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Abstract. Constructive measures taken to ensure the integrity of the entire building or its part in emergency situations with
design based on the existing criteria of the limiting state method leads to a significant increase of the construction cost.
One of the ways to reduce additional costs of construction while the protection design against progressive collapse is the
possible use of additional reserves of deformability of load-bearing elements. It leads to redistribution of loads and the use
of non-destroyed structures. It also leads to possible changes of limiting states in non-standard emergency design situations,
taking into account the peculiarities of the operation of structures in a special limiting state at a stage close to destruction.
In the GOST 27751-2014 «Reliability for constructions and foundations. General principles» calculated states of the first
and second groups of limiting states are given, and for a special limiting state only the area of its permissible application
is indicated. The work of reinforced concrete structures at the stage close to the depletion of the load-bearing capacity is
little reflected in the scientific and technical literature; the work of reinforced concrete structures at the unloading stage
due to the redistribution of forces is represented in single publications. The article presents theoretical studies based on
experimental data on the deformation of bent reinforced concrete beam elements at a stage close to the maximum load-bearing
capacity and at the stage of unloading up to the transformation of a structural element into a mechanism. The influence
of the longitudinal reinforcement, the class of reinforcement, prestressing and the concrete strength on the deformation
of reinforced concrete bending elements is considered in the article. The research of the behavior of structural elements
continuation at this stage is relevant and contributes to the development of economical and rational design solutions for
protection against progressive collapse and in the design of earthquake-resistant buildings.

Keywords: Protection against progressive collapse, special limiting state, deflections, partial destruction of sections,
ultimate deformations of concrete, special limiting state criteria
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! HanmoHasbHbIH HcclieqoBaTebeKiii MOCKOBCKHIA TOCYIapCTBEHHBIN CTPOUTEIbHBIN yHUBEpCUTET, . MockBa, POCCH S
2LleHTpaJbHBII HAYYHO-HUCCIIEIOBATENILCKUI U IPOCKTHO-3KCIICPUMEHTAIBHBI HHCTHTYT NPOMBILUICHHBIX 30aHHN 1
coopyxernid» (LIHUWIIpom3manuii), r. Mocksa, POCCUA
3 Poccuiickuii yauepcutet Tpancnopra (MUUT), r. Mocksa, POCCHSI
*HUMXB um. A.A. T'BozneBa AO «HULL «CrpouTtesnbctBon, . Mocksa, POCCUS

AHHOTa].ll/Iﬂ. KOHCprKTPIBHBIe MCpbI, IPUHUMACMBIC IJISL obecrieueHus OCJIOCTHOCTHU BCECTO 3/1aHUA WK €r0 4aCTu B
aBapI/II;’IHBIX CUTyaluAX HpU MPOCKTUPOBAHUN Ha OCHOBC CYHICCTBYIOIIUX KPUTCPUCB MCTOAA IMPCACIIBbHBIX COCTOSIHUI
MMPUBOAMT K CYHIECTBECHHOMY POCTY CTOMMOCTHU CTPOUTCIILCTBA. O,HHI/IM M3 CIIOCOOOB CHUKCHUS JAOIIOJIHUTCIIbHBIX 3aTpar
B CTPOUTCIILCTBC ITPU NPOCKTUPOBAHNHN 3aIUTHI OT IIPOTPECCUPYIOIICTO O6pyH.IeHI/I$I SABJISICTCS BO3BMOKHOC paCIIMPCHUC
HCIOJIb30BaHUA PE3CPBOB I[C(l)OpMaTI/IBHOCTI/I HECYIINX 3JICMCHTOB, ITPUBOJAIICC K 6OJILH.I€My nepepacnpeiCICHUIO yCI/IJII/Iﬁ
W BKIIIOYCHUIO B pa60Ty HEPA3PYHICHHBIX KOHCprKL[PIﬁ. 910 MNPUBOAUT K BO3BMOKXHOCTH U3MCHCHUS I'PaHUL] IPCACIBbHBIX
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COCTOSIHMH B HECTaHIAPTHBIX aBAPHHHBIX PACUETHBIX CUTYalMsX, YUUTHIBAIONIEE OCOOCHHOCTH padOTHl KOHCTPYKINH
B 0COOOM TIpeeTbHOM COCTOSHUH Ha cTaann Oomm3koil k paspymennio. B TOCT 27751 «HaneXHOCTh CTPOUTEIHHBIX
KOHCTPYKLMI ¥ OCHOBaHUiD» NPUBEIEHBI paCUETHBIE COCTOSIHUS IIEPBOM U BTOPOH T'PYIII MPEAEIbHBIX COCTOSHUM, a JIIst
0c000T0 MPEINBHOTO COCTOSIHUS 0003HAYeHA JIUIIb 00IaCTh €T0 JOMyCKaeMoro NpuMeHeHus1. B HacTosiee Bpems B Ha-
YYHO-TEXHUIECKOH JTUTEPAType MAJIO OTpaKeHa paboTa JKeNe300€TOHHBIX KOHCTPYKIINH Ha CTa i1 OMN3KOH K HCUEPITAHHIO
HecyIel crocoOHoCTH, a paboTa ’kesie3006TOHHBIX KOHCTPYKIMH Ha CTaJuM pasTrpy3KH 3a CUET IepepactpeieeHus
yCHUIMH TIpe/ICTaBIcHa SIMHNYHBIMY ITyONuKanusaIMy. B cTarbe mpuBeseHb! TEOPETHIECKNE UCCIEA0BAHMUS Ha Oa3e IKC-
MIePUMEHTAIBHBIX JaHHBIX Ae(POPMUPOBAHUS H3THOAEMBIX KEJIe300€TOHHBIX 0AIOUHBIX JICMEHTOB Ha CTAIHH OIMM3KOH K
MaKCHMaJIbHOI HeCyIeH CIOCOOHOCTH, a TAK)Ke B CTa/INH PAa3rPy3KH BILIOTH 10 MIPEBPAIICHNS KOHCTPYKTHBHOTO JJIEMEHTa
B MEXaHHU3M. PaccMmarpuBaeTcs BIUSIHAE KOTMYIECTBA POAOIHLHOTO apMUPOBAHUS, KITacca apMaTypBbl, TPEABAPUTEITLHOTO
HaTIpsDKEHUS, a TaKXKe POYHOCTH OeTOHA Ha 1e(hOpMIPOBaHHUE JKEIe300e TOHHBIX H3THOAEMBIX 2IeMeHTOB. [Ipogomkenne
HCCIIEJOBaHNH TTOBEJICHUS] KOHCTPYKTHBHBIX 3JIEMEHTOB Ha JAHHOMN CTAJNU SIBISIETCS] aKTyaIbHBIM M COCOOCTBYET pas-
paboTKe SKOHOMHUYHBIX M PAIIMOHATIBHBIX KOHCTPYKTUBHBIX PEIICHHUH [UIS 3alIUTHI OT IPOTPECCHPYIONIETO OOPYIICHNUS 1
MIPU POEKTUPOBAHUH CEMCMOCTOMKUX 31aHUM.

KuroueBble cj10Ba: 3aUTa OT IPOrPECCHPYIOLIETO 00pyLIeH s, 0c000e MpeieNIbHOE COCTOSTHUE, IIPOTHOBI, YaCTUYHOE
pa3pylLIeHIe CeUeHNUH, peesibHbIe Te(opMany 6ETOHA, KPUTEPUH 0CO00T0 MPEISIbBHOTO COCTOSHHS

INTRODUCTION

Analysis of world practice of design and operation
of buildings and structures of the increased level
of responsibility or of the normal level with a mass
presence of people showed the need of protection
against progressive collapse and to ensure the
evacuation and preservation of the people in
buildings and structures, to increase safety during
the operation of objects. Since the end of the
twentieth century, the resistance of load-bearing
systems of buildings and structures to avalanche-
like progressive collapse in emergency situations
have been studied in the world design practice.
The protection of buildings and structures
from progressive collapse is relevant for newly
designed, already constructed objects, and objects
under reconstruction; it is regulated by the current
normative documents in Russia, including [1] SP
385.1325800.2018 "Protection of buildings and
structures against progressive collapse. Design
Code. Basic statements".

THE STATEMENT OF THE PROBLEM

In Russia there is a legal requirement of
protection design of the load-bearing objects
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from the avalanche-like progressive collapse in the
hypothetical alternate removal of one load-bearing
element. Such calculated situation is unlikely in
reality, but if it occurs, it can cause complete or
partial object destruction; additional measures
excluding catastrophic consequences with the
use of limiting states criteria for the operation
stage can lead to additional economic costs [2].
It is possible to reduce these costs by using the
reserves of load-bearing capacity of structures and
buildings in a special limiting state.

It is known that the operation of individual
structural elements beyond the normalized
maximum load-bearing capacity is possible and
it leads to significant redistribution of forces in
statically indeterminate systems [3].

The most complete implementation of the reserves
of strength and deformability is possible in load-
bearing systems with a high degree of constructive
interaction of all load-bearing elements and only
when changing the criteria of limiting states. It is
necessary to go beyond the standard requirements
of the serviceability of reinforced concrete
structures, rigidly limiting the crack opening and
the appearing of sags. The low probability of the
calculated situation and the serious consequences
of the destruction of the building facilitate it. The
local partial destruction of cross-sections and
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unit connections are must be allowed to keep the
building as a whole. But it is necessary to use
the unloading parts of the connecting elements,
keeping the entire load-bearing system in a stable
(equilibrium) state for a certain period.
According to SP 385.1325800.2018, “a special
limiting state is the state of structures after
exceeding the limit of load-bearing capacity for
the first limiting state and deformability for the
second limiting state, in which they do not fully
fulfil the functional requirements. The further
increase of loads and (or) impacts leads to their
destruction”. In this Building Code some criteria
for a special limiting state of reinforced concrete
and metal structures are suggested, they are
designed based on the existing design practice,
operation, experience in examining the technical
condition of structures and experimental studies.
Due to the limited amount of experimental data,
the special limiting state criteria given in the
current version of SP 385.1325800.2018 were
adopted with some reserve to ensure the safety
of building structures. The clarification of the
criteria of the special limiting state is necessary
to establish the possible further safe exceeding of
the limits of the first and second limiting states;
it is important for improving the efficiency of
design solutions.

EXPERIMENTAL STUDIES

One of the important research areas is the study of
the stress-strain state of bent reinforced concrete
elements at the stages close to the maximum
of load-bearing capacity and at the stage of
destruction. For this purpose, the experiments
(performed to solve other problems) of Plotnikov
A.1.[5], Gushcha Yu. P. [6], Tamov M. A. [ 7] were
studied in the article.

The diagrams below show the values of relative
deflections of bent reinforced concrete elements
in sections with the maximum bending moment,
depending on the degree of loading (Fig. 1-3).
The results of tests of four series of reinforced
concrete beam elements differing in the content of
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longitudinal stretched reinforcement are presented
in the paper [5]. At the same time, one of the
samples of each series at the area of pure bending
(the middle third of the span) had no longitudinal
compressed reinforcement and clamps. In total, 12
beams were manufactured and tested. The cross-
section was 100x180 mm and the length was 2000
mm. The beams were reinforced with A400 steel
(AIII-35GS). Concrete Rb=27.1 MPa.

Based on the data presented in Fig. 1, samples
without longitudinal compressed reinforcement
were destroyed more intensively and deflections
at the level of 0,7Mult were on average 1/70
of the span L. The longitudinal reinforcement
in the compressed area of normal cross-section
increases the resistance to the load after the
destruction of the compressed area of concrete
and deformability before turning the beam
structure into a mechanism, it corresponds to the
deflections 1/40 of the span. At the same time
the maximum deformability before the structural
destruction varies inversely with the amount of
stretched reinforcement and for samples with
a reinforcement coefficient u=1.95-2.5% and
is 1/50 of the span. The increased longitudinal
reinforcement of the stretched area of the bent
element leads to its rigidity increase, an increase
of the compressed area of concrete and decrease
of the deformability of the bent element.
Analyzing the diagrams presented in Fig.
2, we can see that using thermally hardened
tensile reinforcement of AIV class, structural
deformability of plastic stage is reduced to
30% in comparison with similar constructions
of AIV regular class. Prestressing of stretched
reinforcement structures increases its general
rigidity and crack resistance. Also it leads to a
decrease of the maximum values of deflections
up to 15% in comparison with analogues without
prestressing.

The results of static and dynamic tests show that
structures loading increase speed before the reduce
the load-bearing capacity has little effect on the
maximum values of deflections of truss elements
(Fig. 3). Also there is an increase of the bearing
capacity of dynamic loads up to 15 %.
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Plotikov AL [5]
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Figure 1. Diagrams of deformation of bent elements with different amount of longitudinal
reinforcement (based on the works of Plotnikov A. 1.)

Gushcha YuP. [6]
(L,=3,6 m; b*h=0,16*0,3 m; R =30 MPa; p'= 0 %)
0,4 4 —— BT-9 {A-IVt, p=0,27%, “,fm
—i— BNT-T —— BNT-8 (A-IVt, p=027%, uw=5'f[|' MPa)
—BI-12 {A-IV, p=0,27%, nw=m
0.2 —-=BNI-10 - - BNI-11 (A-IV. p=0.27%, o_=570 MPa)
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4
Figure 2. Diagrams of deformation of bending elements with conventional and thermally

5
strengthened stretched reinforcement of AIV class, with and without prestressing
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Figure 3. Diagrams of deformation of bent elements with different strength of concrete
and the amount of longitudinal reinforcement, with static and short-term dynamic
loads (based on works of Tamov M. A.)

THE PROSPECTS OF THE CRITERIA
REFINEMENTFORASPECIALLIMITING
STATE

The experimental data confirm the presence of
reserves for the strength and deformability of
structures in the calculation methods of the first
and second groups of limiting states.

The present and prospective limits of the
deformability criterion are presented in Table 1.
The deformation test in compressed concrete
showed that the approved limits in the SP
63.13330.2018 “SNiP 52-01-2003 Concrete
and reinforced concrete structures. General
provisions” and in European norms match the
experimental data. It is not necessary to refine the
value of maximum compressibility of concrete for
a special limiting state.

The deformation test in stretched reinforcement
showed the possibility of increasing the limits
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of the ultimate deformability of reinforcement,
including the hardening stage for steels with a
physical yield strength.

The largest reserves of the maximum
deformability (deflections) are connected with
the possibility of redistributing forces by using
the adjacent structures in the process of force
redistributing (deformation). To the greatest
extent, this mechanism can be used in statically
indeterminate structural systems. Additional
testing allows to implement the principle of
gradation of the criterion of limiting state of
deformation (deflection) depending on the
type of load-bearing structures and the ability
to redistribute loads. It is used for monolithic
buildings, prefabricated buildings, depending
on the type of reinforcement (physical and
conditional yield strength) and availability of
the minimum allowable length of the bearing
(embedment) area.
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Table 1. Current and prospective limiting state for deformability of reinforced concrete structures

Criteria of I and II
group of limiting
states according to SP
20.13330.2016, SP
63.13330.2018

Criteria for a special
limiting state according
to SP385.1325800.2018

Prospective data for the
special limiting state after
additional testing of the
bending elements

The relative
deformation
of the concrete
(below 60), ¢,,

0,035 (100%)

0,035 (100%)

0,035 (100%)

Relative
deformations of

(with a nominal
yield strength), ¢ ,

reinforcement 0,025 (100%) 0,033 (132%) ?;1%30/5(1),502305
(with physical ( 0... 0)
yield strength), ¢,

The relative

deformation of

the reinforcement | 0,015 (100%) 0,020 (133%) (?ﬁi: : :(1),607202 |

Deflections for
structures with 1
span

The maximum
deflections and
displacements of
elements of buildings
and structures are not
specified in the present
and other normative
documents; vertical and
horizontal deflections
and displacements from
permanent, long-term
and short-term loads
must not exceed 1/150
(100%) or 1/75% of the
console overhang.

The deflections of the
bending elements of
the structural system
for a special limiting
state, with the minimum
allowable length of the
bearing (embedment)
area must not exceed
1/30 (500%) of span
length 1, excepting the
concrete structures
reinforced with high-
strength reinforcement
with nominal yield
strength, the deflection
of which must not
exceed 1/50 (300%) of
the span length.

The use of the gradation
by types of load-bearing
structures principle, taking
into account the ability to
redistribute forces, most
fully used in a statically
indeterminate structural
system, for example, for
monolithic buildings, the
deflection of the bending
element reinforced with a
physical yield point, if the
minimum permissible length
of the support (anchoring)
area can be 1/25...1/20
(600%...750%) of the span
with reinforcement with a
conditional yield strength
— 1/50...1/40 (300%...375%)
length.

Volume 17, Issue 1, 2021

113



Nikolay N. Trekin, Emil N. Kodysh, Sergey D. Shmakov, Ivan A. Terekhov, Konstantin L. Kudyakov

CONCLUSION

Due to the complexity of the reliable assess of
stress state of cross sections at the stage of load-
bearing capacity limit, and then at the destruction
stage (when the hypothesis of flat sections is not
tested) it is convenient to use the deformability
criterion as the most predictable criterion of
a special limiting state when ensuring limited
operability of load-bearing reinforced concrete
structural elements.

The analysis of normative documents,
experimental and theoretical studies of bent
reinforced concrete beam elements [8-10]
showed that when fulfilling the normative
requirements for the strength and deformability of
reinforcement and concrete materials, geometric
characteristics and the absence of structural
defects, the structures have strength reserves up
to 25%, and deformability reserves up to 35%.
It is confirmed by comparing the experimental
data with theoretical data obtained according
to the calculations performed on the basis of
regulatory documents. The research showed that
when performing certain design requirements,
including the use of reinforcement with a yield
line in sections of the normative (optimal)
percentage of reinforcement (not pre-reinforced),
at the stage after reaching the limit of load-
bearing capacity, there is a limited functional state
of the element to reduce load-bearing capacity
to (0,5 — 0,9)Mult with the intensive cracks and
deflections. The variation of results is due to the
limited amount of available experimental data.
It is found that at the stage of reducing the load-
bearing capacity (unloading) of the bent element,
the criteria for a special limiting state in the current
version of SP 385.1325800.2018 are presented
with some margin and help to fulfil the safety
requirements, according to the current regulatory
documents. The criteria are confirmed by the
analysis of the works of Gushcha Yu. P. [6], Tamov
M. A. [7] and Plotnikov A. 1. [5]. After additional
tests, due to the limited experimental data, the
criteria can be refined by using the available
reserves.
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According to the authors, the operation of
structures in a special limiting state can be used
in earthquake-resistant construction.
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