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Abstract. The article assesses the impact of concrete biodegradation on the durability of concrete and reinforced con-
crete bridge structures. Areas of biocorrosion and other types of concrete corrosion were identified on real bridges. Based
on the developed physical and mathematical model, we calculated the service life of reinforced concrete bridge supports
and proposed economically advantageous terms for removing biodeposits from concrete. We also calculated the economic
efficiency of removing biofouling from concrete and determined that the annual economic effect amounted to 9 %
of the cost of the estimated work. If preventative measures against biofouling are carried out at least once every five years,
the period for carrying out works to eliminate defects in concrete and reinforced concrete building structures can be in-

creased by 1.5x. We provide recommendations to improve the durability and effective operation of bridge structures.
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! Spocnasckuti 2ocydapcmeeHHbIli mexHuyeckull yHusepcumem, Spocnaens, Poccust

2 Ypanbckul 2ocydapcmeeHHbIl 3KOHOMUYeCcKul yHUgsepcumem, EkamepuHbype, Poccusi

Annomayusn. B cratee olieHHBaeTCs BIMsHUE OHoerpasanny OeToHa Ha JIOJITOBEYHOCTh OETOHHBIX M XKene300e-
TOHHBIX KOHCTPYKLMH TPAaHCIOPTHBIX COOpYKeHUH. PaccMOTpeHbl MpuMepsl peabHbIX 00BEKTOB, Ha KOTOPHIX BBISB-
JICHBI 00JIACTH COBMECTHOTO MPOTEKaHHsl OMOKOPPO3HMHU U IPYrHX BHIOB Koppo3uu OeroHa. Ha ocHOBe pa3zpaboTaHHOMN
(M3MKO-MaTEeMaTHUECKO MOJICNIM PACCUMTAHBl CPOKU CIY)KOBI )KENe300€TOHHBIX ONOP MOCTOBBIX COOPY)XEHHI U
MPEIOKECHBI SKOHOMHYIECKH BHITOJHBIC YCIIOBUS OYHCTKH MOBEPXHOCTU OeTOHA OT OmooTioxkeHHd. Takxke B craThe
MPEJICTaBIICH PacdyeT SKOHOMUYECKOH 3()(heKTHBHOCTH MPOBEICHUST MEPOTIPUATHI IO OYUCTKEe OeToHa OT OGHooOpacra-
HUIi, IO pe3yJbTaTaM KOTOPOTO TO0BOM 3KoOHOMIYecKkni 3 ekt coctaBmi 9 % oT cToMMOCTH CMETHBIX pabot. B ciy-
Yae MPOBEJCHUS TUIAHOBBIX MPOMMIAKTHYECKHX MEPOIPHUATHH O OYHCTKE OT OMOOOpacTaHWH HEe peke OJHOTO pasa
B IISITh JIET CPOK MPOBEICHHS KaUTAJIbHBIX PA0OT MO yCTpaHEHHIO Ae(eKTOB OETOHHBIX U JKeJIe300€TOHHBIX KOHCTPYK-
LI MOXeET OBITh YBEJIMYEH B nosTopa pasa. Ha ocHoBe pacuera 1aHbl PEKOMEHAALNH 110 MOBBILIEHUIO 10JIFOBEYHOCTH

1 5 (HEeKTHBHON KCIUTyaTallMM MOCTOBBIX KOHCTPYKIIHH.
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Introduction

At present, the prevention of bridge collapses re-
mains one of the key areas of scientific research in the
transport construction industry. Bridge supports must
have sufficient strength and stability [1, 2]. One of the
reasons for the collapse of bridge structures is the cor-
rosion destruction of building structures. For example,
in 2009, a support of a low-water reinforced concrete
road bridge over a stream in the village of Loeva, Iva-
no-Frankivsk region, was destroyed. The bridge was a
reinforced concrete beam structure 6 m long and 12
m wide. The destruction of the reinforced concrete sup-
port of the bridge led to the subsequent collapse of the
reinforced concrete slab of the carriageway. Fortunate-
ly, human casualties were avoided [3].

The degradation of concrete and reinforced con-
crete building structures is a consequence of corro-
sion processes occurring in the cement stone. Most
often, several types of corrosion act simultaneously
in the zones of concrete destruction, for example,
carbonization + chloride + biological and other com-
binations. The result of such joint processes are ex-
tensive zones of destruction of structures (Fig. 1)
of transport facilities.

And if studies on the effect of carbonization and
chloride corrosion, as well as their detection at the
field and laboratory stages of inspection of building
structures, are quite common in the literature [4, 5],
then the issues of identifying and studying biological
corrosion are not reflected widely enough. Until now,
the prevention of biofouling of underwater concrete
and reinforced concrete structures has been carried out
mainly by treating surfaces with biocides to destroy or
prevent the settling of potential contaminants. Howev-
er, the environmental safety of a number of biocides
against biofouling raises serious concerns, and it be-
comes necessary to search for alternative methods of
protection [6].

Let us consider a particular case of corrosion failure
of reinforced concrete bridge supports in the aquatic en-
vironment aggravated by biofouling. Favorable condi-

tions for biofouling develop on the rear end of the sup-
port in the area of low pressures [7]. A region of varia-
ble velocities and pressures is created near the surface
of the streamlined body. Most often, biofouling begins
with the formation of a biofilm consisting of an accu-
mulation of organic and inorganic compounds and vari-
ous microorganisms attached to the surface of bridge
abutments. The thickness of the resulting biofilm de-
pends on the hydraulic load, the concentration of organ-
ic substances, the porosity of the material, and the in-
fluence of environmental factors [8, 9].

Turbulent flows in the boundary layer lead to a
violation of the integrity of the biofilm. Biomass
shedding and growth occur continuously, so in prac-
tice the biofilm never has a strictly defined thickness
over the entire surface of the structure. The biofilm
serves as a substrate for the settlement ofalgae, mol-
lusks, some forms of fungi, etc., which are characteris-
tic of river waters [10]. The composition of biofouling
communities varies greatly geographically, seasonally
and locally in depth, and is influenced by numerous
abiotic and biotic factors. Abiotic factors include the
physical and chemical characteristics of water, name-
ly: temperature, pH, dissolved oxygen and organic
matter content. Freshwater fouling is usually smaller
than marine fouling both in terms of the number of
species and biomass, and, consequently, in terms of
thickness. The fouling rate primarily depends on the
rate of water flow, which determines the possibility of
settling and retaining organisms on the substrate, sup-
plying them with nutrients and oxygen, etc.

Methods

The bridge on a pile foundation was subjected to
research. The depth of the river at the location of the
bridge is less than 5 m. The speed of the river flow is
less than 2 km/h. The pile support of the bridge is
represented by a flat two-row system of standard rein-
forced concrete piles with a solid square section of
0.35 x 0.35 (m) with a reinforced concrete grillage
over the pile heads.

Fig. 1. Corrosion damage to reinforced concrete bridge structures
in the lvanovo region
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As a result of concrete-liquid contact, the concentration of dissolved Ca(OH), in the concrete pores begins to
decrease, causing the dissolution of free Ca(OH), crystals. As a result, there is a gradual “leaching” of concrete
in the zones of contact with water and carbonization of concrete in areas above water.

From the point of view of the theory of mass transfer, the diffusion of “free” Ca(OH), (according to the
terminology of academician RAASN Fedosov S.V.) to the interface can be described by differential equa-
tions (1)—(8):
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The method of integral transformations was used to obtain the solution of the equations (1)—(8) [11]:
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where C; (x, ) — concentration of “free” Ca(OH), in terms of CaO in concrete for time “t” at the point with coor-
dinate X, (kg CaO/kg concrete);

C,(x, T) — the concentration of “free” calcium hydroxide in terms of CaO in the biofilm at time “1” at an arbi-
trary point with coordinate “x”, (kg CaO/kg biomass);

k, , — mass conductivity coefficients, m?/s;

8, — concrete structure thickness, m;

&, — biofilm thickness, m;

Cy o —initial concentration of “free” CaO, kg CaO/kg concrete;

C, o — initial concentration of “free” CaO, kg CaO/kg biomass;

m — Henry equilibrium constant, kg biomass. /kg concr.;

Peon» Phiom — density of concrete and biomass, kg/m?;

Z,(x, Fo,,) —dimensionless concentration of the transferred component along the concrete thickness;

Z,(x, Fo,,) — dimensionless concentration of the transferred component along the thickness of the biofilm;

x = x/8, — dimensionless coordinate;

Ky = ka/k1;

K5 = 6,/64;

q,, — the density of the mass flow leaving the biofilm into the fluid flow;

N = (Ppiom * k2)/(Pcon * k1 - m) — coefficient taking into account the characteristics of the phases;

Fo,, = (k, - T)/8% — Fourier criterion;

. . m-K L. , L
Kij = 1P 28 _ Kirpichev's mass transfer criterion;
82°Pbiom k2°Co

W,,, — equation roots.
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Results and Discussion

In order to establish the service life of the
bridge's concrete pillars in river water, according to
the proposed mathematical model, the concentration
fields of “free” Ca(OH), were calculated over the
thickness of the concrete pillar after 2, 4, 5, 10 and 15
years of operation. The rate of growth of biomass over
time is proportional to the concentration of cells. Ac-
cording to literature sources [10-12], the average in-
crease in the thickness of biofouling during the year of
operation of bridge supports in river water is 25-30
mm. Based on this, the biomass densities correspond-
ing to the given time intervals were determined. The
calculation results are shown in Fig. 2. As a result,
it was concluded that the concentration of “free”
Ca(OH), on the surface of the concrete support will
reach a value corresponding to the beginning of the
decomposition of the highly basic components of con-
crete after 2.1 years.

Currently, GOST does not regulate the timing of
the technical cleaning of underwater structures from
biofouling. Research and numerical experiments on a
mathematical model made it possible to formulate
recommendations for carrying out planned work to
clean concrete and reinforced concrete underwater
structures from biofouling.

Timely implementation of periodic inspections of
parts of bridges that are below the water level will
reduce the cost of possible repair and restoration work,
and scheduled cleaning of underwater structures every
5 years will reduce the rate of their corrosion damage.

Below is a calculation of economic efficiency
from carrying out periodic work to clean underwater
structures from biofouling.

According to regulatory documents [13],
the standard service life of a structure is determined

by the formula:
100

where H,, — the percentage of annual depreciation
deductions for the complete restoration of the struc-
ture.

The service life for concrete and reinforced con-
crete bridges is 100 years, and the general depreciation
rate H,, = 1.3 %, including 0.3 % for major repairs
[13, 14].

The costs and expenses incurred during the oper-
ation of structures are calculated according to the for-
mula [12, 13]:
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where K; — specific capital investments in the repair
base or the cost of fixed production assets used in the
production of repair and construction work;

C,, — the cost of one overhaul;

C.. — the cost of one average annual current re-
pair;

Crr — costs associated with the restoration and
maintenance of the quality and durability of structures,
as well as with the maintenance of structures, not in-
cluded in the capital and current repairs;

t — years of major repairs or the cost of restoring
and maintaining the quality and durability of building
structures during the operation of structures;

Ti — the frequency of overhauls of structures;

Ty, — the frequency of carrying out the costs of
restoring and maintaining the quality and durability of
building structures.

The value of the coefficient ai at different periods

t
of implementation of costs and the reduction standard
E = 0.1 are tabular values, where “t” is the time in

years between the moment of production of costs and
the start of operation of structures.
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Fig. 2. Concentration fields in a concrete bridge abutment
with the Fourier criterion Fo,, equal to: 1 -0.16; 2 - 0.32; 3-0.4;
4-0.8; 5-1.2; which corresponds to 2, 4, 5, 10 and 15 years of operation
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At the same time, the cost of annual current re-
pairs is determined by the formula:
Cy4—C
c,, = L) (13)

Tkr
The annual economic effect from the use of the

measure is calculated by the formula [15-17]:
E, = (E; — E3) - Ay, (14)
where E; — reduced costs;

E, — the same, for a design of increased quality
and durability;

A, — is the annual volume of implementation of the
proposed measure to improve quality and durability.

According to regulatory documents [16, 18-20],
the restoration of the original transport and operational
qualities of the structure must be carried out every 15—
30 years.

With a frequency of overhauls of 20 years,
the coefficient pe = 0.174; at age 30, p, = 0.1. Then
att = 20 years 1/a; = 0.513; at t = 30 years 1/0; = 0.035;
at t =40 years 1/0; = 0.022; at t = 60 years 1/0= 0.003;

att = 80 years 1/a,= 0.001; at t = 90 years 1/0; = 0.001,
att=100 years 1/0; = 0.001.

The given costs per 100 m? of concrete surface are:
E; = E,1+E¢; = 58164,19 + 41067,12 = 99231,31 rub.
E, = E,»*+E, = 58164,19 + 30121,05 = 88285,24 rub.
The annual economic effect will be
E.=(E —E)- A, =
=(99231,31 — 88285,24) -0,08 = 9 %.

Conclusions

The expected economic effect in current prices
for the Ivanovo region from timely scheduled preven-
tive work against biofouling amounted to 9% of the
cost of estimates.

As a result of the study, it was found that clean-
ing from biofouling with a frequency of every 5 years,
in conjunction with other measures of planned preven-
tive work, will increase the time between repairs by
1.5 times.
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