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Abstract. When in operation, a significant part of metal structures is exposed to aggressive
media, causing the damage and failure of construction sites. This paper reviewed the well-
known mathematical models and calculation methods of multielement metal structures,
exposed to corrosive wear. Also, this paper described the solution approaches of stress-strain
state and a life time evaluation of multielement rod structures. The finite element method is
used for the solution of stress-strain state evaluation; the advantages of this method are also
described. This paper proposes the statements of problems and solution algorithms of life time
calculation of multielement rod structures, such as statically indeterminate trusses operating in
the aggressive medium. This paper considered the most common corrosion wear case, where
the corrosion rate is a stress function. The proposed solution methods involve the use of
mathematical models and analytical formulas.

1. Introduction

Currently, the corrosion damage of metal structures caused by the aggressive media impact is one of
the most pressing challenges. The cost-reduction along with the bringing down the high incidence-rate
at the facilities are vital problems of construction, in particular, of transport facilities. To the full
extent, the tasks of improving quality, reliability, and safety are related to the design problems of
structures operating in aggressive medias [1,2].

The flat and space multielement metal structures with different configurations are popular in
various construction areas. While in operation, such structures are exposed to combined actions of
loads, temperatures and aggressive media. In this regard, the problem of developing effective models
focused on the calculation of the bearing capacity of structural elements exposed to corrosive wear is
of topical interest [3].

Over the past three decades, the progress in this area has been made in a lot of profiles: in
statements of problems and their practical applications, in the development of solution methods, new
approaches to the corrosion modeling, etc.

The research papers of following domestic and foreign scientists occupies a prominent place in this
direction: V.V. Petrov, |.G. Ovchinnikov, F.F. Azhohin, H.VV. Akimov, Yu.l. Archakov, L.A.
Hlikman, E.M. Hutman, H.V. Karpenko, V.P. Korolev, V.V. Romanov et al. The basis of numerous
reference materials is formed by working results of large number of researchers [4-7].
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The papers concerned with the selection of certain cumulative damage models and the
determination of coefficients by measured data are particularly noteworthy. This problem is bound up
with the main task and the problem solution of strain-stress computation and the life time of the
corroding structures largely depends on its solution. [8-11].

The calculation methodology of the stress-strain state of complex rod metal structures (trusses),
taking into account the effect of a number of factors (load, aggressive medium) was developed
throughout this study.

2. The Solution Approaches

The approach based on the joint use of any humerical calculation method of the stress-strain state and
the numerical solution of the Cauchy problem for a differential equation system describing the process
of damage accumulation is traditionally applied to solve stress-strain state and the life-time evaluation
problem of multielement rod structures. The finite element method will be used to solve the stress-
strain state analysis problem [12-15]. The advantages of this method include the following:

o the possibility to solve the stress-strain state and the life time evaluation problem of structures
with unrestricted loading conditions and boundary conditions;

o the possibility to consider damage accumulation law for each finite element (or group of finite
elements) and to research the most common cases of aggressive medium effect including the
simultaneous effect of several different media;

e the application of certain parameters of finite elements (or groups of finite elements) as
variable parameters for solution the optimal design problem.

Along with the obvious advantages, the application of the finite element method in solving of
stress-strain state and the life time evaluation problems of structures taking into account the corrosion
involves solving a number of problems [16].

3. The lifetime of a statically indeterminate space truss with the simultaneous effect of several
aggressive medias

A lot of multielement metal structures are operated outdoors and exposed to atmospheric corrosion.
This type of corrosion is characterized by two stages. On the first stage, the intensive corrosion
process is observed. On the second one, the corrosion process damps out due to accumulation of
corrosion products on the metal surface decelerating its destruction. The process speed is independent
of the mechanical stress level based on the wide range of papers concerned withthe study of
atmospheric corrosion. The most reasonable mathematical description of this process is reduced to the
use of a logistic equation of the following form:

do

™ ks(b—5) (1)
where & — the corrosion damage depth; t — the time; k — a certain coefficient, taking into account
the medium effect on the corrosion rate.

The solution of life time evaluation problem involves the series of design calculations with resized
elements at different points in time and creates no problems.

The problem becomes significantly more complicated if the structure, in addition to atmospheric
corrosion, is also exposed to corrosion of a different class, for example, electrochemical corrosion.
This situation is possible during the operation of structure under "factory atmosphere” conditions, i. e.
the saturated atmosphere with oxides of acid-forming elements and water vapors at high temperature.

These cases will be characterized by partial or complete destruction of the field-oxide films due to
chemical reactions on the metal surface and, to some extent, deformation of the structural elements.
We propose to use the mathematical model as a set of models describing processes of a different
nature to study the structures under such operating conditions. Let us suppose for definiteness that the
electrochemical corrosion is described by the equation:
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where v, — the corrosion rate without stresses (the chemical component of the corrosion process);
o, — the absolute value of the equivalent stress.
Let us present the model as follows:

% =ny, [l+ klo'(g')] +nk,8 (5*—(_3) 3)

o —the vector of corrosion depths in the structural elements; &*—the maximum depth of corrosion
damage with oxide films; n, and n, -weighting coefficients (n, +n, =1); k, and k,—constants.

Since the aggressive medias act independently, the damage parameter value in the structural element
can be found as the sum of two components:

5=n,8, +n,5, (4)

The solution of equation (1) entering into the right side as addend (3) is known, and the expression for
o, has the form:
5*

o= )

1+—
’ exp(k,J*t)

where a — constant.

Thus, the analytical expressions for various components of corrosion damage are known, and the
algorithm considered in [17,18] can be applied for solution. However, in this case, an analytical
solution of the life time evaluation problem of an individual element is impossible. Indeed, the damage
parameter value, corresponding to the element failure moment, will include both components. We
obtain an life time equation t being solved only numerically by expressing &, from (4) and
substituting its value with regard for (5).

For instance, let us consider the life time determination problem of a translation tower constituting
the 25-element statically indeterminate space truss (Fig. 1). The structure is operated in conditions of
simultaneous effect of two different aggressive media. The calculation scheme of the translation tower
is borrowed from [19].

For illustrative purposes, we considered a truss, in which the elements (1) - (12) are made of the
channel No 12, the rest — from the angle bar No. 10. The dimensions in the figure are in centimeters.
The aggressive media parameters: v,= 0.15 centimeters per year; k, = 0.005 MPa-1; k, = 16.49
(cmxyr) -1, §* = 0.3 cm; a = 34. The weight coefficients for the elements (1) - (12): n, =n, =0.5; for
the elements (13) - (25): n,=0.3and n, =0.7.

The structure's life time firstly was determined from the nonlinear equation obtained with regard
for (4) and (5). In this case, the changeability of the internal forces in the elements [20] was ignored.

In this instance, the active constraints were cross-section solidity constraints, i. e., the truss life time
was determined by the thickness reduction moment of the element's stand (5) to the critical value:

D;(t)=0,1D,. The life time value determined under this constraint was t*=11.21 years. The
problem of the finite element method was solved only once — for the structure at the initial instant.

By contrast, the life time problem was solved taking into account changes of internal forces in the
rods with a time step 4t = 1.0 year and At = 0.5 years. The FEM (Finite Element Method) problem
was solved 12 and 23 times, respectively. The obtained results: t*=11.12 years and t*= 11.07 years.
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Figure 1. The Statically Indeterminate Space Truss.

The time step value was determined by the specified accuracy of the numerical solution of the
Cauchy problem for the differential equation system (3) using traditional algorithms. The value
selection At in this case was At = 0.075 years. For At value, the number of finite element method
reference was 148. The result was improved by the parabola method. The life time calculated value
was t*= 11.26 years. Some imprecision can be explained by the calculation error accumulation in the
FEM procedure implementation and the parabola method error in the result improvement.

4. Conclusions
The study covered a statically indeterminate truss, exposed to a high-aggressive environment. For the
purposes of solution the stress-strain state and the life time evaluation problem, the modified finite
elements with induced variable rigidity were developed. The effectiveness of the developed algorithms
based on the use of analytical formulas is confirmed by the practical coincidence of the obtained
results and incommensurable, in this respect, computational costs, even in considering rather complex
cases of corrosive effects.

The obtained results can be used to predict the life time of building metal structures operating
under real operating conditions.
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