to
evaluate and design buildings for robustness against collapse. This
research employed the AP method according to the GSA code guidelines.
Nonetheless, recent practical studies indicate that these codes require
revisions. Consequently, the developed tool must also be updated to
enhance structural robustness. Another potential improvement involves
integrating multiple codes to address procedural shortcomings. For
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example, the guidelines used in this study do not explicitly account for
the effects of catenary action when an exterior or interior load-bearing
element fails. In contrast, other approaches, such as the Tie Forces
method found in another codes, do consider this effect. Combining
methodologies could, therefore, refine and strengthen the procedure.

Another point to be explored is the implementation of seismic-
resistant design. Instead of a static approach, performing dynamic
analysis is another alternative applicable to the basic methodology
proposed in this study. It involves making changes such as using the
Nonlinear Dynamic Procedure for the AP method or considering another
type of element (instead of Winkler-type) to simulate the SSI, such as
Kelvin- or Maxwell-type elements.

All of the above makes the problem formulated, which is already
difficult to solve, even more complex. Therefore, an important area for
further exploration is the role of metamodels in enhancing the conver-
gence of optimization processes. This study uses the metamodel to guide
the global search in a two-phase approach, while a local optimization
algorithm refines the search using HFS. This strategy ensures compu-
tational efficiency while minimizing the demand for exceptional meta-
model accuracy, as achieving such precision would impose significant
computational costs. This trade-off highlights an opportunity to inves-
tigate alternative strategies for constructing the DoE or adopting
different types of metamodel techniques. Such methods could improve
the efficiency of the global search phase while reducing the dependence
on local refinement via HFS. Although the proposed algorithm already
achieves substantial computational savings, future work could focus on
strategies that further improve this balance, potentially yielding even
greater efficiency.

4. Concluding remarks

Even though several studies on building design optimization have
been developed, implementing safety criteria is a subject that needs to
be deepened. One of the points associated with structural safety that has
been gaining significant interest from the scientific community is the PC
resistance of structures, especially buildings. Many numerical and
experimental studies have been implemented to investigate the basic
principles of this phenomenon. However, only some authors have
combined it with structural optimization to design safer and more
resilient, yet sustainable buildings.

This research relates these two issues by proposing and applying a
methodology called the ObRDPC framework. It combines two design
approaches: the traditional one based on the Limit States and the one
considering the PC resistance according to the Alternate Path method
proposed by codes such as the GSA. Meanwhile, an optimization algo-
rithm supervises minimizing the CO, emissions required to construct the
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building. This methodology also suggests a strategy to consider a usually
ignored aspect, such as SSI. In addition, alternative structural elements
such as slabs and walls are modeled as part of the superstructure frame,
another aspect usually ignored in studies of this nature.

Due to the complex optimization problem formulated, it is necessary
to design a metaheuristic based on a biphasic search aided by Kriging-
type metamodels. A local search algorithm developed for this type of
problem is also implemented within the global metaheuristic. The
method reduced the computational consumption by about 80% while
maintaining the accuracy of the results at more than 99%. The results
yield several interesting conclusions:

— Slabs and structural walls are essential for improving the PC resis-
tance of buildings, especially those with considerable span length.
Their presence helps reduce an average of 11% of the total emissions
required to build resilient structures. Beams are the structural ele-
ments that are most "grateful" for their presence in dealing with the
loss of load-bearing elements.

— Increasing the number of levels of a building increases its capacity to
be resilient to the loss of a load-bearing element, especially if the
contribution of slabs and walls is not considered. In other words,
implementing a PC-robust design in a building with more levels is
generally less polluting than in buildings with fewer levels. On the
other hand, increasing the span length does make implementing
RDPC extremely environmentally costly from an environmental
point of view. However, the presence of slabs and structural walls
helps to reduce this negative impact.

— In buildings where slabs and walls are structurally modeled, the
beams stay mostly the same from the traditional approach to the
robust to PC design. The most significant differences are seen in the
top reinforcing steel in buildings with spans greater than 6 m and for
the loss of an exterior column. The cross-section’s rectangularity of
the exterior columns varies significantly between traditional and
structurally robust designs. The foundation undergoes some changes
for each design approach, especially the footing area, not its
rectangularity.
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