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Abstract: Abnormal loads can produce localized damage that can eventually cause progressive
collapse of the whole reinforced concrete (RC) structure. This might have devastating financial
repercussions and cause numerous severe casualties. Numerical simulation, using the finite element
method (FEM), of the consequences of abnormal loads on buildings is thus required to avoid the
significant expenses associated with testing full-scale buildings and to save time. In this paper,
FEM simulations, using ABAQUS software, were employed to investigate the progressive collapse
resistance of the full-scale three-dimensional (3D) beam–slab substructures, considering two concrete
mixes, namely: normal concrete (NC) and rubberized concrete (RuC) which was made by incorpo-
rating crumb rubber at 20% by volume replacement for sand. The FEM accuracy and dependability
were validated using available experimental test results. Concrete and steel material non-linearity
were considered in the FE modelling. The numerical study is extended to include eight new models
with various specifics (a set of parameters) for further understanding of progressive collapse. Re-
sults showed that slabs contribute more than a third of the load resistance, which also significantly
improves the building’s progressive collapse resistance. Moreover, the performance of the RuC
specimens was excellent in the catenary stage, which develops additional resilience to significant
deformation to prevent or even mitigate progressive collapse.

Keywords: progressive collapse; beam–slab structures; rubberized concrete; catenary action; tensile
membrane action; numerical simulation; finite element modelling; ABAQUS software

1. Introduction

Progressive collapse of a reinforced concrete (RC) structure is a disproportionate fail-
ure mode in which initial local damage caused by accidental loading conditions gradually
leads to a much larger part collapse or even a complete structural collapse [1]. Numerous
progressive collapse events over the past few decades [2–4] resulting from terrorist attacks
or abnormal loads have resulted in significant losses of life and property. The unexpected
partial failure of a building in Miami, USA, which happened recently in 2021 [5], serves as
a reminder to designers, researchers, and professionals of the significance of RC structural
integrity and robustness in particular [6]. Various building standards [1,7,8] and design
guidelines [9–11] have been published in an effort to stop these collapse accidents. Some
design approaches to prevent progressive collapses, such as the tie force (TF) method and
alternate load path (ALP) method, were introduced in these guidelines. One significant
strategy for preventing progressive collapse is to use ductile materials when building
structures. In addition, researchers have created novel techniques for improving progres-
sive collapse resistance, including improvements in reinforcement detailing [12–14], using
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carbon fiber reinforced polymer (CFRP) [15–17], and partial de-bonding of reinforcing re-
bars [18]. These implemented strategies showed improved progressive collapse resistance.
The most commonly used building material worldwide is concrete. Concrete has a colossal
environmental footprint, particularly in terms of CO2 emissions. Therefore, it is necessary
to incorporate sustainability criteria into performance-based design and assessment, and
this has become a top research priority globally in recent years [19,20]. The capacity of
RC members to sustain sizable deformations without substantial crashing before ultimate
collapse is known as ductility. Therefore, a ductile member has the potential to absorb
energy without experiencing a catastrophic failure, which improves the progressive col-
lapse resistance or even mitigates it. Many researchers have examined the viability of using
waste tires to produce concrete in recent decades. That extensive effort attempts to address
a significant environmental problem brought on by the accumulation of thousands of waste
tires around the world by making it simple to reuse enormous volumes of waste materials
as replacement aggregate in asphalt and concrete [21,22]. Because rubber compounds are
difficult to biodegrade, disposing waste tires has become a significant environmental prob-
lem on a global scale [23,24]. The annual accumulation of tens of thousands of waste tires
makes this issue worse [25]. Tire disposal practices that are typically inappropriate include
burning tires or piling them up in landfills, which lead to significant environmental issues.
Rubber use was found to have a significant positive impact on the dynamic characteristics
of concrete, impact resistance, ductility, and strain capacity [21,26] Waste tires were used as
crumb rubber with an acceptable replacement level for sand in concrete mixtures, which
enhanced deformability and ductility [26–32]. It is possible that this rubberized concrete
(RuC) will increase resistance to progressive collapse. The majority of experimental research
found in the literature has concentrated on RC beam–column subassemblies, the specimens
are made up of two exterior-column connected by a two-span beam and an interior-column
stub at the middle joint, which represents the failed or removed column [12,16,18,33–37].
Notably, most recent research has largely neglected the role that floor slabs play in resisting
progressive collapse [38]. However, RC slabs are crucial for redistributing failed column
loads following initial local failures in RC structures. Under various stress levels, RC slabs
offer additional resistance by compressive membrane action (CMA) or tensile membrane
action (TMA). Kang et al. [39] analytically studied the development of CMA and TMA
in one-way RC beam–slab sub-structures. After the validation of the models, various
parameters were investigated. Their results indicated that the width and thickness of the
RC slab affect the deformation capacity of one-way beam–slab sub-structures, while the
cross-sectional area of longitudinal reinforcing rebars in the slab affects the TMA capacity.
Qian and Li [15,40–42] carried out a sets of progressive collapse tests on beam–slab sub-
assemblies under scenarios of removing the corner and middle columns to investigate the
slab effects. According to their test results, the probability of progressive collapse can be
considerably decreased by taking the slab contribution into account. Because of its benefits,
including cost savings, time savings, and the ability to test full-scale specimens numerically,
the finite element method (FEM) has been widely used nowadays. The FEM simulation is
superior in the progressive collapse field since the entire building can be modelled. The
finite element (FE) models, which employ commercial programs, can more accurately and
reliably simulate the performance of RC structures under impact and assist in investigating
different design variables (e.g., [43,44]). Despite the rise in the quantity of scientific articles
published, the majority of experimental and numerical studies undertaken focused on the
effect of reinforcing rebars by increasing flexural reinforcement ratios, adding new rebar
layers or changing the seismic reinforcing detailing of RC beams to prevent progressive
collapse. Additionally, the evaluation of the progressive collapse of RC structures made
with special or rubberized concrete is an important construction field that needs to be
investigated, according to reviews previously carried out by Alshaikh et al. [45] and Ki-
akojouri et al. [46] and as discussed in various studies [47–49]. However, there is a paucity
of information on the addition of waste tires (i.e., crumb rubber) in concrete mixtures to
enhance the progressive collapse resistance, with the exception of a few previous stud-
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ies (i.e., [47,49,50]). Additionally, there is a lack of information on large-scale testing to look
into the viability of using RuC in structural applications especially progressive collapse
tests. Additionally, studies on rubberized concrete resistance to progressive collapse of the
three-dimensional (3D) beam–slab structures are as yet unavailable. Accordingly, the main
goal of this study is to offer useful insights into how the addition of crumb rubber affects
the overall performance of RC beam–slab structures in terms of resistance to progressive
collapse, which can yield economic and environmental benefits at the same time. In this
paper, numerical simulations were employed to investigate the progressive collapse resis-
tance of full-scale 3D beam–slab structures, considering two concrete mixtures (i.e., normal
and rubberized concrete) by utilizing the program ABAQUS-Explicit. The accuracy and
dependability of the FE models were improved and validated by comparing the numerical
results with the experimental test results by Alshaikh et al. [47]. Eight FE models with
various specificities (a set of parameters) were studied considering material non-linearity
to gain a deeper understanding of the progressive collapse.

2. Previous Experimental Study

Two experimentally-tested frames with detail shown in Figure 1 (i.e., NC-01 and
RuC-01) from the research conducted by Alshaikh et al. [47] were chosen to validate the
FE models of this study. The experimental tests were carried out to study the behavior of
1/3 scaled specimens with two concrete mixtures under progressive collapse. As shown
in Figure 1, it was assumed that the middle column (failed column) had lost part of
it while it was still loaded with gravity load. The first concrete mixture was normal
concrete (NC), while the second mixture was rubberized concrete (RuC) which was made
by replacing the fine aggregate (i.e., sand) with 20% of waste crumb rubber. Regarding the
levels of crumb rubber replacement, studies reported that the reduction in the mechanical
properties increased with increasing the replacement levels of rubber in the mixture and
with preferably using replacement levels that are not more than 20%. In addition, the
size of rubber particles must be between 1–2 mm to minimize reductions in mechanical
properties [26,28,29,51]. The normal strength mixtures with a target cylinder compressive
strength of 40 MPa at the age of 28 days and a maximum aggregate size of 10 mm were used.
The concrete mixtures are summarized in Table 1. The experimental program, including
design, fabrication, instrumentation, and testing methodology, can be found in the reference
by Alshaikh et al. [47]. The FE models developed in the current research were verified
using the experimental findings of the NC and RuC specimens tested by Alshaikh et al. [47].
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Figure 1. NC and RuC specimens details [47]. Figure 1. NC and RuC specimens details [47].

Table 1. Properties of NC and RuC mixtures [47].

Concrete Mixture Cement Water Coarse Agg. Fine Agg. Crumb Rubber Superplasticizer

NC (kg/m3) 241.6 538.1 620.1 904.7 0 1.6 (liters)
RuC (kg/m3) 241.6 538.1 620.1 723.7 51.5 1.6 (liters)
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3. Details of the 3D RC Beam–Slab Substructures

The 10-story building considered in this study has a footprint of 3 bays by 4 bays,
as illustrated in Figure 2. The story height is 3.0 m, while the bay span length in both
orthogonal directions is 4.5 m, as depicted in Figure 2. The structure is situated in a non-
earthquake zone. In addition, the RC building was designed according to ACI 318-11 [52],
and ASCE [1] with the requirements of Category “A” for seismic design (i.e., the lowest
seismic risk category). Uniform distributed load was applied to the slab surfaces for more
realistic modelling. The living load and the superimposed dead load (i.e., tiles, ceiling,
ducts, partitions, etc.) were 4.79 kN/m2 and 2.0 kN/m2, respectively, which were applied
on floor slabs. The floor finishing loads were composed of four layers: (1) marble tiles with
a thickness of 25 mm and a weight of 23 kN/m3; (2) cement mortar with a thickness of
25 mm and a weight of 20 kN/m3; (3) sand with a thickness of 50 mm and a weight of
18 kN/m3; and (4) plaster with a thickness of 15 mm and a weight of 20 kN/m3. A uniform
distributed load of 8.7 kN/m was used to simulate the non-structural load (i.e., façade
components), which affected all exterior RC beams. The façade components for the internal
and external walls were carried out by two layers of 150 mm thick traditional concrete
hollow-block with a weight of 17 kN/m3 and 50 mm of thick rockwool with a weight of
0.5 kN/m3. Considering the applying loads and the design standard requirements, the
typical column and beam dimensions were 600 mm in depth by 600 mm in width and
600 mm in depth by 300 mm in width, respectively, on all the stories. Two-way solid slabs
were designed with 120 mm in thickness for all the stories. After loading calculations
and cross-section calculations for RC members, the commercial software ETABS (version
17) [53] was used in the structural analysis of this study to estimate all the influential forces
on members (i.e., axial loads, shear forces, flexural bending moments). Figure 3 shows the
structural analysis results of the influential forces on members. The longitudinal reinforcing
rebars of columns were 8-T25 with reinforcement ratio, ρ of 1% and T10 stirrups at a
spacing of 400 mm. The longitudinal rebars for positive and negative moments in beams
consisted of 3-T16 with a reinforcement ratio of 0.3%, while the transverse rebars were T8
@ 250 mm along all the beam lengths. The longitudinal rebars for positive and negative
moments in slabs consisted of 5-T10 per meter (i.e., T10 @ 200 mm spacing).
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Buildings 2022, 12, 1724 5 of 33Buildings 2022, 12, x FOR PEER REVIEW 5 of 33 
 

 

Figure 3. RC structure modelling by ETABS software. 

4. FE Simulation Technique 

The numerical analysis in this study was conducted using the commercial program 

ABAQUS-Explicit (version 6.19) [54] since it can model the nonlinear behavior of various 

materials and issues with complicated applications, both of which are required for this 

study. 

4.1. Modelling of Concrete Materials 

The concrete damaged plasticity model (CDP), which was available in ABAQUS soft-

ware, was chosen to describe the concrete material performance which was commonly 

utilized in the FEM simulations (e.g., [43,44,49]). The CDP model can simulate the actual 

concrete behavior in compression and tension under external pressures. The CDP model 

was proposed by Lubliner et al. [55] as well as Lee and Fenves [56]. Before using the 

model, the dilation angle (� ), the ratio of biaxial to uniaxial compressive strengths 

(���/���), compressive meridian (��), potential eccentricity (�), and viscosity parameter 

(�) required for ABAQUS modelling should all be specified. The parameters were chosen 

as recommended by Alshaikh et al. [49] and the ABAQUS User’s Manual [54] as illustrated 

in Table 2. The modulus of elasticity (��) of NC and RuC mixtures was computed for the 

elastic component of the stress–strain relationship in accordance with ACI 318-11 recom-

mendations [52] (�� = ��
�.�0.043���

�, where �� is the concrete density and ��
� is the max-

imum compressive stress of a concrete cylinder) as summarized in Table 2. The Poisson’s 

ratio (�) of NC and RuC mixtures was taken as 0.2, which was commonly utilized in the 

FEM simulations [49]. 

Table 2. The primary parameters of the CDP material model used in this study. 

Parameter Value Denotation 

� 38 (calibrated value) Alshaikh et al. [49] 

� 0.1 (default value) ABAQUS [54] 

���/��� 1.16 (default value) ABAQUS [54]; Lubliner et al. [55] 

�� 0.7 (default value) ABAQUS [54] 

� 0 (default value) ABAQUS [54] 

Elasticity 

Eo = 26,713 MPa for NC 

Eo = 20,704 MPa for RuC 
ACI 318M-11 [52] 

� = 0.2 for NC and RuC Widely utilized in the FEM simulations 

The stress–strain curve for the concrete uniaxial compression behavior can be sepa-

rated into three zones, as shown in Figure 4. Up to a compressive stress of 0.4 ��
�, the first 

portion of the curve exhibits an ascending linear elastic behavior. Up until the maximum 

Figure 3. RC structure modelling by ETABS software.

4. FE Simulation Technique

The numerical analysis in this study was conducted using the commercial program
ABAQUS-Explicit (version 6.19) [54] since it can model the nonlinear behavior of vari-
ous materials and issues with complicated applications, both of which are required for
this study.

4.1. Modelling of Concrete Materials

The concrete damaged plasticity model (CDP), which was available in ABAQUS soft-
ware, was chosen to describe the concrete material performance which was commonly
utilized in the FEM simulations (e.g., [43,44,49]). The CDP model can simulate the actual
concrete behavior in compression and tension under external pressures. The CDP model
was proposed by Lubliner et al. [55] as well as Lee and Fenves [56]. Before using the model,
the dilation angle (ψ), the ratio of biaxial to uniaxial compressive strengths (σb0/σc0), com-
pressive meridian (Kc), potential eccentricity (ε), and viscosity parameter (µ) required for
ABAQUS modelling should all be specified. The parameters were chosen as recommended
by Alshaikh et al. [49] and the ABAQUS User’s Manual [54] as illustrated in Table 2. The
modulus of elasticity (Eo) of NC and RuC mixtures was computed for the elastic compo-
nent of the stress–strain relationship in accordance with ACI 318-11 recommendations [52]
(Eo = ρ1.5

c 0.043
√

σ′c, where ρc is the concrete density and σ′c is the maximum compressive
stress of a concrete cylinder) as summarized in Table 2. The Poisson’s ratio (υ) of NC and
RuC mixtures was taken as 0.2, which was commonly utilized in the FEM simulations [49].

Table 2. The primary parameters of the CDP material model used in this study.

Parameter Value Denotation

ψ 38 (calibrated value) Alshaikh et al. [49]
ε 0.1 (default value) ABAQUS [54]

σb0/σc0 1.16 (default value) ABAQUS [54]; Lubliner et al. [55]
Kc 0.7 (default value) ABAQUS [54]
µ 0 (default value) ABAQUS [54]

Elasticity
Eo = 26,713 MPa for NC
Eo = 20,704 MPa for RuC ACI 318M-11 [52]

υ = 0.2 for NC and RuC Widely utilized in the FEM simulations

The stress–strain curve for the concrete uniaxial compression behavior can be separated
into three zones, as shown in Figure 4. Up to a compressive stress of 0.4 σ′c, the first
portion of the curve exhibits an ascending linear elastic behavior. Up until the maximum
compressive stress, the second portion of the curve exhibits an increase in strain with
the stress in a non-linear fashion. The third portion of the curve is characterized by a
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non-linear softening model (i.e., declining) as a result of the decreased concrete capacity,
as shown in Figure 4. For the non-linear FE studies, Hognestad [57] proposed a uniaxial
compressive concrete model similar to that shown in Figure 4. Additionally, Stoner [58]
modified the third portion of the curve shown in Figure 4 to take into account the impacts
of maximum concrete strain and concrete confinement by stirrups. Figure 4 depicts the
relationship between concrete compressive stress (σc) and concrete compressive strain (εc)
with Equations (1)–(3) describing this relationship [57,58].

σc = εcEo for σc ≤ 0.4 σ′c (1)

σc = σ′c

[
2
(

εc

εc1

)
−
(

εc

εc1

)2
]

for εc/εc1 ≤ 1 (2)

σc = σ′c −
σ′c(εc − εc1)

2

(εc,max − εc1)
2 for εc/εc1 > 1 (3)

where εc1 = concrete crushing strain (i.e., strain corresponding to maximum concrete
compressive stress; 0.00872 for NC and 0.0132 for RuC which were the experimental
values); εc = concrete compressive strain; εc,max = maximum concrete compression strain
(0.01 for NC and 0.0151 for RuC which were the experimental values).
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Regarding modelling the tension behavior of concrete, until cracking stress the be-
havior is linear elastic (i.e., rising), then the non-linear stress–strain curve (i.e., softening)
starts to descend due to the decrease in concrete strength as shown in Figure 5. The tension
behavior of concrete is described by Equations (4) and (5) as described elsewhere [59].

σt = εt1Eo for εt1 ≤ εcr (4)

σt = σcr

(
εcr

εt1

)0.4
for εt1 > εcr (5)

where σt = tensile stress of concrete; σcr = cracking stress of concrete (0.62
√

σ′c according
to ACI 318M-11 [52]); εt1 = tensile strain of concrete; εcr = cracking strain of concrete (i.e.,
strain at σcr). The stress–strain curves, which were calculated according to the previous
equations for the NC and RuC mixtures under compression and tension, are shown in
Figure 6. As a result of the addition of crumb rubber (i.e., RuC), the strain increased
even though the maximum stress decreased. It was also noted that the stress–strain curve
had changed, as shown in Figure 6. The RuC specimen behaved differently than the NC
specimen, displaying ductile behavior as opposed to brittle behavior for the NC specimen.
The ductility increased as the crumb rubber was used. This behavior was deduced by
contrasting the stress–strain curve shapes of RuC with those of NC. High deformations in
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descending curves accompanied the RuC’s failure state. The increased strain capacity of
RuC bends was another distinction.
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The determined elastic strain values must be converted to equivalent plastic strain
values using Equations (6) and (7) in order to specify the concrete material in ABAQUS
software [54], as follows:

ε
pl
t = εel

t −
σt

Eo
(6)

ε
pl
c = εel

c −
σc

Eo
(7)

where εel
c = compressive elastic strain (Figure 4); ε

pl
c = compressive plastic strain;

ε
pl
t = tensile plastic strain; εel

t = tensile elastic strain (Figure 4).
A decline in stiffness and strength is referred to as material failure in a particular

structure. Concrete can crack or crush during the loading phases, which results in the loss
of the entire load-carrying capacity due to progressive degradation. The erosion algorithm
method is utilized to simulate loss of stiffness in the progressive collapse operation and
prevent computer overload during the calculation [60–63]. By using this approach, the
model is able of capturing a more accurate graphic picture of how concrete physically
fractures (i.e., cracks and crushes) after achieving its maximal strength. In addition, this
algorithm can help the FEM simulation address the issue of a huge mesh-distortion by
enabling the concrete finite components to erode, despite the fact that this is not a physics-
based process. In other words, the physical separation of some finite elements from
the rest of the mesh when the FE analysis produces excessive, improbable deformations
and stops assisting with load resistance [36,63–65]. The erosion limitations and criteria
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utilized in various research to simulate erosion and spalling in concrete were reviewed
by Luccioni et al. [66]. The literature describes a number of erosion procedures, including
principal stress, principal strain, shear strain, etc. Despite this, many erosion limit values are
in agreement with the results of the experimental tests, the researchers advised expanded
research on erosion limits due to a number of discrepancies in the literature that currently
exist. To prevent inaccurate predictions from the numerical models caused by early erosion,
which goes against the structure’s mass and energy conservation, erosion limits must be
utilized with prudence as a small limiting number. In order to accurately anticipate actual
damage patterns that are comparable to the findings of experimental tests, an acceptable
limiting value should be carefully chosen [60,63,64,67]. The maximum principal strain
limitation value was determined based on the literature [62–65,67,68]. Calibrations using
pertinent experimental tests are nevertheless necessary. As a result, numerous values
were employed to test the validity of this value, and the results of the simulation and
the experiment were compared. As a result, the concrete failure definition in ABAQUS
software can be used to model the concrete failure criteria so that it accurately simulates
the whole reaction of concrete. The ABAQUS software version of 2019 has added a new
function known as the “Concrete Failure” keyword. Without utilizing subroutine functions,
this keyword can be utilized to describe element deletion and failure criteria in the CDP
model. Based on the tensile cracking displacement or tensile cracking strain, ABAQUS
software allows the application of those two tensile failure criteria. The tensile cracking
strain, which is determined by the cracking strain (i.e., tensile) and crushing inelastic (i.e.,
compressive) strain at failure, was used in this work. The values for the maximum principal
strains according to the experimental results for the spalling and cracking of concrete were
validated after a few trial-and-error calculations, as shown in Table 3.

Table 3. The primary parameters of the CDP material model used in this study.

Specimen ID NC RuC

Tensile cracking strain (mm/mm) 0.435 0.320
Compressive inelastic strain (mm/mm) 0.051 0.065

4.2. Modelling of Reinforcing Steel Rebars

Titoum et al. [69] proposed an idealized bi-linear stress–strain curve for simulating
the reinforcing steel rebar behavior as shown in Figure 7. By giving the ultimate stress (σu),
ultimate strain (εu), yield stress (σy), and yield strain (εy), the stress–strain response was
created. For a numerical simulation, using the idealized curves is far more stable, therefore,
it was used in this study. In accordance with ASTM A615 [70], experimental tests in tension
were conducted to determine the characteristic values of the yield and ultimate stresses.
These results are shown in Table 4. Using Hook’s law, the modulus of elasticity (Es) was
computed as dividing the yield stress by the strain of reinforcing rebar. The Poisson’s
ratio for the reinforcing rebar was set as 0.3. Equations (8)–(10) were employed to convert
experimental test results into true stress (σT) and true strain (εT) corresponding values
in order to model the reinforcing rebar material in ABAQUS software [54,71]. Table 5
presents the stress and strain conversion values. Using the analytical equations below, the
engineering stress and strain (i.e., σE and εE) were transformed to true stress and strain:

εT = ln(1 + εE) (8)

σT = σE(1 + εE) (9)

εpl = εt − εel (10)

where εel = true elastic strain; εt = true total strain; εpl = true plastic strain.
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Table 4. Reinforcing steel rebar material characteristics [47].

Rebar Diameter (mm) Es (MPa) σy (MPa) εy σu (MPa) εu

6 204,119 410 0.00201 507 0.0872
10 202,522 514 0.00254 625 0.1107
12 204,161 567 0.00278 653 0.1136

Table 5. Stress–strain conversions for reinforcing steel rebars.

Rebar Diameter (mm) σE (MPa) σT (MPa) εE εT εpl

6
at yield 410 411 0.00201 0.00201 0

at ultimate 507 515 0.08720 0.08360 0.0816

10
at yield 514 515 0.00254 0.00254 0

at ultimate 625 695 0.11070 0.10500 0.102

12
at yield 567 569 0.00278 0.00278 0

at ultimate 653 728 0.11360 0.10800 0.105

Additionally, fracture ductility was used to model the actual behavior of the reinforcing
steel rebars in order to increase the accuracy of the FE analysis. Damage is a consequence of
stress tri-axiality, and the commencement of damage is predicted by the fracture ductility
criterion. Fracture stress and strain tri-axiality are the main determinants of ductile fracture.
The mean stress (p) (i.e., hydrostatic stress) to the Von Mises stress (q) is the stress tri-
axiality. According to Equations (11) and (12), which were proposed by Bridgman [72], the
equivalent strain to fracture (ε f ) and stress tri-axiality can be calculated.

stress triaxiality =
p
q
=

1
3
+ ln

( a
2R

+ 1
)

(11)

ε f = 2 ln
( ro

a

)
(12)

where q =

√
1/2

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]2

; p = 1/3(σ1 + σ2 + σ3); σ1 = first

principal stress; σ2 = second principal stress; σ3 = third principal stress; R = radius of
circumferential notch (Figure 8); a = radius of rebar necking cross-section (see Figure 8);
ro = original radius of the reinforcing rebar.
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In order to improve the accuracy of ABAQUS FE simulation of reinforcing steel rebars,
Bridgman’s formulae [72] were used to determine the stress tri-axiality and ε f of the
longitudinal reinforcing rebars, as illustrated in Table 6.

Table 6. Stress tri-axiality and ε f of steel rebars.

Rebar Diameter (mm) R (mm) * a (mm) * ro (mm) Stress Tri-Axiality ¯
ε f

10 8.02 2.55 10 0.481 1.347

* Experimental results based on tension testing of the reinforcing steel rebar [47].

4.3. Finite Elements

Continuum elements (i.e., solid cube-shaped) were utilized to model the RC mem-
bers (i.e., beams, columns, and slabs) in each specimen. The element is known as C3D8R,
which can be characterized as three-dimensional (3D), with 8 nodes, and with reduced
integration to decrease the running time and significant computational power. Truss el-
ements (i.e., T3D2) which can be characterized as 3D and 2-noded were used to model
reinforcing steel rebars. The cross-sectional areas and diameters of all longitudinal and
transverse reinforcing rebars were modeled in a comparable manner to the information
provided by Alshaikh et al. [47].

4.4. Constraints and Interactions

A group of elements that are contained within the host elements can be referred to
as the embedded elements with specific features. This method is specifically utilized to
accurately recreate the bonding interaction between the reinforcing steel rebars and the
surrounding concrete. By limiting the embedded elements’ translational degrees of freedom
to those in the host elements (i.e., surrounding concrete), the fully bonded condition was
represented [54]. In the ABAQUS modelling, general contact was utilized to simulate the
interactions between the middle column and the steel plate, shown in Figure 1, into a
single interaction to define contact between them, in order to prevent the penetration of
the steel plate and excessive distortion of the middle column (i.e., failed column). It is
necessary to define the properties of the interaction in the ABAQUS modelling in order
to accurately simulate the contact interactions. A friction coefficient of 0.47 between the
steel plate and middle column surfaces was used to simulate the tangential behavior with
no penetration of the surfaces (i.e., normal behavior), for the interaction properties in this
investigation [73].
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4.5. Boundary Conditions and Loading Application

Figure 9 shows specifics on the loading application and boundary conditions of all
the specimens. A strip foundation was used in the experimental program to support the
tested specimens in the laboratory. The strip foundation was not taken into account in the
FE modelling because it requires more demanding computations, and it is assumed to be
stiff enough to provide rigid support. Therefore, at the external columns’ bottom surfaces,
the supports were implemented by the fixed boundary condition for all rotations (UR) and
translations (U) in all directions (i.e., URx, URy, URz, Ux, Uy, and Uz were restrained).
By increasing the displacement at the top surface of the middle column (acting vertically
downwards), the experimental loading was applied to the middle column until the entire
test specimen failed.
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4.6. FE Mesh Convergence

In ABAQUS modelling, a 3D FE model of two concrete mixtures (i.e., NC and RuC
frames) was created using the experimental data from Alshaikh et al. [47]. The steel plate
at the load application was modeled using element type of C3D8R with elastic material
characteristics only, Es = 200,000 MPa and υ = 0.3. After modelling, only the NC frames
were used for the mesh convergence investigation, which was done on three mesh sizes.
The results are shown in Table 7. The geometry, material properties, and element types
for all three mesh sizes were the same. With a uniform mesh size, which was utilized for
reinforcing rebars and the remaining areas for columns and beams, the dense mesh size was
employed in the beam–column connections (i.e., small mesh size in the critical sections near
the connection and big mesh size in the remaining sections). To choose an appropriate mesh,
a comparison of the three mesh sizes was conducted. In comparison to the experimental
results, Mesh-size 3 with the greatest number of elements offered the greatest convergence
and produced more accurate results, as shown in Table 7. Further mesh refinement effort
needs more resources and running times with no convergence enhancement compared
with the Mesh-size 3 results. As a result, all of the frames (i.e., NC and RuC) were made
of the same size. The final target mesh (i.e., Mesh-size 3) is shown in Figure 10, where
the complete frame included 1464 elements for the entire rebar reinforcement system and
9124 elements for the concrete components. There were 13,988 nodes produced in total
throughout the entire frame.
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Table 7. Mesh convergence results.

Mesh types Element Type Elements Number PExp. (kN) PFEM. (kN) PExp./PFEM Running Time (s) *

Mesh-size 1
T3D2 532

53.293

58.133 0.92 720C3D8R 764

Mesh-size 2
T3D2 692

57.521 0.93 960C3D8R 980

Mesh-size 3
T3D2 1464

56.782 0.94 4080C3D8R 9124

* Estimated operating time was based on a personal computer with 8.0 GB of RAM and a 2.5 GHz CORE i5
Quad-processor.
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5. Validation of Finite Element Modelling

The FE analysis produced extremely good results when compared to the results of
the experimental tests. Table 8 compares the measured values of the experimental and
numerical specimens, in terms of maximum loads (Pmax), displacements (∆max), and the
area under the load–deflection curve (i.e., Eu). The outcomes demonstrated the ability of
the FE models to accurately simulate the response of the tested specimens. Regarding the
load–deflection relationship shown in Figures 11 and 12, for the NC and RuC specimens,
respectively, the FE simulation results agreed very well with the experimental findings.
So, the whole load–deflection characteristic can be simulated by the FE for the NC and
RuC frames. It is important to note that the CDP model does not allow for the graphical
representation of crack formation. The authors who created this model [55], however,
claimed that they made the assumption that cracking starts when the maximum principal
plastic strain’s (PE, Max Principal) sign is positive or the compressive equivalent strain
(PEEQC) and tensile (PEEQT) values are greater than zero [54]. Figures 13 and 14 show
that the experimental failure mechanism and fracture pattern exhibited in the NC and
RuC specimens, respectively, matched the FE findings. Thorough explanation of the
failure modes and crack pattern development of experimental specimens can be found
in the publication by Alshaikh et al. [47]. According to crack patterns, the flexural failure
mode was dominant in all the models. At the middle and ends of the two-bay specimens,
flexural cracking started and expanded at tension fibers of the locations of maximum
bending moments.
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Table 8. Comparison of experimental and numerical load–displacement properties for the tested frames.

Specimen ID Result Experimental * Numerical Exp./Num.

NC
Pmax (kN) 53.293 56.782 0.94

∆max (mm) 137.82 137.01 1.01
Eu (kN.mm) 6697.6 7070.03 0.95

RuC
Pmax (kN) 48.274 53.985 0.894

∆max (mm) 156.62 156.477 1.001
Eu (kN.mm) 6851.1 7581.209 0.904

* Eu, ∆max , and Pmax were the experimental average values of two frames [47].
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6. Progressive Collapse Analysis of the 3D Beam–Slab Substructures

Eight FE models with various parameters were studied, utilizing the validated non-
linear FE model to gain a deeper understanding of their progressive collapse considering
NC and RuC mixtures. To further understand the contribution of slabs to resist progres-
sive collapse, specimens with and without these slabs were modeled. Table 9 presents
a list of scenarios of the progressive collapse analysis that were taken into consideration
in this study. Since they carry such heavy loads in comparison to other floors, the first-
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story columns in the outer bays are possibly vulnerable to being destroyed by truck or
car explosives. Therefore, this study focuses on investigating the effects of removing the
first-story columns. Although the modelling of the whole structure is ideal to study the
behavior of the structures under progressive collapse, conducting such analysis requires
significant computational power and running times to obtain the results. This is due
to the fact that modelling the complete structure would need a sizable number of finite
elements, and given the available resources, modelling the full structure is not possible.
Therefore, this numerical study focused on the most critical region in the entire structure.
This technique was used in a lot of previous studies (e.g., [38,42,74]). Therefore, to de-
crease the significant analysis running time and computational power, the RC beam–slab
substructures were modeled in ABAQUS as shown in Figure 15. The two scenarios of
progressive collapse are being investigated. By removing the middle column in the struc-
ture’s long direction as illustrated in Figure 15a, Scenario “A” has been implemented. By
removing the corner column in the structure as illustrated in Figure 15b, Scenario “B” has
been implemented. Figure 16 shows the reinforcement details of all the specimens of two
scenarios of progressive collapse (i.e., A and B). The 3D beam–slab substructures were
carried out following the FEM simulation techniques of the validated numerical model.
In addition, the loads were applied in accordance with General Services Administration
(GSA) guidelines [9] (2 dead load + 0.5 live load). The live load and the floor finishing load
were taken as 4.79 kN/m2 and 2.0 kN/m2, respectively, which were applied on floor slabs
as shown in Figure 17a,c. A uniform distributed load of 8.7 kN/m was used to simulate
the non-structural loads (i.e., façade loads), which affected all the RC beams as shown in
Figure 17b,d. Regarding the specimens without slabs, the slab loads were added to the
non-structural façade loads and applied to all the RC beams. As seen in Figure 17a through
Figure 17d, symmetrical boundary conditions in the YZ and XY planes were applied to
all the specimens. In the ABAQUS software [54], the FE analysis of the specimens was
divided into two steps. The total loads on all beams and slabs were initially applied in
FE models as pressure loads on all beams’ top surfaces and slabs (Figure 17). The results
showed a considerable effect of the infill walls on the progressive collapse resistance that
cannot be neglected [75]. Although the modelling of the infill walls is ideal to study the
performance of the structures under progressive collapse, conducting such an analysis
requires significant computational power, and it is time-consuming to obtain the results.
According to the available resources, the infill walls could not be modeled. Therefore,
this numerical study has focused on the slab contribution. This may lead to changes in
the structural performance against progressive collapse, but it is beyond the scope of this
study. By suddenly releasing the fixed support of the failed column (Figure 15), the two
progressive collapse scenarios were applied in the second step. A vertical downward
displacement of 700 mm was applied to the failed columns to understand the full resistance
mechanism in the second step of analysis, as shown in Figure 17e. Figure 17f shows the
mesh of the specimens, which were intensified in critical areas. The running time for the
analysis of every FE model ranged from 4200 s to 22,440 s. It should be noted that the
running time was estimated on a 2.5 GHz CORE i5 Quad-processor and random access
memory (RAM) of 8.0 GB of the personal computer.

Table 9. Details of the FE analysis matrix for the 3D beam–slab substructures.

Scenarios Specimen ID Details Mixtures No. of Specimens

Scenario “A”
(A middle column was removed)

NC-MID without slab (see Figure 17a)
NC

1
NC-MID-Slab with slab (see Figure 17b) 1

RuC-MID without slab (see Figure 17a)
RuC

1
RuC-MID-Slab with slab (see Figure 17b) 1

Scenario “B”
(A corner column was removed)

NC-COR without slab (see Figure 17c)
NC

1
NC-COR-Slab with slab (see Figure 17d) 1

RuC-COR without slab (see Figure 17c)
RuC

1
RuC-COR-Slab with slab (see Figure 17d) 1

Total Specimens 8
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6.1. Load–Displacement Characteristics

Figure 18 illustrates the vertical load and horizontal reaction force versus the vertical
displacement of specimens of scenario A and B with and without a slab for various loading
processes and resistance mechanisms. One may observe that the initial portion of the
load–displacement curves is linear elastic, thus representing the uncracked concrete. After
the start of concrete cracking, the slope of the load–displacement curves displayed non-
linear behavior. All specimens continued to deflect while the applied load was increasing.
The situation then remained unchanged until the reinforcing rebars yielded. A dramatic
decrease in the resisting force was seen after the maximum vertical loads, as depicted in
Figure 18. During the first analysis step (i.e., before removing the column), the vertical load
increased to about 300 and 400 kN for the specimens of scenarios A and B, respectively,
without any vertical displacement. In the second step of the analysis, it is noticed that
the displacement begins to increase gradually with the increase of the vertical load as
shown in Figure 18. The failure mode and crack pattern of all the specimens are shown
in Figure 19. Regarding the scenario “A” specimens, the sections of the beams and slab
close to the failed column were exposed to a positive flexural bending moment in the
primary mechanism stage (i.e., the elastic stage), and the concrete began cracking at the
bottom surface. Additionally, the areas of the beams and slab next to the neighbouring
columns had a negative flexural bending moment, and the concrete began cracking at the
top surface, as shown in Figure 19a through Figure 19d. For the scenario “B” specimens,
the longitudinal reinforcing bar in the sections of the beams next to neighbouring columns
started to experience fewer stresses as the joint flexural cracks widened, while the stresses
on the bar in the sections of the beams close to the failed column increased quickly. This
demonstrated the conversion of the specimen’s resistance mechanism to a cantilever beam
as shown in Figure 19e through Figure 19h. For scenario “B” specimens, pull-out failure
was noticed in the top reinforcing rebars of beams in the beam–column joints at the failed
column area. At the corner joint, the failed column was almost completely separated from
the beams. The maximum vertical loads were 744.49, 647.73, 985.61, and 811.06 kN for
NC-MID, RuC-MID, NC-MID-Slab, and RuC-MID-Slab, respectively, which were attained
at a deflection of 40.55, 72.44, 40.55, and 40.53 mm for NC-MID, RuC-MID, NC-MID-Slab,
and RuC-MID-Slab, respectively. Regarding the scenario “B” specimens, the maximum
vertical loads were 692.34, 616.39, 978.51, 817.76 kN for NC-COR, RuC-COR, NC-COR-Slab,
and RuC-COR-Slab, respectively, which were attained at a deflection of 42.59, 42.64, 43.26,
and 43.79 mm for NC-COR, RuC-COR, NC-COR-Slab, and RuC-COR-Slab, respectively.
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Figure 18. Vertical load–displacement curves: (a) Scenario “A” specimens and (b) Scenario “B” specimens.

6.2. Analysis of Collapse Mechanisms

Figure 20 shows the horizontal reaction force-displacement of all specimens, a neg-
ative horizontal reaction force indicates the specimens under compression force, and a
positive horizontal reaction force indicates the specimens under tension force. The gen-
eral failure behavior can be divided into three phases, namely: an elastic phase, com-
pressive arch/membrane actions (CAA/CMA), and tensile catenary/membrane actions
(TCA/TMA), as can be seen from the load–displacement responses of all specimens in
Figure 20. The first stage (i.e., elastic stage) was during the uncracked concrete stage before
the start of cracking. Then, after the concrete cracked, CAA/CMA was activated. The
beginning of the catenary stage can be demonstrated by locating the point at which the
horizontal reaction force equals zero, i.e., when the horizontal reaction force falls to zero
and begins to transform from negative (i.e., compressive = CAA/CMA) to positive (i.e.,
tension = TCA/ TMA), as shown in Figure 20. The maximum capacities of all the speci-
mens happened prior to the development of the TCA/TMA. The TCA and TMA forces (i.e.,
the catenary mechanism) in the longitudinal reinforcing rebars of the beams and slabs,
respectively, were a major contributor to the progressive collapse resistance. Only the
reinforcement of the slab and two-bay beams (in scenario “A”) or perpendicular beams (in
scenario “B”) along the free edge considerably contributed to the resistance of the progres-
sive collapse as a result of the boundary restrictions and the disproportionate deformation.
The final damage state of all the all specimens is shown in Figure 21. As a result of the
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start of concrete crushing in beams and slabs close to the failed column, the horizontal
compressive reaction (CHR) increases nonlinearly, as shown in Figure 20. The maximum
CHR for the specimens without a slab, NC-MID, RuC-MID, NC-COR, and RuC-COR, were
−1036.24, −786.42, −1470.75, and −1164.32 kN, respectively, at a deflection of 72.47, 114.13,
42.59, 42.64 mm (see Figure 20). With increased deflection, severe cracks had developed
near to the failed column, which caused the CHR to start to decrease. Concrete splitting
was noticed in the end of beams, and concrete crushing increased in the two-bay beam as
well as the transverse beam with a further increase in the deflection which led to failure in
the area of column removal (see Figure 21a–d).
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Figure 20. Horizontal reaction force–displacement curves: (a) Scenario “A” specimens and (b) Sce-
nario “B” specimens.

Figure 22 illustrates comparison of the vertical load and horizontal reaction force
versus the vertical displacement of the specimens. It can be observed that the specimens
continued to resist until the stresses in the reinforcing steel reached the highest possible
values (see Figure 19a,b,e,f); where the stresses reached more than 540 MPa at the ends of
the two-bay beam as well as the ends of the transverse beam. Then, the bottom reinforcing
rebars of the beams at failed column areas lost their collapse-resisting capacity. As a
result, the top reinforcing rebars began to work as catenaries to carry the load and the
TCA was activated, the same behavior has been reported in previous studies (e.g., [38]).
The specimens were unable to maintain a greater level of collapse resistance, and the
displacement was not permitted to increase continually. As shown in Figures 20 and 22,
the resistance mechanisms have been changed from the horizontal compressive reaction
(CHR) to the horizontal tensile reaction (THR) at deflections of 384.89, 405.87, 698.73, and
637.46 mm for NC-MID, RuC-MID, NC-COR, and RuC-COR, respectively. The maximum
THRs were 142.89, 179.06, 244.17, and 211.41 kN, which were attained at deflections of
681.39 and 659.51 mm for NC-MID, RuC-MID, NC-COR, and RuC-COR, respectively.
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Figure 21. Concrete damages for all specimens: (a) NC-MID; (b) RuC-MID; (c) NC-COR; (d) RuC-
COR; (e) NC-MID-Slab; (f) RuC-MID-Slab; (g) NC-COR-Slab; and (h) RuC-COR-Slab.
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Figure 21 shows the compressive concrete damage (i.e., DAMAGEC) and tension
concrete damage (i.e., DAMAGET) forces. It was observed that the tensile and compressive
damages gradually spread and were dispersed along the entire length of the beam in the
two directions as the displacement was further increased (see Figure 21a–d)). Moreover,
it was observed that the maximum CHR values were −1702.04, −1063.97, −1638.39, and
−1158.67 kN for NC-MID-Slab, RuC-MID-Slab, NC-COR-Slab, and RuC-COR-Slab, at
deflections of 72.47, 72.43, 19.92, and 43.79 mm, respectively, (see Figure 22c,d,g,h). With
deflection increase, severe cracks had developed near to the failed column, which caused
the CHR to start to decrease. Concrete splitting was noticed in the end beams, and concrete
crushing increased in the two-bay beam as well as transverse beam with a further increase
in the deflection. The specimens continued to resist until the stresses in the reinforcing
steel reached the highest possible values (see Figure 19c,d,g,h); where the stresses reached
more than 460 MPa at the ends of the two-bay beam as well as the ends of the transverse
beam, then a drop in the vertical load resistance occurred to zero. First, the concrete cracks
were seen near the failed column area, then the number of cracks gradually increased
and expanded along a portion of the beam. On the top surfaces of the slab, ring cracks
developed as depicted in Figure 23. The specimens were unable to maintain a greater level
of collapse resistance, and the displacement was not permitted to increase continually. As
shown in Figure 22c,d,g,h, the resistance mechanisms have been changed from CHR to THR
at a deflection of 270.54, 227.06, 179.07, and 242.51 mm for NC-MID-Slab, RuC-MID-Slab,
NC-COR-Slab, and RuC-COR-Slab, respectively. The maximum THR values were 502.55,
658.26, 730.13, and 527.24 kN, which were attained at a deflection of 477.81, 535.32, 1727.92,
and 1629.45 mm for NC-MID-Slab, RuC-MID-Slab, NC-COR-Slab, and RuC-COR-Slab,
respectively. As shown in Figure 21e–h, multiple cracks gradually spread throughout
the entire slabs as a result of an increase in the displacement. Tensile and compressive
damages gradually spread and were dispersed along the entire length of the beam in the
two directions as the displacement was further increased (see Figure 21e–h). The damage
was obvious on the top surface of the removed column. Under middle and corner column
removal scenarios, Figure 23 depicts the distribution of the tension zone in the slab’s centre
and the compressive zone along the slab’s sides as proposed by Pham et al. [76]. As shown
in Figure 23a, a peripheral compressive ring formed around the TMA in the slab’s centre in
the middle-failed column case. In the case of a corner-failed column, as shown in Figure 23b,
little TMA may be mobilized, and a peripheral compressive ring may still partially form.
The results of the present study are in agreement with those of the previous one, especially
the distribution of tensile (i.e., DAMAGET) and compressive (i.e., DAMAGEC) damages
shown in Figure 21e–h. The intensity of lateral constraint given by a half-compressive
ring of RC slab formed in the affected area determines the mobilization of catenary action.
Catenary action continued to develop until the perimeter compressive ring failed in all
specimens. As illustrated in Figure 23a, removing the middle column in the structure’s long
direction results in only a half-compressive ring (rather than a full ring), providing only
a minimal amount of lateral constraint for any TMA mobilization. The most dangerous
scenario for progressive collapse is when a corner column is removed because there are no
longer any constraints from the two neighbouring sides of the failed column. The intensity
of lateral constraint given by a quarter-compressive ring of the RC slab formed in the
affected area determines the mobilization of catenary action as shown in Figure 23b.

6.3. Effect of Slabs against Progressive Collapse

Table 10 displays the most important test specimen results. The specimens without a
slab had maximum vertical loads of 978.51, 817.76, 985.61, and 811.06 kN for NC-COR-Slab,
RuC-COR-Slab, NC-MID-Slab, and RuC-MID-Slab, respectively, while the corresponding
maximum vertical loads for specimens without slabs were 692.34, 616.39, 744.49, and
647.73 kN for for NC-COR, RuC-COR, NC-MID, and RuC-MID, respectively. This means
that the capacity of the specimens with the inclusion of the slab mechanical properties in
the modelling is an average of 33% greater than that for the specimens without the slabs.
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This finding was the same as reported in previous studies (e.g., [74,77,78]). The area under
the vertical load–displacement curves (i.e., energy absorption), is another indicator of the
specimens’ ability to resist progressive collapse. Regarding energy absorption, as shown in
Table 10, the specimens with slabs exhibited higher potential for energy absorption, where
NC-COR-Slab, RuC-COR-Slab, NC-MID-Slab, and RuC-MID-Slab have recorded increased
energy absorption ratios of 55.6, 22.2, 38.5, and 23.9%, compared with NC-COR, RuC-COR,
NC-MID, and RuC-MID, respectively. These findings indicate that the specimens without
a slab were less ductile than the specimens with a slab. According to the findings, the
presence of a slab increases the resistance to progressive collapse during the compressive
arch stage and catenary action. In comparison to specimens without slabs (NC-COR,
RuC-COR, NC-MID, and RuC-MID), the inclusion of slab mechanical properties in the
FE modelling helps to increase progressive collapse resistance by 41.3%, 32.7%, 32.4%,
and 25.2% under small deformations (i.e., the beam mechanism) and 58%, 28.5%, 16.1%,
and 22.9% under large deformations (i.e., the catenary mechanism) for NC-COR-slab,
RuC-COR-slab, NC-MID-slab, and RuC-MID-slab, respectively.
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Table 10. Results of FE modelling for all specimens.

Specimen ID Energy Absorption
(kN.m)

Maximum Vertical
Load (kN)

TMA/TCA
Started (mm)

Maximum
TMA/TCA (kN)

Maximum
THR (kN)

Maximum
CHR (kN)

NC-COR 483.06 692.34 698.73 423.72 244.17 −1470.75
RuC-COR 568.28 616.39 637.46 495.05 211.41 −1164.32

NC-COR-Slab 751.91 978.51 179.07 669.66 730.13 −1638.39
RuC-COR-Slab 694.25 817.76 242.51 636.01 527.24 −1158.67

NC-MID 304.34 744.49 384.89 531.76 142.89 −1036.24
RuC-MID 307.26 647.73 405.87 489.24 179.06 −786.42

NC-MID-Slab 421.62 985.61 270.54 617.51 502.55 −1702.04
RuC-MID-Slab 380.81 811.06 227.06 601.05 658.26 −1063.97

According to previous experimental research, when the slab contribution is taken
into account, the first peak load of specimens (under small deformations) increases by
38–92%, while the maximum vertical load (under large deformations) increases by 40–
145% [41,79,80]. Those results are consistent with the current study’s findings. In addition,
the slabs play an essential role in providing alternative paths for the failed column loads.
These loads are redistributed to the adjacent columns, which are not taken into account
if the presence of the slabs is ignored. The load resistance from the CMA in the slab
contributed more as the displacement increased. Together, the CMA of the slab and the
CAA of the beam considerably increased the structure’s ability to resist progressive collapse
under the main mechanism.
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Regarding scenario “B” specimens, the NC-COR-Slab exhibited greater horizontal
compressive reaction force by 11.4% compared with the NC-COR, while RuC-COR-Slab
recorded a slight reduction by 0.5% compared with the RuC-COR. Moreover, scenario
“A” specimens NC-MID-Slab and RuC-MID-Slab have recorded significantly increased
ratios by 64.4% and 35.3%, compared with NC-MID and RuC-MID, respectively. Due
to the TMA of the slabs and the TCA of the beams, the progressive collapse resistance
increased once again. The specimens with slabs exhibited higher potential for horizontal
tensile reaction force, where NC-COR-Slab, RuC-COR-Slab, NC-MID-Slab, and RuC-MID-
Slab have recorded increased ratios by 199.0, 149.4, 251.7, and 267.6%, compared with
NC-COR, RuC-COR, NC-MID, and RuC-MID, respectively. As the two-bay beams (in
scenario “A”) or perpendicular beams (in scenario “B”) moved downward, they started
to rotate about their longitudinal axis as a result of torsion effects. The effect of torsion
appears significantly in the perpendicular beam (in scenario “B” specimens), which works
as a cantilever beam as shown in Figure 24, which weakens the specimen’s resistance to
progressive collapse. The combined bending and torsion effects create diagonal cracks in
the beams. The presence of the slabs led to a change in the performance of the beams, which
provided additional constraints and allowed for a reduction in the effect of torsion on the
beams. This means that the slabs cannot be dispensed in the progressive collapse testing
of RC structures because of their significant ability to improve the progressive collapse
resistance of RC structures.
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6.4. Effectiveness of the Use of Rubberized Concrete

Four RuC specimens with and without slabs were tested where the fine aggregate (i.e.,
sand) in the RuC mixtures was partially replaced by crumb rubber using 20% of the sand
volume. Regarding the specimens without a slab, it is noted that the damages are more
widespread in RuC specimens than in NC specimens (see Figure 21a–d). However, slight
differences were recorded in the maximum vertical load, with a reduction ratio between
12% to 15% for RuC specimens compared with NC specimens. Regarding the specimens
with a slab, a significant difference was recorded in the maximum vertical load, with a
reduction ratio between 19% to 21% for RuC specimens compared with NC specimens (see
Figure 22g–h). The increase in the percentage compared to the specimens without slabs can
be attributed to the fact that the RuC mixture has been used in the slabs (i.e., RuC-MID-Slab
and RuC-COR-Slab) and that the compressive strength of RuC is less than that of the NC
mixture. Concrete’s compressive strength can be quite important, especially for the seismic
performance of RC structures [81]. Regarding energy absorption, for specimens without
slabs, the RuC specimens recorded an increase in energy absorption of 0.96% for RuC-MID
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compared with NC-MID and 17.64% for RuC-COR compared with NC-COR. However, the
opposite happened in specimens with specific slabs (i.e., NC-MID-Slab and RuC-MID-Slab).
NC-MID-Slab recorded an energy absorption increase ratio of 10.7% more than RuC-MID-
Slab, and NC-COR-Slab exhibited an increase ratio of 8.3% compared with RuC-COR-Slab.
Despite the low load carrying capacities in the RuC specimens, it showed an ability to
absorb energy more than or close to the NC specimens. Crumb rubber aggregates typically
exhibit greater strain at the time of fracture because they have the capacity to withstand
significant elastic deformation before failure. With the inclusion of crumb rubber, the
failure of RuC specimen becomes more gradual due to crumb rubber’s capacity to absorb
significant amounts of energy under compressive and tensile pressures [50,82,83].

The significant differences between the NC and RuC mixtures appeared in the CAA/CMA
stage, while no significant differences were observed in the TCA/TMA stage. The distribu-
tion of DAMAGEC and DAMAGET in the RuC specimens was more than the NC specimens,
which can explain the decrease in measured vertical load capacity and CAA/CMA. Regard-
ing the specimens with slabs, NC-MID-Slab and NC-COR-Slab showed slight increases
in TMA forces of only 2.7% and 5.3% compared to RuC-MID-Slab and RuC-COR-Slab,
respectively. While in the specimens without slabs, RuC-COR showed TCA force more than
NC-COR by 16.8%, and the opposite for RuC-MID, which recorded a slight reduction ratio
by 8.7% compared with NC-MID. This can be explained by the fact that the compressive
strength is an important factor in the development of CAA/CMA, and the compressive
strength in the RuC mixture was less than that of the NC mixture, and thus the remarkable
superiority of NC specimens appeared. As for TCA/TMA, the reinforcing rebar plays an
important role in the development of TCA/TMA, and since reinforcing rebar is equal in
the two mixture specimens, no significant differences appeared between the two mixtures.

7. Conclusions

Based on the reported numerical results, the following conclusions can be drawn:

1. The FE simulation model produced extremely satisfactory findings in comparison
with the available experimental test results in the literature for the load–displacement
characteristics, crack patterns, and failure modes. It successfully addressed the ma-
jority of the issues relating to time savings, cost savings, and the potential risk of
progressive collapse in experimental tests of the 3D beam–slab substructures.

2. The inclusion of the slab mechanical properties in the FE modelling increased the load
resistance by an average of 33% for the tested specimens, and it also improves the
frame’s stiffness, ductility, and integrity. Moreover, the specimens with slabs exhibited
higher potential for energy absorption, which reached up to 55%.

3. Compared to the specimens without slabs, the specimens with slabs have signifi-
cantly higher progressive collapse resistance. The increase ratios reached up to 40%
under small deformations (i.e., the beam mechanism) and up to 58% under large
deformations (i.e., the catenary mechanism).

4. Compared to NC specimens, the RuC specimens recorded a reduction in the maximum
vertical load as a result of lower compressive strength and modulus of elasticity. The
reduction ratio reached up to 21% and 15% for RuC specimens with and without
slabs, respectively.

5. Comparing the energy absorption of RuC specimens, it was found that NC specimens
recorded a slight increase in energy absorption that reached up to 10.7% in the case of
presence slabs, while RuC specimens recorded an increase in energy absorption that
reached up to 17.6% in the case of absence slabs.

6. The significant differences between the NC and RuC mixture appeared in the CAA/CMA
stage, in which the distribution of DAMAGEC and DAMAGET in the RuC specimens
was more than those for the NC specimens. However, no significant differences
between the two mixtures were observed in the TCA/TMA stage.

7. Despite the low load-carrying capacities of the RuC specimens, they showed an ability
to absorb energy more than or close to the NC specimens. Moreover, the performance
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of the RuC specimens was excellent in the TCA/TMA stage, which is the last line
of defense against progressive collapse, and which develops additional resilience to
significant deformation to prevent or even mitigate progressive collapse.

8. The results of this study encourage the use of RC structures constructed using special
concrete because RuC can be utilized as an eco-friendly construction material to
improve the ductility of RC elements and also provide an environmentally friendly
solution to the disposal of waste tires.

The authors believe that additional concerted studies should be carried out in order
to find new techniques to improve existing RC structures. Accordingly, the performance
against progressive collapse would be enhanced. The fire resistance of RuC should also be
investigated. Investigation of the effect of varying the degree of softness of crumb rubber
on the mechanical characteristics of RuC mixtures is also warranted.
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