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Abstract. Structural safety of buildings is such an engineering state of the
structures operability, foundations, the features of their joint power
resistance to expected loads and impacts, taking into account their possible
combinations in direction, intensity and mode, which ensures the
established functional use with established reliability. The structural safety
of buildings depends on design, on compositional and structural solutions,
technological measures during construction and operation, which must be
provided at all stages of the facility's existence (construction, operation,
repair, reconstruction, dismantling and dismantling). It is necessary to take
into account the structural safety parameters of reinforced concrete
structures that have received corrosion damage during solving the
problems of construction and reconstruction of buildings and structures.
Suggestions to quantify the reserves and exposure of structural safety and,
accordingly, the reduction in power resistance of corrosion-damaged
reinforced concrete structures are presented in this article.

1 Introduction

The structural safety of buildings interests requires ensuring: geometric invariability of the
structural scheme at all the stages of their existence (and during reconstruction and
dismantling - with the additional connections help), a stable stress-strain state and position
in space and time of all supporting structures of the building, and survivability of statically
indefinite systems. And yet, the common thing is to ensure the strength and stability of
individual load-bearing elements of the system and the so-called «redundant ties» despite
the different purpose of these conditions [1-9]. At the same time, the assessment of
structural safety is an obligatory stage of the decision-making procedure on the issues of
continued operation or technological reorganization of production, reconstruction, etc. (it is
carried out only on the basis of a field examination).
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2 Materials and methods

However, the existing regulated approach for solving structural safety problems is almost
always limited to the equilibrium (or pseudo-equilibrium) statement, and other analysis
options are replaced by a set of so-called working condition coefficients and does not
provide answers to questions of changes in power resistance (including the question of
structural safety exposure) related to energy dissipation during deformation and due to
corrosion damage to structural materials due to aggressive action of the medium dy. In
general, the task boils down to taking into account the energy imperfections in the strength
resistance of materials and the irreversible accumulation of damage, to identifying the key
elements of the system responsible for geometric immutability, kinetic stability and
survivability. The analysis of the power state and the forecast of its change in the billing
period exhaust the main questions about the potential and exposure of constructive safety
[10-15].

Power resistance residual resource of compressed reinforced concrete elements in terms
of stability. The base case for estimating the power resistance residual resource of
eccentrically compressed reinforced concrete elements is a supported rod loaded with
compressive force with an eccentricity €;, The diagram of an eccentrically compressed
reinforced concrete rod and a graph of the compressive force and max deflection £ are
shown in Figure 1.
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Fig. 1. The scheme of an eccentrically compressed reinforced concrete bar and a connection graph of
compressive force and max deflection £~

The problem is solved in a physically nonlinear formulation. The condition for the
sufficiency of power resistance is:
P=P° Q)
It should be noted that the initial eccentricity can vary due to damage to the cross
sections, as a rule, it increases slightly.
For the given case (see Figure 1):
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D'd,—.+P(eq+u)—0 3)
where P — external compressive force;
€;- initial eccentricity taking into account the damage;
u”- current deflection of the rod.
After double differentiation, it is obtained that
a? _,d%u d?u

ED F-'FPE:O (4)

And then, using the principle of possible displacements and satisfying the static
boundary conditions of the corresponding variational equation, it should be brought the
desired solution to the relation by N. G. Bubnov —B.G. Galerkin [16-18]:

-r;u [ d? D d?u

dv2 dav?
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Further accepting
u=EiZif n; Su = T8y (6)

where & - independent variation of deflection parameters, and limited for practical
purposes to the first members of the series

n= sin%;u = F'sian' (7)

where 1] — satisfies the boundary conditions, the resolving equation of the problem:
g e ,._[.\: . omv . . . TV . omv r_
I [—D f (xln.-] siny- +P (eo +f sin{- J] siny dv =10 (8)
Solving the equation gives the relationship between the compressive force P and the

deflection f* (see Figure 1), and the well-known procedure for finding the extremum is the
desired values fig, and g .

(B ) = Q%) )
where
&W—(anx (10)
Q=—x—— (11)
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And also set the free rotation angle of the rod cross section at the hinge support
- |2 Mg &
o ™ 2 Drnar-Die) (3
and
e = 22 (_1 —pip) (16)

The transition from the base case (see Figure 1) to other fixing conditions is quite
accurately carried out using the factor of the calculated length My, established in the
classical theory of materials resistance (Figure 2).

lox = myl (17)
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Fig. 2. The coefficient of the reduced length for compressed rods with various methods of ends
fastening.
And
Qleafip) fan2 .
Porx = () :p {]_\I Dmax (1)

Where QE:ee.f[;’p}— reflects the influence of eccentricity and the range of changes in
stiffness, i.e. deformation nonlinearity;

Drax - damage to sections, as well as their change in time and depending on the mode
and duration of loading;

- the influence of boundary conditions.

The damage effect to the support nodes of beams and columns on the power resistance.
The effect of node damage (changes in boundary conditions) is illustrated on the main
elements of building frames - beams and columns [17-25].
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A. Two identical single-span beams are compared with a span of | m, but with different
boundary conditions; in particular, the B-1 beam, pinched on the supports and loaded with a
uniform q = const, and the B-2 beam, pivotally supported on the supports and loaded with
the same uniform load q = const. The beam B-1 bending moments in pinching equal:

]I
Mpin = — 5 (19)

mid-span

gl?
Mmax = 16 (20)
and the angle of the reference section rotation is zero.
The beam B-2 bending moments are described by the equation
M= gvil-vl (1)

which leads to the calculation of the reference moments

Mpip =0 (22)
and mid-span moments
12
Mpax = (23)

wherein the angle of the reference section free rotation

Po = :3'3:1;:'-“:: + :*:;];I':, -\D;;n - D;:l“- (24)
It follows that the beam B-1 without destruction can perceive as a uniform load
q=25= (25)
and beam B-2, respectively
q=5= (26)

that is half as much.

Thus, if the B-1 beam will lose the ability to perceive the supporting moments due to
damage to the supporting sections, and the beam itself will receive an articulated design
scheme, then the resource of its bearing capacity will be reduced by half.

At intermediate stages, when the supporting sections of the B-1 beam are partially
damaged while maintaining a certain fraction of the power resistance, the supporting
moments are partially perceived and the sections themselves receive some rotation @3 = 0.
Next, the maximum allowable load is calculated.

Q" =g+ % (q; —q2) 27)

and correspondingly

£ _ (Pmax—P1)

(1 _ (Pmax—ps )" 92
Q1 Pmax

Pmax 4 Q1

+ (28)
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or

q° = ‘Pmax=F4/ q, + (1 _ '-'-Ffrnax—‘Pi-') Qs (29)
Pmax Pmax

B. Damaged identical columns with various supporting anchors are considered.

So, in particular, during the transition from scheme 3 to scheme 1, which is typical for
single-story industrial buildings, critical forces decrease by 2 times, and from scheme 3 to
scheme 6 - by 8 times.

And given that the stiffness of the cross section can be reduced by 2 times, the total
drop in strength resistance in stability decreases by 16 times.

Meanwhile, even a twofold decrease in power resistance is catastrophic [26-27]. In case
of partial damage to the reference sections and corresponding changes in the rotation angles
of these sections, the reduction coefficients are calculated by the formula

up = g+ (g u,;lli—_g (30)

3 Results and discussion

Quantitative assessment of structural safety and survivability of damaged operating
structures. If during operation, the structural safety coefficient Ky 3 is equal to

Ky = M;[:f' = [Kg 5] (€2
Kxs = g, = [Kxal (32)
Ky = p:J = [Ks] (33)

where [KK_SJ is the structural safety coefficient specified during design, which should
be from 1.8 to 2.2, then it gradually decreases up to the value of Ky 3z = 1.0 during the
period of evolutionary damage development and loss of the power resistance resource. The
structure operation is prohibited when Ky 5 = 1,.

At the moment of internal forces coincidence and force resistance, the reinforced
concrete element is destroyed. The force resistance is equal to zero, which is equivalent to
an impulsive application of a reverse sign force in the fracture cross section and equal in
value to the previous residual force [28-30].

Since Ky zdepends not only on the power resistance of the damaged structure
M™Q " uP"), *), but also on the internal force, since it requires consistent correction,
predetermined in statically indeterminate systems by redistribution of internal forces caused
by non-synchronous development of damage to various structures. Mg, Qq. By, M%,Q% P,

Exposure to structural safety: t, <ty < t; - conditional, stable, delayed time.

Since, it is possible to determine the numerical value of the damage depth & <x at the
time of destruction using the formulas, then solution (2) with respect to (t* — to)- is the
essence of the safety exposure, i.e., the survivability exposure.

For example, for m = 1

(34)
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As mentioned above, due to the initial avalanche of damage (m <0), it is impossible to
establish :Sp and the estimation (t.; — tp) is carried out at a certain critical speed, while it is
considered that the critical speed is n times greater than the initial speed determined from
experiments; then the calculation period t. — tis calculated, i.e.

dfla.mtty) _ _dfplamtt,)
dt tste = B dt =t (35)
Thus
[{(=mj+1i]
(+ —+) = [rr_qy28m . _ --m)
(=9 = (D 2 k=1 1) (36)

As noted above, such destruction of the reinforced concrete element is accompanied by
a change in the static structure of the element [30-36].

4 Conclusions

The above suggestions make it possible to quantitatively assess the reserves and exposure
of the reinforced concrete structures structural safety that have received corrosion damage,
and, accordingly, the reduction in power resistance of corrosion-damaged reinforced
concrete structures, which are necessary for solving the problem of using or reconstructing
buildings and structures.

The developed method makes it possible to quantitatively assess the condition and
resources of damaged reinforced concrete structures, calculate the necessary levels of
compression and its loss, as well as the exposure to the preservation of crack resistance in
time at a specific level of loading and the corrosion influences intensity.

The developed method can be presented as part of the solution to the problem of
preventing and eliminating emergency situations.
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