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Abstract: In recent decades, interest in the resistance of buildings and structures to progressive
collapse has been increasingly sparked in research communities. Although several experimental,
numerical, and analytical research projects on the robustness of building frames under a column
removal scenario have been implemented, some aspects of this problem remain understudied. These
aspects encompass failure mechanisms of reinforced concrete frames with slender columns, as
well as criteria used to evaluate such failures. This paper focuses on experimental and numerical
investigations of the structural behavior and failure of a scale reinforced concrete frame with slender
columns under a sudden corner column removal scenario. In addition, we analyze the stability failure
mechanism of a reinforced concrete frame with slender columns and the tangent stiffness criterion,
which allow for evaluation of the ultimate state of a structure subjected to an accidental impact. A
scale physical model of a reinforced concrete frame of a multistory building was designed and tested
using the theory of functional similarity. For numerical study purposes, a finite element model was
made that exactly the same as the test frame. We validated the findings by comparing simulation
results and experimental data. The studies on the behavior of a reinforced concrete frame subjected
to quasistatic loading with unequal concentrated loads identified the load transfer between columns
through beams. Although these effects were minor in the frame under consideration, they can become
more significant in cases of long-term loading. Numerical simulation and physical modeling of an
accidental impact allowed for identification of the mechanism of load capacity exhaustion triggered
by stability failure. Such failure was fragile. The moment of stability failure of the column of the
experimental frame corresponded to the extremum on the force—displacement curve, indicating
that zero tangent stiffness was reached. Hence, a criterion of tangent stiffness can be proposed for
evaluation of the ultimate state of a structure subjected to an accidental impact.

Keywords: reinforced concrete frame; slender column; corner column removal; progressive collapse;
robustness; stability failure

1. Introduction
1.1. Literature Review

In recent decades, the problem of resistance, robustness, and structural integrity of
buildings under accidental impacts caused by the removal of a load-bearing member of a
structural system has attracted considerable interest in the scientific literature on structural
engineering [1-3]. Despite the low probability of such accidents, the risk associated with
their consequences for the mechanical safety of buildings and structures, as well as human
life and health, may be substantial [4-6]. Therefore, they should be analyzed at during the
design and reconstruction phases of facilities belonging to high-risk categories, especially
those with high occupancy rates. Real-life accidents, such as the partial collapse of the
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Ronan Point Building as a result of a gas explosion [7], the collapse of a condominium in
Surfside [8], destruction caused by the terrorist attack on the Alfred Murray federal build-
ing [9], or the case of the Transvaal Park collapse [10], show that causes and mechanisms of
collapse vary extensively. Kiakojouri et al. [11] focused on design and construction errors;
evolutionary accumulation of environmental and mechanical damage; natural hazards
such as tornadoes, hurricanes, earthquakes, and tsunamis; acts of terrorism, etc. In this
regard, codes and standards issued by US General Services Administration (GSA) and the
Department of Defense (DoD) [12,13] (ASCE/SEI-7-16 [14], EN-1991-1-7 [15], SP 385.132580
and GOST 27751-2014 [16,17], etc.) adopt a situational approach to ensure facility resistance
to progressive collapse in the case of the failure of a structural member due to an impact of
unknown nature.

Analysis of experimental, numerical, and analytical studies on resistance of structural
systems and their test models under a load-bearing element removal scenario indicates that
the load redistribution, which involves alternative loading paths, may occur quite quickly,
causing dynamic effects. When considering the reasons and mechanism of collapse of the
World Trade Center, Bazant et al. [18] argued that the initial mechanical damage caused by
the collision of the aircraft with the facility, coupled with the fire action, triggered a catenary
mechanism of resistance of the floor slabs. As a result, deflected floor slabs pulled the
columns, which led to their buckling. To assess the possibility of destruction propagation,
the authors proposed a one-dimensional dynamic model and an energy criterion. Having
studied reports on the Ronan Point collapse, Pearson et al. [7] assumed that a relatively
small gas explosion on the 18th floor of the building led to the failure of the precast element
of the load-bearing wall, which served as a single support for the structures of the upper
floor. Dynamic effects caused by the fall of the four upper floors destroyed the load-bearing
structures of the 17th floor and triggered the fall of subsequent floors of the building all
the way through its base. Belostotsky and Pavlov [10] presented the results of numerical
simulation of the structural behavior of elements of the load-bearing system of Transvaal
Park. They concluded that one of the possible reasons for the collapse was the local buckling
of the column due to the push action of the brace element. The second possible reason was
the failure of the roof-to-column joint. The results of their study confirmed the need to take
into account the effects of physical, geometric, and constructive nonlinearities of nodes,
elements, and systems in the process of their design. Tagel Din et al. [9] compared the
complete picture of the Alfred Murray federal building collapse with a simulation based
on the elemental method. Simulation results allowed them to reconstruct the following
timelines of destruction propagation. Column G20 collapsed 0.3-0.4 s after the blast due to
the action of the blast wave. Then, destruction propagation stopped for 1.5 s, after which
partial collapse of the building continued for 4.5 s. Kong et al. [8] use video processing of
the collapse of the Surfside condominium to identify five characteristic stages of destruction.
The duration of the first stage of destruction was about 0.04 s. After 0.4 s, the damaged area
increased and spread to new areas of the load-bearing system of the building as a result of
the redistribution of loads.

The above-mentioned building codes allow for the application of various methods of
analysis of alternative loading paths, such as dynamic time-history analysis, quasistatic
analysis, and the static approach. The dynamic time-history analysis of resistance of multi-
story buildings to progressive collapse was considered in the works of Kwasniewski [19],
Yousef and El-Mandouh [20], etc. The complexity of this approach lies in the limited
amount of data on the time of force redistribution and dynamic patterns of building fail-
ures, especially when it comes to accidents that occurred several decades ago. The DoD [13]
and GSA [12] suggest assuming that the force redistribution time is not less than 1/10 of
the period of vibrations for the mode triggered by the strain state following the impact
under consideration. SP 385.132580 [16] and EN [15] provide no guidance in this regard.
The quasistatic method was considered by Almazov et al. [21], Kabantsev and Mitrovic [22],
Mohamed and Keshawarz [23], etc. This method applies the static equivalent of dynamic
effects. It requires experimental substantiation of the impact effects on the building frame
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in the case of removal of a load-bearing element. The static method, as considered by
Kodysh et al. [24] and SP 385.132580 [17], assumes a lack of significant dynamic effects on
structures because of the inelastic behavior and damping of multistory reinforced concrete
building frames. In addition, it is noteworthy that, as a rule, most of studies focus on the
problem of a building’s resistance to progressive collapse [1,2,25] and evaluate the robust-
ness of beams, slabs, and roofs above the collapsed structural element. Some researchers
have studied a reduction in a structural member’s loading capacity due to a reduction in the
strength and stiffness properties of the material exposed to environmental impacts [18,26].
Kiakojouri et al. [11] argued that the zipper, pancake, and domino types of progressive
collapse may occur even if the arch [27], membrane [28], or Vierendeel truss resistance
mechanism [29] is triggered for beam and slab structures above a collapsed structural
element or ties. The occurrence of these failure mechanisms depends on the slenderness of
load-bearing elements, the ratio of their stiffness, and boundary conditions. However, it
seems that there are no quantitative criteria to clarify which of them may occur in the case
of the specified parameters of the building frame and actions on it.

Sasani and Sagiroglu [30] tested a six-story San Diego hotel building prepared for
demolition to evaluate the resistance of its frame to progressive collapse. Analysis of
readings of the strain gauge installed on the opposite sides of the first-floor column, which
was next to the removed column, showed that the dynamic effects were about 1.9 and
1.4 times the values measured following the decay of vibrations, indicating a quantitative
and qualitative change in the stress—strain state of the column as a result of the structural
transformation of the building frame after corner column failure. The absence of substantial
damage in the tested frame was due to the lack of live loads on the floor slabs and roof. It
should also be noted that the slenderness ratio (A, = Ip/h) of the column was in the range
of 8 to 10 in this test. Kolcunov et al. [31], Zheng et al. [32], Shan and Li [33], Yang et al. [34],
Fedorova and Vu [35], and Adam et al. [36] tested scale and full-size reinforced concrete
frames for which the slenderness ratio of the columns did not exceed A;, = 6. Tamrazyan and
Avetisyan [37] and Popov [38] studied the resistance of eccentrically compressed columns
with a slenderness ratio of about Aj, = 6 under environmental action and dynamic loading.
As a rule, the bearing capacity of reinforced concrete columns with such a slenderness
ratio mainly depends on the cross-sectional strength, and second-order effects are small.
Numerical studies of the dynamic response of reinforced concrete columns, depending on
their slenderness ratio [39], show that an increase in the slenderness ratio () greater than
10 leads to a more intensive deflection increase and, accordingly, an increase in second-order
moments. This circumstance requires consideration of integral criteria, assessing the special
limiting state [17] of compressed and eccentrically compressed columns of building frames,
in addition to the existing criteria of cross-sectional strength. Sanzharovsky [40], Golyshev
and Kolchunov [41], and others proposed a criterion of tangent stiffness as an integral
criterion, evaluating the resistance of eccentrically compressed elements of reinforced
concrete frames. Gemmerling [42] considered that criterion for evaluation of the stability
failure of inelastic bar structural elements of frame structures. He also proposed applying
this criterion to the evaluation of the post critical behavior of a bar with negative tangent
stiffness. The tangent stiffness criterion was also applied for the analytical assessment
of resistance of reinforced concrete frames to progressive collapse [43] under a support
removal scenario. The authors of [44] discussed a possible design of a scale model of a
reinforced concrete frame within the framework of an experimental study. A preliminary
quasistatic analysis was conducted, in which finite elements of the beam type were used to
simulate a frame fixed entirely out of plane. In that numerical study, dynamic effects were
evaluated using the approximate energy approach proposed by Geniyev [45]. Therefore, it
seems that there has been no experimental substantiation of this criterion and its application
to the evaluation of resistance to progressive collapse.
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1.2. Purpose, Objective, and Summary of the Study

The analysis of the current state of research on the problem of progressive collapse of
buildings provided in Section 1.1 allows us to conclude that there are no data available on
failure mechanisms of frames with slender columns under accidental impacts. Thus, the
objective of this study is the investigation of the failure mechanism of a reinforced concrete
frame with slender columns and tangent stiffness criteria to evaluate the ultimate state of a
structure under an accidental impact.

To achieve the presented study objectives, a physical model of a building frame was
proposed based on functional similarity. Principles and limitations underlying physical
modeling are described in Section 2.1. Furthermore, in Section 2.2 of this article, the design
of an experimental frame and the technology of its manufacture, as well as physical and
mechanical properties of materials, are described. The test method and equipment used in
this study are provided in Section 2.3. Section 3 presents the results of an experimental study
and numerical simulation of the structural behavior of a reinforced concrete frame under a
corner column removal scenario. Section 3.1 shows the experimental load-displacement
graphs for the first stage of the test, when the corner column is in the frame. In this
subsection, we also present video processing data for the second stage of the test when the
corner column removal occurs. Displacement histories are provided for the frame joints.
Post-testing images of the failure mechanism of reinforced concrete frame joints are also
provided. Section 3.2 describes numerical simulation assumptions, including the types
of finite elements, boundary conditions, material of models, and criteria for evaluating
the ultimate state of the frame. The finite element model was evaluated by comparing the
results of physical and numerical modeling. The failure mechanism and appropriateness of
the tangent stiffness criterion are also analyzed in this subsection.

The scientific novelty of the present study lies (1) in obtaining new data on experi-
mental and numerical research into the failure mechanism of a reinforced concrete frame
with slender columns under a sudden corner column removal scenario, as well as (2) in
evaluating the applicability of the tangent stiffness criterion to the analysis of the ultimate
state of structural elements.

2. Materials and Methods
2.1. Method for Physical Modeling

The disproportionate collapse of a structural system after a sudden removal of a
structural member is a rather complex phenomenon. Therefore, extensive resources are
often required to verify and evaluate numerical models. In this regard, the functional
similarity method was applied. This method is expedient in analyzing physical and
numerical models at various levels.

The application of functionally similar physical models is considered a way to verify
the adequacy of numerical models of the non-linear behavior of reinforced concrete struc-
tural systems under complex loading conditions. Physical models are developed for this
purpose on the basis of fully functional similarity between a test model and a real building
frame under a sudden column removal scenario.

The confirmation of the adequacy of a numerical model of a structural element re-
quires physical simulation. At the same time, a combination of functional, simple, or
extended similarity allows for determination of the stiffness and strength parameters of
a structural element or a joint [46-48]. Thus, the principle of mixed similarity is applied
to experimental physical models. The overall test model of a reinforced concrete frame is
functionally similar to the design scheme of a full-scale building frame subjected to corner
column removal. Structural members and joints of the test model are related to the real
building frame in accordance with the simple similarity principle. This means similarity
of geometry, boundary conditions, scale factors, equality of mechanical properties of the
material, quantitative and qualitative similarity of the impact parameters, etc. Bazant and
Kwon [49] argued that the scale factor affects the cracking pattern and damage propagation
in structural elements. However, failure mechanisms of structural elements and their
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models are quite similar. Thus, the use of scale models is acceptable for analysis of failure
mechanisms and evaluation of the load capacity criteria.

Comparative analysis of modeling conditions, which is performed using similarity
types [46-48], allows for recommendations with respect to the application of a functionally
similar physical model for which the following conditions are satisfied:

Physical phenomena have the same nature in terms of physical and numerical simulation;
The physical model and the real building frame have a similar design model;
The number of determining similarity criteria is the same for the model and the
full-scale structure, although their numerical values may differ;

e  Physical and mechanical properties of materials are the same for the model and the
real facility;

e The loading pattern of the physical model may differ slightly from that of the real
structure; however, the nature of the stress—strain state of elements of the model and
the real facility should be similar.

2.2. Design of the Test RC Frame and Mechanical Properties of Materials

A scale two-story reinforced concrete frame was manufactured for the purpose of this
research. The design of this frame is presented in Figure 1.
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Figure 1. Design of the reinforced concrete test frame: the reinforcement.

The scale of the experimental frame was assumed to be about one to eight with respect
to a possible full-scale frame design. The slenderness ratio of columns in the plane of
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the frame is Aj, = 22 (A; = 76.1), which does not exceed the limit value set by regulations
ACI-318-19 [50] and SP 63.13330 [51]. Columns with such a high slenderness ratio can
be found in buildings with large halls, such as philharmonic halls, theaters, cinemas, etc.
Given their functional purpose, such buildings imply simultaneous mass gatherings of
people. Therefore, it is important to study the resistance of load-bearing systems of such
buildings to progressive collapse. Cross-sectional dimensions of the beams were adopted
in this study to ensure the resistance of structures above the lost support according to the
Vierendeel truss scheme.

Since the scale ratio of the frame is relatively large, principles of similarity addressed
in the works written by Kirpichev [46] and Sedov [47] and applied together with the
approximate size effect law proposed by Bazant and Kwon [49] should be considered for
the transition to a real-size structure. However, issues of transition to a real-size structure
are beyond the scope of this article. This study is limited to experimental and numerical
investigations of effects produced on the scale model only.

The concrete mixture was placed in a horizontal formwork and compacted using
vibration. Vibration was created by a perforator through a wooden plate installed on the
bottom sheet of the formwork. Compaction was continued until air bubbles disappeared
from the surface of the concrete mixture. Figure 2a,b show the formwork with reinforcement
cages and with the concrete mixture after compaction. Simultaneously with the concreting
of the test frame, we produced benchmark specimens: three 100 x 100 x 100 mm cubes
for the preliminary determination of compressive strength and three 100 x 100 x 400 mm
prisms to plot the stress—strain diagrams under uniaxial compression, as presented in
Figure 2¢,d.

The specimens were cured in a chamber for 28 days, after which they were tested in
hydraulic presses to ensure the strength parameters. The tensile strength was identified
indirectly according to the analytical relationship with compressive strength [52]. The
composition of the concrete mixture for the test frames was set to ensure a characteristic
compressive strength of the concrete cubes of about 25 MPa (Table 1).

(a) (b)

Figure 2. Cont.
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(d)

Figure 2. General view of the formwork with the reinforcement (a); general view of the test frame
formwork after concreting (b); testing of the specimens: concrete cube (c), concrete prism (d),

reinforcement steel bar (e).

Table 1. Composition of concrete mixture.

Portland Cement Crushed Diorite Stone fropl Washed Sea Sand; Grain Plasticizer Master Water
M400, the Lozovsky Quarry; Grain Size 2-2.5 mm. k g/m3 Glenium 3045 (W/C=0.4),
kg/m3 Size 5-10 mm, kg/m3 ’ ’ kg/m3

450 1155 655 1% 180

The frame was reinforced with spatial cages in a symmetrical arrangement of longitu-
dinal reinforcement bars, as shown in Figure 1. The columns were longitudinally reinforced
with cold-formed steel bars (4 & 4 Bp500) with an average yield strength of 526.5 MPa iden-
tified experimentally using an MP-500 tensile testing machine, as presented in Figure 2e.
Hot rolled steel bars (4 J 6 A500) with an average yield strength of 606.4 MPa were in-
stalled symmetrically into reinforcement girder cages. Stirrups were made of smooth wire
with a diameter of 2 mm and an average yield strength of 317.1 MPa. Material properties
of the steel reinforcement are presented in Table 2.

Table 2. Mechanical properties of steel reinforcement.

Reinforcement Steel Bars Diameter, mm Modulus of Elasticity, GPa Yield Stress, MPa Ultimate Stress, MPa
A500 6 200 606,4 680
Bp500 4 200 526,5 584
A240 2 200 317,1 440

For the preliminary evaluation of the compressive strength of concrete prisms, bench-
mark cubes were tested with a P-125 hydraulic press with a measurement range of 0 to
125,000 kgf (1225.8 kN) using the method described in GOST 10180-2012 [53] for a loading
rate of (0.6 £ 0.2) MPa/s.

Concrete prisms were tested with a C8422 hydraulic press, and loading was broken
down into steps of 20% of the anticipated axial compressive strength with a loading rate
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of (0.6 £ 0.2) MPa/s. After each step, the specimen was subjected to constant loading for
2 min. Tables 3 and 4 present the material properties of the concrete cubes and prisms in
accordance with the requirements of GOST 10180 [53] and GOST 18105 [54].

Table 3. Test results for concrete cubes.

SPI;C;E;EH Cr(ﬁ:;iez::;nal Density, kg/m? Ultimate Load, kN Scale Factor (o) Strength (R), MPa Sft:’irggﬂcsl::s
C3-1 101.0 2338 364.2 343
C32 102.9 2311 369.1 0.95 34.1
C3-3 100.5 2324 354.6 33.5 B25
Average compressive strength (R;;), MPa 34.0
Coefficient of variation, % 2.1
Actual compressive strength class for concrete 27.2
Table 4. Test results for concrete prisms.
Specimen Index Compres.sive Strength of Initial Modulus of Elasticity Compressive Strain in the ]
Prisms, MPa of Concrete (Ej), MPa Concrete at Peak Stresses, &.o-10
P3-1 25.5 23,330 2310
P3-2 24.7 25,760 2170
P3-3 254 25,770 2090
Average value 25.2 24,950 2190

Figure 3 shows the stress—strain diagrams for concrete prisms and cubes under uniaxial
compression.

40

25

Stress o, MPa
] M2 (%]
=] (%] (=]

—
w

10

0 500 1000 1500 2000 2500
Strain £ x 108

Figure 3. Stress—strain diagrams for concrete prisms (P3-1, P3-2, and P3-3) and cubes (C3-1, C3-2, and

C3-3) under uniaxial compression.

2.3. Test Method

The reinforced concrete frame was installed in a test bench as presented in Figure 4a.
First-floor columns represented a fixed hinge. A general view of the frame specimen
installed on the test bench is shown in Figure 4b. The loading pattern and boundary
conditions are presented in Figure 4c. Out-of-plane displacements of the test frame were
limited by bilateral linear ties in the upper beam-to-column joints, but they allowed for the
free motion of the test structure in the plane. This tie was a 560 x 50 x 50 mm wooden beam,
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which limited the displacement of the frame towards the concrete wall. The displacement
from the wall was limited by a steel cable with a diameter of 4 mm, which was installed
without tension to enable the motion of the frame specimen in the plane. Thus, the stiffness
of the tie was at least 1.2 MN.

(b)
P,=4.7 kN P, =26.2 kN P,=19.5kN P,=4.7kN P,=26.2 kN P,=19.5kN

\ 4 Y ! A 4

A B (& A B (&
Column 3 Column 3
Column 1 Column 2 Column 1 Column 2
D B F D E F
(c) (d)

Figure 4. Test bench scheme (a); general view of the test bench (b); design scheme of the reinforced
concrete frame in the first (c) and second stages of testing (d): 1—scaled reinforced concrete frame;
2—power frame; 3—graduated scale; 4—laser pointer; 5—video camera; 6—distribution beam;
7—leverage; 8—strands; 9—the device used to simulate the corner column.

The scheme and a view of the tie are presented in Figure 5a,b, respectively.

The method of testing the reinforced concrete frame consisted of two stages. In stage
one, gravitational load was applied stepwise (10 steps) to upper joints A, B, and C of the
experimental model using the leverage system shown in Figure 4c. Stability failure is
associated with the action of a substantial axial load on a structure. Therefore, the frame
was loaded using concentrated forces applied to the upper nodes of the specimen with an
eccentricity of 5 mm in the cross direction. For simplicity, the beams of the frame were not
loaded. However, the diagrams of moments in the beams of the specimen were similar
to those in a real building frame with a corner column collapse. The difference between
values of concentrated loads applied to the upper nodes of the frame is due to differences in
slab loading areas and the anticipated effects of load transfer in the spatial building frame.
The experiment also allowed for study of the load transfer between elements of a statically
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Join B of the RC frame

Column 2

indeterminate structure. Various loading options can also be numerically studied in the
future using numerical models validated by the experimental data presented in this paper.

Concrete wall

Steel cable of 4 mm
Wooden beam

/

Wooden beam \

of 50 x 50 mm RC/test frame
(linear tie) L ——
560 mm
(a) (b)

Figure 5. The scheme (a) and a general view (b) of linear ties fixing joint B in the cross direction of
the test frame.

The instantaneous removal of a corner column located on the ground floor was
simulated in the second stage. The column was removed by a special device [55] presented
in Figure 4c. This device was instantly transformed into a mechanism when the second
stage of testing was initiated, as shown in Figure 4d. The boundary conditions of joint
D of the experimental frame were accepted as a simple support to simplify the physical
modeling procedure. Hence, the experimental model did not take into account the bending
moment, arising in the corner column of a real building frame before an accidental impact.

Laser pointers installed in the frame joints allowed for plotting of the displacement
history in the second stage of testing when a special device simulated the sudden removal
of the first-floor corner column. A video camera captured a video recording at a rate of up
to 240 frames per second. Tracker freeware [56] was used to process the video.

3. Results
3.1. Experimental Results
3.1.1. Load-Displacement Curves in the First Stage of Physical Modeling

In accordance with the accepted testing method, the experimental frame was loaded
using concentrated unequal forces during 10 stages as presented in Figure 4c. Figure 6a
shows the loading graph for each upper joint of the frame. During the first stage of
physical simulation, loads at joints A, B, and C of the frame and displacements at the points
highlighted in yellow in Figure 6b were controlled. Load-displacement curves for the
frame joints are presented in Figure 7a,b.

Displacement of the frame joints in the Y direction was due to the load transfer by the
frame beams. Displacements along the X axis indicate the presence of initial eccentricities
of applied concentrated forces in the X direction. Hence, uneven loading of building frames
can lead to the emergence of additional geometric imperfections and stress concentrations
in structural elements. In this experiment, such effects were small in quantitative terms due
to the short duration of loading. However, they can trigger more pronounced changes in
the stress—strain state of structures in the case of long-term loading. Therefore, they should
be considered when the resistance of a building to accidental actions, such as a sudden
collapse of a structural element, is analyzed.
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Figure 7. Horizontal displacement of the frame joints in the X (a) and Y (b) directions.

3.1.2. Dynamic Response of the Frame

Pursuant to the method described in Section 2, a simulation of the accidental impact
on the reinforced concrete frame was performed. The contact between the device simulat-
ing the column removal and the joint of the experimental frame ceased 0.133 s after the
triggering of the device (Figure 8). Furthermore, displacement Z of joint D reached its
maximum value of 35 mm within the time range of 0.133 to 0.167 s. Displacement of joint
D increased sharply after t = 0.83 s and converted into failure of the second-floor middle
column (2) 1.167 s after removal of the corner column.

Video processing allowed for plotting of the vertical displacement of the beam-to-
column joint after the accidental action was applied to the test frame, as presented in
Figure 9a. Figures 9b and 10a show the Y and X horizontal displacement curves of joint C
after the accidental impact on the experimental frame. Figure 10b shows the history of the
X displacement of the section in the middle part of column 2 following the simulation of
corner column removal.
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t=0s t=0.033s
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Figure 8. Displacement of the beam-to-column joint after removal of the corner column.
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Figure 9. Displacement history of joint D for the Z direction (a) and of joint C for the Y direction (b).

Initial displacements of the frame caused by the loading in the first stage of the test
were not considered in these curves. Analysis of curves allows for identification of the
following features. First, the frame oscillated in the self-plane in the direction triggered
by the response of the collapsed column (or support, as in the experiment), as presented
in Figure 9a,b. However, the vibration mode became spatial after 0.3-0.5 s, as shown
in Figure 10a,b. This was due to the dynamic properties of the structure and loading
eccentricities.

3.1.3. Deformation and Failure of the Test Frame under a Corner Column Removal
Scenario

Figures 11 and 12 show the side view of the deformation and failure of the tested
reinforced concrete frame when the device simulating corner column removal became a
mechanism.



Buildings 2023, 13, 908

13 of 23

8.0 £
£
£ 60 E 60
. s
2 40 <
g g 40
£ 20 @
e Q
2 ]
‘_g"_ 0.0 =
@ @ 20
T 20 =
G [1]
[1] -
8
c _40 c
o
8 8 0.0
5 6.0 S
2 T
-80 2.0
0.0 0.2 0.4 06 0.8 1.0 12 0.0 0.2 0.4 06 0.8 1.0 12
Time, s Time, s

t=1.167s

(@) (b)

Figure 10. Displacement history of joint C for the X direction (a) and displacement history of the
middle part of column 2 for the X direction (b).
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Figure 11. Video processing data for deformation and failure of the test frame under the corner
column removal scenario.

Video processing data show that the stability failure mechanism was triggered for
column 2 within the time range of 1.134 to 1.167 s after removal of the corner column.
This process was accompanied by a rapid increase in the out-of-plane lateral displacement
of the test frame, which is typical for stability failure. Then, compressed concrete in the
middle of the column height was destroyed within the time range of 1.167 to 1.2 s. After
that, longitudinal steel reinforcement of the column buckled within the time range of
t=1.2... 1.233 s (Figure 12f, and shear failure of the column was observed at the bottom
end (E) (Figure 12e). Furthermore, torsion failure and 3D cracking occurred in upper
beam-to-column joints A and C of the frame (Figure 12a,c). A wide crack opening was
registered in joint E, as shown in Figure 11h, within the time range of 1.287 to 1.32 s. This
process was accompanied by an increase in the beam rotation angle and destruction of test
frame joint D presented (Figure 11g) at time t = 1.353 s.

Figure 12. Cont.
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Figure 12. Test frame joints after an accidental impact: joint A front view (a), joint B front view (b),
joint C front view (c), joint C side view (d), joint E side view (e), middle section of the column 2 (f),
joint D front view (g), joint E front view (h), joint F front view (i).

3.2. Numerical Simulation Results
3.2.1. Finite Element Modeling and Criteria Used to Evaluate the Ultimate State of the Test
Frame

To obtain detailed data on the resistance of the experimental reinforced concrete frame
under the corner column removal scenario, a numerical study was performed using Ls-
dyna software. Below, we present the finite element method equation used to solve the
preset problem (1):

Ml{u”} + [Cl{u’} + [K]{u} = ) {F}, )

where {u}, {u}, and {u”} are vectors of displacements, velocities, and accelerations in the
nodes of the finite element model, respectively; [M], [C], and [K] are mass, damping, and
stiffness matrices, respectively; and ) {F} is the external load vector in the nodes of the finite
element model. The explicit finite element method (FEM) was used to solve the problem.

The numerical model was developed in full compliance with the test frame presented
in Figure 1. Figure 13 shows the resulting finite element model. This model was validated
by comparing numerical and experimental curves of displacement histories.

Since simulation was performed according to the assumption of physical nonlinearity,
the Euler critical force criterion could not be applied. Therefore, evaluation of the special
limiting state (the ultimate state under progressive collapse) of structural elements and the
frame was based on the tangent stiffness criterion, which assumes that the ultimate state
satisfies condition (2):

dP/df =0, and M, = Mext, )

where dP is the increment of axial loading of the element, df is the increment of lateral
displacement, M;,; is the internal moment in the section, and M.y is the external moment
caused by the loading.

In Formula (2), the first condition demonstrates the violation of proportionality be-
tween the impacts and the structure’s response. The second condition is the condition
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of structural integrity of the element. Otherwise, there is no force equilibrium in a cross
section.

Rigid Loading
Plate

Longitudinal
reinforcement
of the beam

Transverse .
reinforcement

| of the be

Figure 13. Finite element model of the test frame developed using Ls-dyna software.

3.2.2. Finite Element Types

The concrete part of the reinforced concrete frame was simulated using eight-node
solid finite elements (solid 164) and the preset ELFORM = 2 property. A mesh size of 5 mm
was adopted for solid finite elements based on the mesh sensitivity analysis.

The reinforcement was simulated using two-node beam-type elements. The mesh
size of these elements was the same as that of concrete elements (5 mm). The contact was
assumed to be perfect between reinforcement bars and concrete. Since the process of crack
opening and closing changed over time, simulation of an imperfect contact would be a
complex problem.

3.2.3. Loads and Boundary Conditions

To simulate the boundary conditions arising between the frame and the test bench,
special plates were simulated using eight-node finite elements. The absolutely rigid ma-
terial model *Mat_Rigid was applied to these plates to prevent any additional stress
concentration in areas of concentrated responses. Perfect contact without friction was
assumed between the plate and the reinforced concrete frame using the keyword *Con-
tact_Automatic_Surface_To_Surface (*CASTS).

Linear ties (presented in Figure 5a) were simulated by fixing corresponding nodes of
the finite element model in the X direction.

The load applied to the upper nodes of the frame was transferred through the plates.
This load was transferred in the form of concentrated forces similar to those mentioned
above. Concentrated forces were applied to the plates with an eccentricity of 5 mm in the
negative direction of the X axis. This eccentricity allowed for simulation of perturbation
arising from the frame plane. In real structures of reinforced concrete frames of buildings,
such an eccentricity can arise in columns under the combined action of an axial force and a
bending moment. In this regard, consideration of eccentricities is allowable in the course of
testing and conducting numerical simulations.
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Principal
Stress o,

Stress o,

The first stage of the quasistatic loading of the frame specimen was simulated in
Ls-dyna by applying loads for t; = 0.05 s according to the scheme presented in Figure 4c.
To exclude the dynamic effects on the structure during this loading stage, command
*Control_Dynamic_Relaxation was applied in Ls-dyna. The DRFCTR factor was set to a
default value of 0.995. In the second stage, the rigid plate under joint D of the frame was
subjected to a displacement of wy = 1 m in the negative direction of the Z axis for the time
ty — t1 = 0.1 s in accordance with the experimental data. The integration time was accepted
as t3 = 1.3 s with an integration step of 0.0005 s. Figure 14 presents the numerical simulation
scheme for the loading process.

¢P1(t) *Pz(t) *Ps(t)

]
£
—

Concentrated Loads, P(t)
Vertical Displacement, w,(f)

Figure 14. The loading process within the framework of the numerical simulation.

3.2.4. Material Modeling

A continuous surface cap model (CSCM) [57] was applied to simulate the material
properties of concrete in the numerical simulation. The following CSCM parameter values
were set: RO =2.324 x 10~ ton/mm? (mass density); ERODE: 1.05 (the option to erode
with strain at which erosion initiates); FPC: 25.2 MPa (concrete compressive strength).
The model of the isotropic elastic—plastic material *Mat_Piecewise_Linear_Plasticity was
applied to simulate the steel reinforcement. The following input parameters were adopted
for this model: RO: 7.85 x 1072 ton/mm? (mass density); E: 2 x 10° MPa (elasticity
modulus); PR: 0.3 (Poisson’s ratio); ETAN: 10 MPa (tangent modulus); yielding strength of
steel reinforcement A500 SIGY: 606.4 MPa; the same for Bp500 SIGY: 526.5 MPa, as well
as for A240 SIGY: 317.1 MPa. Figure 15a shows the CSCM yield surface for concrete. The
stress—strain diagrams accepted for the steel reinforcement are presented in Figure 15b.

Principal 800
600 = A500 [
Bp500
400 P |
— - -A240 | PRSI S
o 200 /
= |
-
2 f
w
2 200 /
7R [ s SRR e
~400 ]
—600 /
-800
-35 25 15 -05 05 15 25 35
Strain € x 10°
(a) (b)

Figure 15. Material models accepted for numerical simulation: CSCM yield surface for concrete (a);
piecewise linear diagrams for the steel reinforcement (b).
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3.2.5. Comparison between the Experimental Results and Numerical Simulation

Figure 16 shows the history of displacements for (1) structural joint D and (2) a section
in the middle part of column 2, where stability failure was identified in the experiment.

00 G 10.0
E ‘\\g £ Numerical
E‘ -20.0 \ Eh 8.0 =—O=— Experimental
c ’ »
£ 3 PO t
3 O o= 1 )
8 pNe N A ot - \?i E 6.0
g _ \
5 400 \g 8
o . i % _% 40
® —O— Experimen o
8 600 - ), .
5 Numerical \g\ = 20
o
- T
-80.0 v 0.0
a L 0.4 06 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0 12
Time, s Time, s
(a) (b)

Figure 16. The history of displacements for structural joint D in the direction of the Z axis (a) and a
section in the middle part of column 2 in the direction of the X axis (b).

The numerical curve of the history of vertical displacement of joint D reproduces the
experimental curve up to time point 0.4 s after the accidental impact on the frame (corner
column removal). Starting from 0.4 s, there was a discrepancy between the simulation
and the experiment data, which reached 34%. The discrepancy (Figure 16b) is due to
the influence of (1) natural vibrations of the loading device on experimental results and
(2) cracking of the experimental frame before the collapse of column 2. However, experi-
mental and numerical results remain close with respect to the maximum values of column
displacements before the collapse. The simulated X displacement of the middle part of
column 2 at the moment of destruction practically coincided with the experimental data,
with values of 8.64 and 8.43 mm, respectively.

The damage patterns, as well as the deformed state of the frame (Figure 17), simulated
in Ls-dyna almost coincide with the test data presented in Figure 11. Large openings of
cracks in frame joints A, B, D, and E were observed in the course of simulation. Destruction
of compressed concrete was observed in the middle part of column 2. In joints C and F and
the bottom section of column 2 (joint E), values of effective plastic strain were particularly
high, which indicates cracking in these areas. Figure 18 shows the deformed state of the
steel bars of the frame reinforcing cages and the axial forces acting in them at the moment of
the column 2 collapse. Steel bars of the longitudinal reinforcement of column 2 are buckled
in the middle part of the structure, which coincides with the experimental data presented
in Figure 12f. At the beginning of compressed concrete destruction in the middle part of
column 2, forces did not exceed the yield strength of steel in any of the reinforcing bars.

Some features of destruction of the experimental frame, such as the deformed state
and the damaged area, were triggered by a combination of actual boundary conditions and
the loading pattern. However, the above-mentioned mechanism of destruction associated
with stability failure can potentially be implemented in the frames of buildings with slender
columns in the case of an extreme situation in which an accidental impact on a structure
leads to a substantial increase in an axial force and a bending moment.

Failure mechanisms of a reinforced concrete frame with slender columns can be
classified as a combination of a pancake type and a domino type of progressive collapse
according to Kiakojouri et al. with due regard to the results of physical and numerical
simulations [11].
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Figure 17. Effective plastic strain in the specimen.
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Figure 18. Axial forces in the steel reinforcement bars of the frame, N.

3.2.6. Analysis of the Failure Mechanism and the Criterion of Tangent Stiffness

Figures 19 and 20 show graphs of the force—displacement relations for the characteristic
joints of the frame. For the middle of column 2, where the stability failure mechanism was
observed experimentally, an extremum was observed on the force-displacement graph
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(Figure 19a) at the moment of reaching the peak axial force over time (Figure 19b). This
means that when the axial force reaches the peak value of 25.95 kN, the tangential stiffness
of the column is null. After that, the secondary redistribution of forces from column 2 to
other elements of the frame occurred. Further deformation of column 2 was determined by
the tangential stiffness of the frame in the direction of the axial force action in the destroyed
element. Physically, this process was accompanied by the destruction of the sections of
column 2, as presented in Figure 19¢, which shows the state of the finite element model at

the moment of reaching the peak value of the axial force in column 2.

Figure 19. The axial force-X displacement curve (a), history of axial force (b), and effective plastic
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Similar relations were also observed in the top section of column 2, in which the
physical process of destruction did not occur. The achievement of the peak value of the
axial force was replaced by an increase in X and Y displacements and a reduction in forces in
the top sections of column 2 (Figure 20a,b). There were no such extrema in columns 1 and 3.
After the initial quasistatic stage of loading, insignificant deloading occurred, which was
caused by the redistribution of forces that followed alternative loading paths. Then, a
minor increase in forces was observed in these load-bearing elements. This process was
accompanied by an increase in displacements in X and Y directions. Thus, the criterion of
tangent stiffness can be applied to evaluate not only the strength of the section but also the
bearing capacity of the elements and the frame.

4. Conclusions

In this paper, we present the results of experimental and numerical studies of the
structural behavior and failure of a scale reinforced concrete frame with slender columns
under a sudden corner column removal scenario. For the purposes of this study, a physical
model of a reinforced concrete frame of a multistory building was proposed using the
theory of functional similarity. A finite element model was developed for the numerical
study that was exactly the same as the tested frame. We validated this model by comparing
the numerical and experimental curves of displacement histories. Based on the simulation
and experimental data, the dynamics of the frame under an accidental impact, the failure
mechanism, and the relationship between the forces (stresses) and displacements in struc-
tural elements were studied. The following main conclusions were made on the basis of
the results of this study:

1.  Experimental and numerical studies of the behavior of a reinforced concrete frame
under quasistatic loading with concentrated unequal loads revealed the load transfer
between columns through the beams. Although these effects were minor in the
frame under consideration due to the short loading period, their effect can be more
significant under long-term loading. Therefore, they should be considered when the
resistance of a building to accidental actions, such as a sudden collapse of a structural
element, is analyzed.

2. The failure mechanism of the reinforced concrete frame under consideration was
triggered by the loss of stability of the column. The failure was fragile. No more than
0.033 s passed from the moment when the first signs of damage were detected to
the complete destruction of compressed concrete in the middle part of the column.
Some features of destruction of the experimental frame, such as the deformed state
and patterns of damages, were, to a large extent, caused by a combination of actual
boundary conditions and the loading pattern. However, stability failure can poten-
tially be implemented in the frames of buildings with slender columns in the case
of an extraordinary situation in which an accidental impact on a structure leads to a
substantial increase in an axial force and a bending moment.

3. The moment of the stability failure of the column of the experimental frame corre-
sponded to the extremum on the force—displacement curve, indicating null tangent
stiffness. Thus, the criterion of tangent stiffness can be proposed to evaluate the
ultimate state of a structure subjected to an accidental impact.
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