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columns require more intensive investigation. Thus, the study has the purpose to assess
the influence of the depth of corrosion on the bearing capacity of eccentrically compressed
reinforced concrete columns of building frames, as well as to evaluate the time for exhaus-
tion of load capacity. The phenomenological model, which was proposed by V.M. Bon-
darenko, has been adopted in order to account long-term processes of corrosion damage.
The study established an increase in the depth of corrosion damage leads to a decrease
in the bearing capacity of eccentrically compressed reinforced concrete columns since
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pgevicteusx. IIpy 3TOM mpencTaBieHHblE B HAY4HOM JMTEpaType pPe3ysbTaTbl
HCCIIeIOBAaHUH 110 TaHHOMY BOINPOCY MPEUMYIIECTBEHHO OTHOCATCS K M3TrHbae-
MBIM 3JIEMEHTaM, B TO BpEMs KaK IPUMEHMTEIbHO K BHELICHTPEHHO CKAThIM
KOPPO3HOHHO MOBPEKAAEMBIM JKeJIe300€ TOHHBIM JIEMEHTaM PaCCMOTPEHBI TH00
YaCTHbIE ACIEKThl CUJIOBOTO COIPOTHUBIECHHS B YCIOBHAX KOHTAKTa KOHCTPYK-
Ui C arpecCUBHBIMU CpelaMy, JIMOO IOJyYEHHBIE PAacUETHBIC 3aBUCUMOCTU
JOCTaTOYHO CJOXHBIE Ul MX MPAaKTUYECKOro NMpHMEHEHHsA. B cBaA3u c 3TuM
LeTb UCCIeJOBAHMS — OLICHHUTH BIUSHHE TIIyONHBI IPOABIDKEHHS (POHTA KOPPO-
3MH Ha HECYIIYI0 CIIOCOOHOCTH BHELEHTPEHHO CXKATHIX )KEIe300eTOHHBIX die-
MEHTOB KOHCTPYKTHBHBIX CUCTEM 3JIaHUIl M COOPY>KEHMH, a TaKkKe CIPOrHO3U-
poBaTh BpeMs HCuepIaHus Hecyled cmocoOHocTu. [l ydeTa IIMTENbHBIX
HEPaBHOBECHBIX NPOLECCOB KOPPO3MOHHOI'O MOBPEXKIECHUS MCIONb30BaHA (e-
HOMeHoornueckas mozaeiab B.M. BonnapeHko. YcraHOBIEHO, YTO POCT I1yOu-
HBI KOPPO3HOHHOTO TTOBPEXKCHHS MPUBOAUT K CHIKEHHIO HECYIIeil criocoOHo-
CTH BHEIIEHTPEHHO C)KAThIX JKEIe300€TOHHBIX 3JIEMEHTOB BCIEICTBHE YMEHbIIIE-
HUA 3G PeKTUBHON pabodeli BBICOTHI CEUCHUS U yBEMHIeHHs MX ruOkoctH. [Ipn

OTOM OTHOCHUTCIIbHAas FJ'Iy6I/IHa Pa3spyui€HHOro Cjos, HE YUUTbIBAa€MOI'0 B pacyce-
TC€, MCHSCTCA B 3aBHCHUMOCTH OT TCKYLICTO HaprDI(eHHO-He(l)OpMI/IpoBaHHOFO
COCTOsIHMA, pCaIn3yss MEXaHHU3M HpI/ICHOCO6HCHI/IH KOHCTPYKIHU K MCHAIOHUM-

JJist nMTHpOBaHUS
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Introduction

Structural systems of buildings and structures during their service life are subject to the action of combina-
tions of force and environmental factors. The latter one considers exposure to high or extremely low tempera-
tures, aggressive media action. With regard to reinforced concrete structural systems, environmental impact fac-
tors can lead to degradation of the mechanical characteristics of cross sections, a decrease in the adhesion re-
sistance between reinforcement and concrete. The result of this may be the exhaustion of the bearing capacity of
individual load-bearing elements and, as a result, the complete or partial collapse of the building's load-bearing
system, as happened in the case of a partial collapse of the building of a residential complex in Surfside [1] or
the collapse of the pavement structure of the Basmanny market [2]. In this regard, an urgent problem is the pre-
diction of changes in the parameters of the survivability of reinforced concrete structural systems of buildings
during the evolutionary accumulation of environmental damage in them.

The studies presented in the scientific literature on the problem of the force resistance of reinforced con-
crete structural elements under conditions of their contact with aggressive media can be conditionally separated
into two groups: a) studies of the effect of corrosion damage of longitudinal and transverse working reinforce-
ment on the force resistance of elements [3—12]; b) studies of degradation processes in concrete under various
types and concentrations of aggressive media, the shape and size of samples, stress-strain state, etc. [13—18].
However, it is appropriate to note that the degradation processes of concrete and reinforcing steel, as a rule, oc-
cur in load-bearing elements at the same time and should be taken into account jointly when assessing the expo-
sure of the survivability of a structural system, following the terminology [3; 7; 19].

Given the large number of factors affecting the development of non-equilibrium processes in reinforced
concrete elements exposed to aggressive media, as well as the largely random nature of the change in the param-
eters of impacts over time, for practical purposes, they often resort to the use of phenomenological degradation
functions [6; 8; 12]. The studies presented in the scientific literature on this problem mainly cover the issues
of resistance of bent reinforced concrete elements [6; 10; 12; 18; 20]. For eccentrically compressed elements,
the evaluation of their load-bearing capacity is complicated by the influence of the phenomenon of buckling,
changes in stiffness and eccentricities of the application of longitudinal force overtime due to the accumulation
of corrosion damage. In this regard, the results of research in this area mainly cover particular aspects of force
resistance under conditions of contact of structures with aggressive media [15; 17] or lead to calculated depend-
ences that are quite complex for their practical application [3].

Therefore, the presented study was aimed to assess the effect of the depth of corrosion front advancement
on the bearing capacity of the structural system of reinforced concrete frames of buildings in case of corrosion
damage to eccentrically compressed columns, as well as to predict the exposure of stability which is the time of
operation under conditions of force and environmental impact until the load bearing capacity is exhausted.
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Methods

Let us use the hypothesis of the constant change in the parameters of the force resistance of corrosion-
damaged concrete [6; 7] (Figure 1, a):

R (®) _ ES"(0) _ e58lny(®
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where Rp,pt), Ep, €p2(pt2) 15 the design compressive (tensile) resistance, initial modulus of elasticity, ultimate
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Figure 1. Design scheme of an eccentrically compressed corrosion-damaged reinforced concrete element:
a — cross-sectional design scheme; b — a general view of the degradation function for the concrete layer damaged with corrosion

The change in the parameters of the force resistance along the depth of the corrosion-damaged layer of
concrete, we accept an empirically established degradation function of the form (Figure 1, b) [6; 21]:

2

K(z) = z a;z". 2

0

Taking into account the above assumptions, the bearing capacity of an eccentrically compressed corro-
sion-damaged element of a rectangular element is determined by the expressions:

— for x > 6:
cor cor X + 8 14 ! N 12
(Neomue = Ry [BS5 (5 = 2Dk (o = 8+ ze0.2) + b8 (x = 8) (ho = = )| + (Recior's = 5) (o = @) @)
— for x< 9:
cor ! li N !
(Neon)ult = Rbbav,l(x - Zd)k(ho -x+ Zc.t.,l) + RscAsw s E (ho —a ) (4)

In expressions (3), (4) n=1/(1 — N/ N) is the coefficient that takes into account the effect of buckling,
which can be determined in accordance with the current regulatory documents'; N, N, are the calculated value of

'SP 63.13330.2018. Concrete and reinforced concrete structures. General provisions. (In Russ.) Available from:
https://docs.cntd.ru/document/554403082 (accessed: 20.06.2022); BS EN 1992-1-1. Eurocode 2. Design of concrete structures. Part 1-1.
General rules and rules for buildings. British Standards Institution; 2004. Available from: https://www.phd.eng.br/wp-
content/uploads/2015/12/en.1992.1.1.2004.pdf (accessed: 20.06.2022).
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the longitudinal force, determined by the static calculation of the carrier system for the main combination of
loads, and the value of the conditional critical force in the event of buckling; R}, R, R are design resistance of
concrete to compression, reinforcing steel to compression and tension respectively; Ag, As are the area of ten-
sioned (least compressed) and compressed longitudinal reinforcement; /¢ is the working depth of the section;
d is the depth of corrosion damage of the element; w;, W' are coefficients that take into account the reduction in
the effective cross section of bars of longitudinal tension and compression reinforcement and (or) the reduction
in adhesion resistance due to corrosion damage to reinforcement and concrete; bz, bgp, are the average re-
duced width of the cross section within the depth of the corrosion-damaged layer 6 and within the range from

d to (x — d) respectively, determined from the expression:

105

f K(z)dz |;

0

aviz) = b — 28,09 1— 510
l

k is the reduction factor for the area of the corrosion-damaged part of the section, determined from the expression:
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1
k= f K(z)dz;
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0

x is the height of the compressed zone of the section, determined at x < xz by the formula

B N + RyAs05 — Ry A'sw's — Rpbgp (8 — zg)k
x=06+ R, HEor ;
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— for x > xz by formula
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where z; is the thickness of the corrosion-damaged layer, counted from the most compressed face, for which the
condition € < gx'K(z) is not satisfied, i.e., it lost resource of force resistance.

The limiting value of the height of the compressed zone xr of the corrosion-damaged section with a two-
line approximation of the state diagram of concrete is determined from the expression:

a(hy — zq)
Es,el
ep2K(24)

Xg =
1+

where a is determined depending on the deformation at a depth 3 of a corrosion-damaged element by the formula:
—for (8) > €pq red:

£bl,red

a=1-——bbred .
2ep,K(z4)

—for (8) < €p1req @ = 0.5.
When determining the conditional critical force, the stiffness of the reduced corrosion-damaged section in
the first approximation will be determined by the formula

5 Zct.
2 2

h h 2
Bred,cor = kpEp f b(2)K(z)z%dz + kE, (Asu)s (E + Zop — a) + A w' (E — Zep — a’) ),
h

3 Zct.
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where k,, kg are the coefficients according to SP 63.13330.2018, EN 1992-1-1, taking into account the physical
non-linearity of concrete and reinforcement deformation; z., is the displacement of the geometric center of
gravity of a corrosion-damaged section relative to the center of gravity of the same section, which is not exposed
to an aggressive environment.

The displacement of the geometric center of gravity z.; leads to an increase in the eccentricity of the ap-
plication of the longitudinal force, so it should be added to the calculated eccentricity obtained for the element
without corrosion damage.

To assess the exposure of the survivability of the structural system of reinforced concrete frames of build-
ings in case of corrosion damage to the columns, which is determined by the time of exhaustion of the bearing
capacity, we used the phenomenological model of V.M. Bondarenko [7], according to which the depth of corro-
sion damage of a structural element for time t can be found from the expression

1

1-m]1—-m
8(to, to)) ] , )

8(t, to) = 8(o0,t9) {1 — [a(l —m)(t—to) + <1 BICED)

where ¢, fo are the current time and the start time of the observation; d(o, f ) is the limiting depth of corrosion
damage with the established parameters of the aggressive environment, the shape and material of the structural
element, as well as the stress-strain state (Figure 2); d(%, t ) is the depth of corrosion damage at the time of the
start of observation (if the start of observation coincides with the beginning of exposure to an aggressive envi-
ronment, then (¢, f) = 0); a, m are empirically set parameters (Figure 2).

From (5) we find the time 7 to reach the critical depth of corrosion damage and, accordingly, the exhaus-
tion of the resource of the power resistance of the element of the reinforced concrete carrier system:

_ 1 Scr(ter to) 8(to, t)\
ter =t = = [(1— aem ) (15 ] ©

Results and discussion

Let us evaluate the change in the parameters of the force resistance of a column with a section of
400%400 mm of a reinforced concrete frame of a multistory building exposed to an aggressive environment
along all four faces. Column construction materials: class B30 concrete (normative resistance of concrete
to axial compression Ry, = 22 MPa, E, = 32 500 MPa), longitudinal working reinforcement —
4032 A500 (Ryn = Rye,n = 500 MPa, E; = 200000 MPa ), a = a'= 50 mm. By varying the parameters of the depth
of corrosion damage 3(,%); the thickness of the corrosion-damaged layer z,, which has exhausted the resource of
force resistance, and the flexibility of the element A;, we determine the boundaries of the areas of the bearing
capacity of such elements in the coordinate axes N — M, corresponding to a special limiting state>. At the same
time, when constructing diagrams N — M, in order to take into account the effect of flexibility of reinforced con-
crete corrosion-damaged elements on their bearing capacity, we divide the right and left parts of expressions (3)
and (4) by the coefficient of influence of buckling n. Diagrams of the bearing capacity of eccentrically com-
pressed corrosion-damaged reinforced concrete elements in the coordinate axes N — M are shown in Figures 2-3.

Analysis of diagrams in Figure 2 indicates that with an increase in the depth of corrosion damage, a de-
crease in the bearing capacity occurs due to a decrease in the effective working height of the section and the fle-
xibility of the element. Thus, with flexibility A, = 8 and an established relative depth of the destroyed layer
zq4/6 = 0.8 for a relative depth of corrosion damage &/h9 = 0.2, the limiting value of the longitudinal force de-
creases by 11.4%, and the limiting bending moment by 21.0% compared to an element undamaged by corrosion.
In this case, the limiting moment for bending elements (N = 0) decreases only when the longitudinal reinforce-
ment bars are within the corrosion-damaged layer 6 (Figure 2 at 6/ho = 0.15, 0.2) and their effective area de-
creases cross section, as well as reduced adhesion resistance. It should be noted that a decrease in the relative
depth of the damaged layer introduced into the calculation leads to an increase in the limiting value of the longi-

2 BS EN 1992-1-1. Eurocode 2. Design of concrete structures. Part 1-1. General rules and rules for buildings. British Standards
Institution; 2004. Available from: https://www.phd.eng.br/wp-content/uploads/2015/12/en.1992.1.1.2004.pdf (accessed: 20.06.2022).
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tudinal force for a fixed relative depth of corrosion damage 6/ko, which is associated with the redistribution of
forces on the sections of the section not damaged by corrosion in elements with random and small eccentricities
of the longitudinal force. At the same time, there is a downward shift of the limiting bending moment point in
the diagram, which is due to a decrease in the limiting compressive strains ;5\, (t). It is pertinent to note that

the relative depth of the destroyed layer zn.,/0, taken fixed when plotting the diagrams in Figure 2, in fact, will
change during loading of a structural element, realizing the mechanism of adaptation of the structure, therefore,
to fully take into account the reserves of the bearing capacity, one should use the envelope of the N — M diagram
constructed at a fixed value of the relative depth of corrosion damage /49 and a variable value of the relative

depth of the destroyed layer z:,/3.
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Figure 2. M — N interaction diagrams for corrosion-damaged eccentrically compressed reinforced concrete elements
with slenderness ratio A» = 8 depending on the relative depth of corrosion damage:
a—forz,/8=1;b—forz,/8=0.8;c—forz/5=0.6;d—forz,/5=0.4
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a—08/hy=0; b—05/hy=0.05; ¢ — 8/hy=0.1;d — 8/hy=0.15

With an increase in the flexibility of the elements A; over 12 (Figure 3), there is a decrease in the value of
the limiting longitudinal force perceived by eccentrically compressed elements with random and small eccentri-
cities. With flexibility A, = 16, there is an almost twofold decrease in the limiting longitudinal force perceived by
the section, and the limiting bending moment corresponds to the case of transverse bending (N = 0). At the same
time, an increase in the relative depth of corrosion damage enhances this effect due to an increase in the effective
flexibility of corrosion-damaged elements compared to elements without damage.

Let us evaluate the exposure of the bearing capacity of the column under consideration in continuous con-
tact with a sulfate medium with pH = 3.5. To determine the parameters of equation (5), which determine the ki-
netics of the corrosion damage process, we used the experimental data presented in [10]. Taking (oo, £p ) = 0.5 h,
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corresponding to the corrosion of the entire section, we obtain the average value a = —0.00024, which practically
does not change when the parameter m changes. The results of determining the time to reach the depth of corro-
sion damage dc(%cr, f0) depending on the value of the parameter m are shown in Figure 4.

0,25

=
! o
w M

Corroded depth 6./h,
o

0,05

0 500 1000 1500 2000 2500 3000
Time 7,,, day

—- m—-1 -g= m=0.1 m=1.1 =@ m=2.5
Figure 4. Time f for reaching the critical depth of corrosion damage 8. (tcr, to)

The time to reach the relative depth of corrosion damage /4o = 0.2 with the avalanche damage trajectory
(m = -1, t = 1203 days, Figure 4) for the considered reinforced concrete element turned out to be almost two
times less than the time to reach this depth with the avalanche damage trajectory clogging damage (m = 2.5,
t = 2523 days). With the trajectory of filtration damage, reaching the same depth of corrosion damage will take
t = 1488 days.

Conclusion

If the depth of corrosion damage increases then it leads to a decrease in the bearing capacity of eccentri-
cally compressed reinforced concrete elements due to a decrease in the effective working height of the section
and an increase in their flexibility. Then the relative depth of the damaged layer z./6, which is not taken into ac-
count in the calculation, varies depending on the current stress-strain state.

An increase in the flexibility of elements A; leads to a decrease in the value of the limiting longitudinal
force perceived by eccentrically compressed reinforced concrete elements. At the same time, an increase in the
relative depth of corrosion damage enhances this effect due to an increase in the effective flexibility of such ele-
ments compared to elements without damage.

The duration of exposure under aggressive media until reaching the critical depth of corrosion damage de-
pends significantly on the parameters of this media as well as the stress-strain state of the structural member and
may vary in accordance with avalanche or clogging damage implementing.
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