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Abstract. Analysis of scientific publications on the assessment of resistance of structures to
progressive collapse, as well as existing and projects of design codes of different countries, in particular
the project of Design Code "Protection of buildings and structures against progressive collapse. The
design requirements. General conclusions”, shows, that the main evaluating criteria are strength
parameters. At the same time, structures, which are made of high— strength materials and have small
sizes of cross-sections, as well as structures operating in aggressive conditions, when the cross-section
decrease or the computational length suddenly increase, should be checked to the loss of stability of the
bearing elements. The purpose of this study is to obtain the evaluating criteria of the survivability and
residual life of reinforced concrete (RC) structural systems at sudden loss of stability of the element,
caused by the evolutionary accumulation of a critical level of corrosion damage. The article presents
analytical dependences to determine the critical value of the cross-section stiffness of the corrosively
damaged element and the critical time, after which the structural system lose stability in conditions of
simultaneous action of forces and aggressive environmental influences. Proposals are given to assign
the survivability parameters of reinforced concrete structural systems, operating under exceeding limit
states, that caused by the sudden loss of stability of the carrier element at the accumulation of critical
value of corrosion damages.

AHHOTaumA. AHanM3 Hay4dHblX NyoGnMKauWin, NOCBALWEHHBIX OLIEHKE COMPOTUBMSAEMOCTM
KOHCTPYKTMBHbIX CUCTEM 30aHUA W COOPYXEHWA MporpeccupylollemMy oOpyLleHWo, a Takke
CYLLECTBYIOLMX 1 paspabaTbiBaeMblX HOPMaTUBHbIX JOKYMEHTOB pasHbIX CTpaH, B YaCTHOCTM MpoekKTa
ClN «3awuTta 34aHuin U COOpYXXEHWI OT Mporpeccupytollero obpylweHus. MpaBuna NpoeKTUPOBaHUS.
OCHOBHblE MOSOXKEHMsI», MOKas3blBaET, YTO B KA4YeCTBE KpUTEpWeB TaKOW OLEHKM, KaK npaBumio,
BbICTYMNalT NPOYHOCTHbIE NokasaTenu. B To e Bpemsi Ans KOHCTPYKTUBHbBIX CUCTEM M3 BbICOKOMPOYHbIX
mMaTepuarnos npv MarnbiX pa3Mepax MoMnepeYHbIX CEYEHUI NX SNIEMEHTOB, a TaKKe ANsl KOHCTPYKTUBHbIX
cucTeM, paboTatolmxX B YCMOBUSIX BO3OEUCTBUS arpecCUBHLIX Cpef, KOorga yMeHbLUaeTcsi nornepevHoe
ceyeHune Ny pacyeTHOW ANNHBI — B KAYECTBE KPUTEPUS OLIEHKU COMPOTUBNSAEMOCTY NPOrpeccupyoLemy
06pyLUEeHMI0 HEOBXOAMMO paccMaTpMBaTh U NMOTEPH0 YCTOMYNBOCTM HECYLLIETO 3M1EMEHTa KOHCTPYKTUBHOM
cucTembl. Llenbio HacTosLwero uccrnefoBaHns SBMSANOCh NOCTPOEHWE KPUTEPUEB AN OLEHKM KUBYYECTU
M OCTaTOYHOTO pecypca KOHCTPYKTMBHBIX CUCTEM W3 >Kene3obeToHa npu BHe3anHoW mnoTepe
YCTOWYMBOCTM OZHOMO U3 3/1EMEHTOB, BbI3BAHHOWN 3BOMIOLMOHHBIM HAKOMMEHNEeM KPUTUYECKOTO YPOBHS
KOPPO3MOHHLIX NOBpexaeHui. B cTaTbe npuBeaeHbl aHanUTUYEcKne 3aBMCUMOCTM ONS onpeaeneHus
KPUTUYECKOTO 3HAYEHUSI KECTKOCTU MOMEPEYHOro CeYeHNst KOPPO3UOHHO MOBPEXOAEMOro aremMeHTa U
KPUTUYECKOrO BPEeMEHW, NPV KOTOPOM KOHCTPYKTUBHAas cucTeMa MoTepsieT YCTOMYMBOCTb B YCIOBUSX
OOHOBPEMEHHOIO MpPOSIBMIEHUS CWUMOBbLIX W CPedoBblX BO3OEUCTBUIA. [aHbl MPeariokeHus Mo
HOPMMVPOBaHMIO NMapaMeTPOB KUBYYECTM KeNe306eTOHHBIX KOHCTPYKTUBHBIX CUCTEM MpY 3anpeaesibHbIX
COCTOSIHUSIX, BbI3BaHHbIX BHE3arHoW MNoTepeil YCTOWYMBOCTM HECYLLEro 3fieMeHTa OT HaKOoMeHUs
KOPPO3NOHHbIX NMOBPEXAEHWIA.
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1. Introduction

A series of accidents and destruction of buildings and structures that occurred in the XX — early
XXI century, such as the destruction of the WTC towers in New York, destructions of panel high-rise
buildings caused by natural gas explosions, etc., gave a powerful impetus to the development of a new
direction in building science — the calculation of buildings and structures against progressive collapse.
The current regulatory documents of a number of countries, in particular the USA, Great Britain, EU,
Ukraine, Russia [1-5] contain the basic provisions, allowing to carry out an assessment of risk of
progressive collapse of buildings and structures. However, the number of new scientific publications on
this subject suggests that there are many aspects, which still require further study. A significant number
of recent publications are devoted to the study of the progressive collapse caused by explosive loads
[6-11]. However, the start of avalanche destruction of the structural system may be caused by the
accumulation of a critical level of damage of another nature [12—14], in particular of a corrosive damage
[15-18]. At the same time, the loss of strength of bearing elements of the system is considered as a main
criterion of such a process in an overwhelming number of scientific publications, devoted to the
assessment of resistance of building and structures against progressive collapse. In our opinion it is
expedient to consider the loss of stability of bearing elements as an additional criterion of resistance of
designed and operating frameworks against progressive destruction. However, currently there are only a
few papers in this direction [19-23], mainly presented in foreign publishing, the main number of which
cover the assessment of resistance against progressive collapse of steel frames [20—26]. A number of
authors in their publications combine the terms of stability and resistance against progressive collapse,
implying in this case destruction due to the loss of strength of structural elements [27-28].

In this way, the purpose of the paper is to obtain criteria for evaluate state of structures over the
limit state, caused by loss of stability of a bearing reinforced concrete element at corrosion damage
accumulation. The following tasks are solved to achieve this purpose: obtain analytical model to evaluate
bending stiffness of reinforced concrete element cross section, destructured by corrosion; derive
relationship to determine critical time tcr, when structural element loss stability because of corrosion
damages.

2. Methods

This article explores the issues of survivability of reinforced concrete structural system at sudden
buckling of the bearing structural element due to the accumulation of a critical level of corrosion damage.
Stability problem are solved analytically by Euler's statement using deformation method. The
phenomenological model proposed by V.M. Bondarenko [15] is used in this paper to account for long-
term processes of corrosion damage of structural elements, contacting with aggressive environment.

According to this model the depth of corrosion damage of reinforced concrete structure 5(t,to) at
colmatation can be described by the following mathematical relationship as it is shown in Figure 1 (a).

1
1-m m
S(tty)= 6,11~ a(m—l)(t—t0)+(1__5(§’t0)J W

cr

where Oc is ultimate depth of corrosion damage at colmatation; a and m are parameters, which
characterize penetration speed of the corrosion damage front; t and to are current time and initial time of
observation the damaged structural element. It should be noted that m < O corresponds to the area of
avalanche penetration of corrosion front in time; m > 0 corresponds to the area of colmatation
(penetration of corrosion front damped in time); m = 0 corresponds to the boundary line of the filtration
development of the damage process. The parameters écr, a and m can be approximated by polynomials
[16], as it is shown in Figure 1 (b):
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where gs, 0o, m are parameters, which should be determined empirically for defined aggressive
environment and initial mechanical characteristics of concrete.

Also it should be noted, that the function of corrosion damage depth §(t,t0) can take the

trajectory of avalanche (1) or fading (2) development once more after an additional dynamic impact on
the reinforced concrete element with depth of corrosion damage about & at time t1 , as it is shown in
Figure 1 (a).
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Figure 1. Scheme of the corrosion damage kinetics of compressed concrete
(a): scheme to determine parameters &cr, a, m;
(b): cross-section of the corrosion-damaged reinforced concrete element;
(c): general view of the corrosion damage function K(z, t);
(d): 1 corresponds to the area of avalanche corrosion penetration (m < 0);
2 corresponds to the area of colmatation (m > 0);
3is the boundary line (m =0)

3. Results and Discussion

In the present article we consider only colmatational process of corrosion damage development in
accordance to which the stiffness of the cross section of corrosion damaged element can be determined
from the following expression:

Bred (5(t)) = Et - red (5(t)) )
where E: is variable strain modulus of concrete, which depends on deformation, caused by loading and
creep [21];

Ired (8(1)) is the reduced inertia moment of cross section, which can be calculated by the formula:
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where An is area of part of section without corrosion damage; Ans,iis area of i-th part of section exposed
to corrosion, which is determined in accordance to function of corrosion damage K(z, t) as it is shown in
Figure 1 (c); As is area of reinforcement cross section; ren, ens,i are distance from center of mass of not
damaged section to center of mass of whole section and distance from center of mass of i-th part of
section damaged by corrosion to center of mass of whole section, which is determined in accordance to
function of corrosion damage K(z, t), respectively; rcs is distance from center of mass of reinforcement
cross section to center of mass of whole section; In is inertia moment of not damaged section with
respect to own center of mass; Insiis inertia. moment of i-th part of damaged section with respect to own
center of mass; ws is coefficient of corrosion damage of reinforcement; y is coefficient of influence of
tensiled concrete; a = Es / Et is coefficient of reduction of reinforcement to concrete.

Assuming that the corrosion damage of the section can be modeled by the function K (z, t), as it is
shown in Figure 1 (d), taking into account the scheme shown in figure 1 (c), we obtain:

l . (t)= (b - 22*(t))%(t)(ﬂ_ Z*(t)_§5(t)j2 . (b - 22*(t))[25(t)j3 )
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where h and b are the height and width of the intact section respectively; a is the distance from the center
of gravity of the reinforcement to the face of the reinforced concrete element as it is shown in Figure 1 (c);

§(t) is the thickness of the layer, is partially damaged by corrosion which can be determined from the
expression

s(t)=o(t.t,)-2"(t) (5)

* d *
In which §(t,to) can be obtained by the formula (1);Z (t):ta(z ) is the approximate

relationships for the depth of the entirely destructured concrete; approximate model of corrosion
destruction ws of steel reinforcement can be calculated from the equations:

o, =1 at &tt,)<a—-d/2;

T t—t. d ?
= |d- s — t olt,t —-d/2;
o, 4&{ 5760 OIt(ws)} at o(tt,)>a-d/ (6)

o,=0 at z'(t)>a-d/2.

Let us consider a fragment of a multi-storey frame (Figure 2) to develop an algorithm for analytical
stability analysis of corrosion-damaged concrete structural system of the building. For this construction,
we define the value of the parameter ker of special functions of the method of displacement, which
characterize critical force and can be determined from the expression:

PI°
B

ke = Y

red
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Figure 2. Computational model of the fragment of a multi-storey reinforced concrete frame

Let us assume that the elements of the structural system are compressed by longitudinal forces

=¢&; P, , where & is the safety factor of stability of the i-th element of the system at the most
unfavorable calculated combination of forces, Per— Euler’s critical force for the structural system.

Taking into account that the ker parameter depends only on the boundary conditions at the end

sections of the frame structural element, we carried out an expression for the critical value of the bending
stiffness of the corrosion-damaged element, at which it will lose the stability:

&P

i'cr
= 8
red ,cr k 2 ( )

B

Equating expressions (8) and (2) and taking into account expressions (1), (5), (6), we obtain an
equation, in which all parameters can be expressed through a critical time te, corresponding to the
moment of loss of the stability due to reaching a critical level of corrosion damage:

SREI o, ))%(D_ £(.)- 2ot )jz b2t ))(25(%)]3 ;
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Let us analyze the stability of a fragment of a reinforced concrete frame (figure 2), one of the
bearing elements of which (the lower left rack) is subject to the action of an aggressive environment.
Initial parameters of the frame: . =3 m, l=6 m, initial section width b= 0.2 m, initial section height
h =0.35 m, the distance from the most compressed face to the center of gravity of the reinforcement
a =40 mm as it is shown in Figure 1 (a). Concrete B25 class, reinforcement As = A's — 4 rod A400 class
with a diameter of 16 mm. The level of aggressiveness of the environment is medium (z'(t) = 1 mm/year).
Values of parameters &cr, a, m are taken by paper V.M. Bondarenko [15]. At the moment to = O the safety
factor of the stability of the corrosion-damaged rack & = 0.8, and the value of the critical force

Per = 2860 kN, the ratio of the load parameters «, /051 =4,

Solving equation (9) in accordance with expressions (1), (5), (6), we obtain the graph Bred - t, which
is shown in Figure 3 (b). The intersection point of this graph with the line of the ultimate value of stiffness
Bred,cr cOrresponds to the value of the critical time of the aggressive environment impact on the loaded
structure ter, after which the frame will lose the stability.
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Figure 3. Scheme of the rack cross section (a) and graph Breds —t (b) for corrosion-damaged
structural element

The ultimate value of the cross-section stiffness of the damaged structural element Bred,cr O critical
time tc, after which the structural system will lose stability, can be used as criteria to assess the
survivability of reinforced concrete structural system at exceeding of the limit states, caused by a sudden
loss of stability of the bearing element at acting of the loading and corrosion.

4. Conclusions

1. Analytical relationships for the critical stiffness value of the cross-section Bredcr Of the
corrosion-damaged element of the reinforced concrete frame are obtained.

2. "Exposure time of survivability" (by the terminology of V.M. Bondarenko, V.l. Kolchunov [29])
ter is determined on the basis of the stability criteria of a structural system, subjected acting of load and
aggressive environment impact.

3. It is proposed criteria to assess the survivability of reinforced concrete structural system at
exceeding of the limit states, caused by a sudden loss of stability of the bearing element at acting of the
loading and corrosion.
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