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Abstract. The specific properties of deformation and failure of a reinforced
concrete frame are investigated under sequential realization of arch and cate-
nary action of beams after removal of the middle row column. Numerical
modeling with the use of solid- and beam-type finite element models is per-
formed for the purposes of the study. It was found that at the failure of the
column of the second row the beam of the frame above the point of column
removal transform to catenary structure, as evidenced by the relative deflec-
tion 1/29.8 (179 mm). The compressed concrete at the outer face of the corner
column then collapsed, followed by the complete collapse of the frame. It is
shown that the results of calculation performed with the use of the frame mod-
el based on solid finite elements were visually close to the results of numerical
modeling with the use of bar finite element models before the onset of catena-
ry action of the beams. For more correct modeling of reinforced concrete
frame structures when catenary action of beams is realized in them. It is advis-
able to use specific modeling methods, such as accounting for additional rota-
tions of sections at crack formation.
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Hcrtopus ctaTbu VYCTaHOBIEHO, YTO MIPU OTKa3€ KOJIOHHBI BTOPOTO Psia PUTeb paMbl HAJ yla-
[Moctynuna B penakuuto: 30.05.2024 JIEHHOW M3 PacueTHON MOJETH KOJOHHBI MIEPEXOANI K BAHTOBOMY MEXaHU3MY
Jopaborana: 05.06.2024 COINPOTHBIICHHS, O YEM CBHJCTENBbCTBOBA] OTHOCHTENBbHBIH mporud 1/29,8
IMpunsra k myonaukamuu: 07.06.2024 (179 MM) KOHCTPYKUMU HaJ YAaJIEHHOW KOJOHHOH. 3aTeM CXKaTblii OCTOH y

BHEIIHUH TPaHW YTJIOBONH KOJOHHBI Pa3pyIIMIICA, MOCIE YEero MPOMCXOIHUT
Joist uuTHPOBAHMS nojHoe oOpyueHue pambl. Iloka3aHo, 4TO pe3ynbTaThl pacdyeTa, BbINOIHEH-
Konuynos B.1., Casun C.IO. Conporns- HBIC C MCHOJB30BAHHEM MOJICIH paMbl U3 OOBEMHBIX KOHEUHBIX 3JICMEHTOB,
JICHIE KeJIe300ETOHHBIX PaM IIPOrpeccH- OKa3aIUCh BU3YaJbHO OJIM3KH K pe3ylbTaTaM UUCICHHOTO MOJEIMPOBAHUS C
pytomemy 0OpyWIeHHIO TpH  GONbIIIX HCTIOJIb30BAaHUEM CTEPIKHEBBIX KOHEUHO-DJICMEHTHBIX MOJIENICH 10 HACTYILIE-
nporubax pureneii // XKenesoberonusie HUsI LenHoi paboThl pureneil. J{js 6osee KOPPEKTHOIO MOJEIUPOBaHUsS pado-
koHcTpyKimy. 2024. T. 6. Ne 2. C. 43-53. ThI JK€JIE300C€TOHHBIX PAMHBIX KOHCTPYKIMI MPH peaii3aliid B HUX LECMHON

paboThl pureneil neixecoodpa3HO HCIIOIb30BAThH CIIEUATIBLHBIE METOBI MOJIe-
JIMPOBAHUS, TAaKHe KaK y4eT OMOTHUTENBHBIX IOBOPOTOB CeYEeHH pu o0pa-
30BaHHMHU TPEIIUH.

INTRODUCTION

Since September 11, 2001, structural engineering has a new research direction aimed at prevent-
ing the disproportionate collapse of structures. In accident situations associated with the failure of a
load-bearing element of the structural system, the slabs (roof) above the zone of initial local failure
are the first to be involved in the redistribution of loads [1-3]. Therefore, it is important to analyze
the peculiarities of resistance, specified criteria for exceeding the special limit state of such struc-
tures, as well as the influence of the deformed state of floor structures on the resistance of vertical
load-bearing structures such as columns and pylons.

According to SP 385.1325800.2018 “Protection of buildings and structures against progressive
collapse. Design code. Basic statements”, the deflections of bending elements of the structural sys-
tem for a special limit state should not exceed 1/30 the span, excepting prestressed structures for
which the ultimate deflection should not exceed 1/50 of the span.

In the study [4], the maximum relative deflection for series 1 frame (without prestressing the
beams) after sudden removal of the center column was 1/16.4 span, while for series 2 frame (with
prestressing the beams) it was 1/54.7 span. For the first series frame, the failure of the columns at
the nodes adjacent to the beams was observed. For the frame with prestressed beams, the relative
deflection did not exceed 1/50 of the span. Despite the significant crack opening in the most stressed
section of this beam, the load-bearing capacity (from the position of the special limit state) was not
exhausted under the considered special impact.

Al Shaikh et al. [5] investigated the fracture resistance mechanisms. Negative values of the axial
force indicate the operation according to the beam scheme before the formation of cracks, and after
the formation of a network of cracks it indicates the operation according to the arch scheme. The
change in the sign of the axial force with increasing load shows the realization of a catenary (mem-
brane) resistance mechanism of the hanging system type. Thus, in the beam resistance to failure can
be distinguished into three phases: elastic work, arch mechanism and chain mechanism. The first
phase (i.e., the elastic phase) occurred during the uncracked concrete stage. Then, after cracks were
formed in the tensile zone concrete the arch mechanism was activated. The beginning of the catena-
ry stage can be demonstrated by determining the point at which the value of the axial force is zero,
i.e., when the compressive axial force drops to zero and begins to transform into tensile force as
shown in Fig. 1.
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Fig. 1. Relationship between axial force and deflection of the beam [5]
Puc. 1. I'paduk 3aBUCHMOCTH MKy TIPOAOIBHOMN CHIIOH U MPOrnOOM mepeKpbIThs [5]

For the case of mid-column failure, the catenary mechanism starts when the relative deflection
reaches 1/24 (375 mm) in the model without a floor slab and 1/33 (270 mm) in the model with a
floor slab [5]. It is observed in [6] that due to the limitation of horizontal displacement by the sur-
rounding undamaged elements, the slabs continue to resist the propagation of failure due to the real-
ization of the arch scheme of structural resistance until certain vertical displacements are achieved,
as shown in Fig. 2.
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Fig. 2. Arch and catenary resistance mechanism [6]
Puc. 2. ApouHblii 1 BAHTOBBIH MEXaHU3M CONPOTHBICHHS [6]
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The influence of horizontal constraints is reduced when the beam or slab has a larger deflection
value compared to the cross-sectional depth. Since compressed arch structure is the primary re-
sistance mechanism, many experimental and analytical studies have been conducted to effectively
evaluate its role. Based on experimental tests [7], the compressed arch structure is the primary re-
sistance mechanism at low deformations and quantitatively increases the specimen resistance by
about 30-150 %. The increase in resistance of compressed arch structure is observed in elements
with large cross-sectional depth-to-span ratio and low percentage of reinforcement.

At large deflection, the compressive axial force in the beam or slab turns into a tensile force,
which indicates the beginning of the next stage, the catenary mechanism [6]. The catenary mecha-
nism is mainly determined by the magnitude of tensile forces in the longitudinal reinforcement un-
der the action of vertical load. As shown in Fig. 2, the tensile force in a beam or slab has a vertical
component due to the large deflection of the beam or slab. This vertical component helps to resist
the increasing loads on the structure after column removal. The catenary mechanism is activated at
large displacements because the magnitude of the vertical force is directly related to the angle of ro-
tation of the beam. Based on the allowable relative deflections found in the experiments and estab-
lished in the standards, the ratio between the vertical force component and the horizontal force com-
ponent in beams and slabs operating on the catenary scheme is proportional to the relative deflec-
tion.

The slabs provide additional resistance for arch or catenary actions. Gouverneur et al. [8] inves-
tigated the load and deformation response of the one-way slabs in which catenary action is observed.
The effect of reinforced concrete slabs can be studied from two perspectives. On the one hand, the
slabs act as compressed/stretched membranes. On the other hand, the presence of slabs changes the
bearing capacity of beams because their flexural and torsional stiffness would be enhanced. This is
known as the flange effect, where the effective width of the flange is determined by the span of the
beam and the relative thickness of the slab. Relevant studies generally assume that slabs have a posi-
tive effect on the ultimate load carrying capacity of structures. However, the degree of influence ob-
tained in different tests varies widely due to the simultaneous influence of parameters such as beam
section depth, beam span, location of the column to be removed, slab thickness, and the seismic de-
sign. In addition, slabs have also been found to affect the performance of reinforced concrete frame
structures such as load resistance mechanisms [9-11], failure modes [12, 13] and load redistribution
[14].

Pham et al. [15] studied the model of a two-span reinforced concrete frame for the sudden re-
moval of the middle row column with beams passing to resistance by the type of a catenary system.
According to the test results, the rupture of the upper reinforcement in the support sections of the
outermost columns and the lower reinforcement in the support sections of the middle column were
observed. The failure of the concrete of the compressed zone in the outermost column at the height
of the beam-column joint was also observed. This failure was caused by the change in the effective
design length of the column and additional lateral action on the column from the beam after its tran-
sition to the catenary action.

Thus, this study is aimed at investigating the features of deformation and failure of a reinforced
concrete frame in the case of sequential realization of arch and catenary mechanism of beam re-
sistance after removal of the middle row column.

METHOD
To identify the features of deformation and fracture, numerical modeling of a reinforced con-
crete frame was performed. The design parameters of this frame were adopted according to the study
of Weijian Yi et al. [16]. The general view of the frame is shown in Fig. 3. Weijian Yi et al. evaluat-
ed the robustness of the frame against progressive collapse at the scenario of a middle column re-
moval. In order to evaluate the possibility of realizing the mechanism of exhaustion of bearing ca-
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pacity due to stability failure, the removal of the second-row column was considered in this study, as
shown in Fig. 3.

Columns and beams are made of concrete class B35. Column and beam reinforcement is made
of 4 @12 bars of class HRB400 according to Chinese standard (equivalent to A400). The columns
have a cross-section of 200 x 200 mm and the beams have a cross-section of 100 x 200 mm. The
load P1 has a value of 500 kN and P2 = 100 kN.
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¥ ! ¥ ¥

16— 3

& 'y Reinf.
4012
= g Stirrups.
- 706/m
i v
« 10 >
= Beam section
- Al A2 A3 A4 v’y Reinf.
z [ ] 4012
/ = Stirrups.
G > 706/m
@
- \ L2
20
Y el ;-7J- P P
266.7 ke 266.7 e 266.7 e 266.7 " Column section

Fig. 3. Dimensions and reinforcement scheme of reinforced concrete frame sections (cm)
Puc. 3. Pa3zmeps! u cxeMa apMHPOBaHHUS CEUCHUN JKeTIe300€TOHHOM paMbl (CM)

Based on diagram in Fig. 3, a finite element model was developed. In this model, the concrete is
modeled by 8-node solid finite elements and the longitudinal and transverse reinforcement is mod-
eled by beam-type elements. Perfect bonding of reinforcement with concrete at all stages of defor-
mation was assumed. Material properties were modeled using idealized deformation diagrams. The
calculation was performed in two stages. Stage one involves calculation of the frame according to
the primary design scheme (before the accidental action) for concentrated loads P1 =500 kN applied
to the heads of the columns of the upper floor of the frame. Stage 2 involves removal of the column
of the second row (see Fig. 3). The general view of the finite element model is presented in Fig. 4.

Fig. 4. General view of the finite element model of reinforced concrete frame in LIRA-CAD software
Puc. 4. O0mwuit BuJ KOHEYHO-3JIEMEHTHOU MoJieny kene3ooerornHoro pama B [1K JIMPA-CATIIP
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RESULTS AND ANALYSIS

Fig. 5 shows the deformed state of the reinforced concrete frame model at the calculation itera-
tion preceding the collapse of the structure. The deflection of the beam over the column removal
point was 179 mm, which is close to the depth of its cross-section, which is equal to 200 mm. This
indicates that the beam is in a transient state during the change from arch action to catenary action.
Fig. 6 shows the patterns of the collapsed finite elements of the model.

IL [
04 -0.00607 0.00607 0.608

ERISE SNERRTA - 00

Zy

I

Fig. 5. Deformed state of the reinforced concrete frame at the calculation iteration preceding the structural collapse
Puc. 5. JlepopmupoBaHHOE COCTOSIHUE KETE300€TOHHOM paMbl Ha UTEpAIMU pacyeTa,
MPEIIECTBYIOICH OOPYIIEHHIO KOHCTPYKIIUU

Fig. 6. Fracture patterns of reinforced concrete frame model
Puc. 6. O0muii BUj pa3pylieHU B MOJICIHU JKeJI€300C€TOHHOM paMbl

At the failure of the second-row column (assumed as initial local failure), the beam of the frame
above the point of column removed transitioned to a catenary resistance mechanism, as indicated by
the relative deflection of 1/29.8 (179 mm) of the structure. According to Weijian Yi et al. [16], when
the relative deflection reaches a value of 1/38.1, the cable-stayed mechanism begins. According to
the study of [17], this mechanism is activated when the relative deflection reaches 1/33.4. Or accord-
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ing to the experiment in [5] this value should be 1/25. Thus, in this study, the transition to catenary
action is conservatively estimated on the basis of the results of previous studies as 1/30.

A plastic hinge was formed at a joint 1 (see Fig. 6). The tensile stress in the bottom reinforce-
ment of the beam continued to increase as the concrete in the tensile layer fractured. When the ten-
sile stress reaches its maximum value and the bottom reinforcement is completely destroyed, it leads
to the failure of the beam in the support sections above the removed column.

In joint 2 (see Fig. 6), when a plastic hinge is formed, the beam transmits to the columns an axi-
al force, which can be absorbed in the outermost column only due to its own flexural stiffness. As a
result, the concrete of the compressed zone was crushed at the beam-column joint. The upper rein-
forcing bars of the beam also fractured as a result of reaching their yield strength.

At joint 3 of the frames (see Fig. 6), failure of the top reinforcement was also observed. Howev-
er, the column cross-section was not destroyed because the horizontal displacement of the column
was limited by the beam in the third span.

The results obtained are in agreement with the collapse observed in the studies of Pham et al.
[15], presented in Fig. 7.

o | X
Bottom rebars = §*
fractured

Top rebars
fractured

Concrete
crushing

Fig. 7. General view of the failure of reinforced concrete frame elements in the study by Pham et al. [15]
Puc. 7. O6umii Bux paspyIiieHns SIIEMEHTOB JKeIe300e TOHHOM paMbl B uccienoBanni Pham u jp. [15]

Numerical modeling of the deformation of the reinforced concrete frame was also performed in
accordance with the approach proposed in [18] using a structural finite element model, including
special finite elements (FE No. 295 in accordance with Lira-CAD) for modeling rotations in cross-
sections with cracks. The deformed state of the frame is presented in Fig. 8. Fig. 9 shows the general
view of failures in the structural finite element model based on the results of numerical modeling.

Simulation results for solid and beam-type finite element models showed that after the removal
of the middle row column, plastic hinges were formed in the beams above the column removal
point. Then plastic hinges (and further physical hinges) were formed in the beam-column interfaces.
As a result, the beams on either side of the point above the removed column are transformed into a
catenary mechanism.
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Fig. 8. Deformed state of the structural finite element model of the reinforced concrete frame
Puc. 8. [lepopMupoBaHHOE COCTOSTHHE CTEPKHEBOM MOJICITH JKEI€300€TOHHOM PaMBbI

Fig. 9. Fracture pattern of the bar finite element model of the frame
Puc. 9. Kaptruna pa3pyImieHus: cTep>KHEBOH MOAEIH PaMbl

In contrast to the results of the beam-type model, the solid model shows that at the beam-
column joints, only the lower tensile zone of the beam collapses at the point where the column is
removed. At the connection point of the beam and the neighboring column, the failure occurred only
in the upper layer. Further destruction occurs similarly in the upper floors, spreading from bottom to
top. Then the compressed concrete at the outer face of the corner column crushed, as shown in Fig.
6, 9, followed by the complete collapse of the frame.

Fig. 10 plots the deflection of the columns at the joint 1 under the applied load P2. These results
are obtained using solid and beam-type finite element models, including those with special elements
modeling additional rotations at crack opening.
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Fig. 10. Load — lateral displacement diagrams of the upper section of the first-floor corner column under accidental
design situation
Puc. 10. I'paduxy 3aBUCHMOCTH «Harpy3Ka — IornepeyHoe CMEIleHHe» BEPXHEro CEYSHHUS! YTIIOBOM KOJIOHHBI IIEPBOTO
9Ta)ka [IPYU aBAPUMHON PACUETHON CUTYyalluu

Fig. 10 demonstrates that the results of calculation performed using the frame model made of
solid finite elements are visually close to the results of numerical modeling using bar finite element
models before the onset of catenary action of beams. For more correct simulation of reinforced con-
crete frame structures in case of catenary action of beams, it is recommended to use special model-
ing methods, such as accounting for additional rotations of cross-sections during cracking [18].

CONCLUSIONS

The article examines the peculiarities of deformation and failure of reinforced concrete frame
at sequential realization of arch and catenary mechanism of beams resistance after removal of the
column of the middle row. Based on the conducted research the following conclusions have been
drawn:

1. It was found that at the failure of the column of the second row the beam of the frame above
the point of column removal transform to catenary structure, as evidenced by the relative deflection
1/29.8 (179 mm). The compressed concrete at the outer face of the corner column then collapsed,
followed by the complete collapse of the frame.

2. It is shown that the results of calculation performed with the use of the frame model based
on solid finite elements were visually close to the results of numerical modeling with the use of bar
finite element models before the onset of catenary action of the beams. For more correct modeling
of rein-forced concrete frame structures when catenary action of beams is realized in them. It is ad-
visable to use specific modeling methods, such as accounting for additional rotations of sections at
crack formation.
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