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Abstract. Corrosion is a serious problem for the durability of reinforced concrete structures. These structures need to be
protected from corrosion in a variety of exposure conditions ranging from atmospheric to continuous immersion in water
or chemicals. One of the ways to protect reinforced concrete structures from corrosion is to use protective coatings. The
surface barriers of non-degradable materials are able to slow down considerably the rate of deterioration of concrete struc-
tures and to overcome most durability problems associated with external attack. Design of durability of concrete structures
with protective coatings needs to be established. In this paper a general framework for service life prediction and reliabil-
ity evaluation of anticorrosion protective system (CPS), which is represented by protective surface barrier, concrete cover,
and steel reinforcement itself of reinforced concrete structures, is presented. This approach is based on a reasonable under-
standing of the main degradation processes of all components ensuring protection ability and durability of concrete struc-
tures. The effect of repair of CPS components on extending the service life of a whole protective system is considered.
Numerical example for reliability verification of CPS is also given.
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1. Introduction

Deterioration of reinforced concrete structures exposed in
man-made or atmospheric aggressive conditions is a
common problem in many countries of the world. Fre-
quently, due to corrosion, the resistance of structures
decreases much earlier than their expected service life
and the need to carry out repairs of degraded structures is
increasing exponentially.

The durability of reinforced concrete structures de-
pends both on the resistance of the concrete against
physical or chemical attack and on its ability to protect
steel bars against corrosion. Many fundamental works
have been published on this subject. Several studies have
been conducted on modelling the corrosion processes and
assessing the effect of corrosion on the performance of
concrete structures. The synthesis of investigations on
concrete and reinforcement degradation and general
guidelines for probabilistic durability design, for instance,
is presented in Dura Crete Project (Dura Crete 1998), a
consortium of 12 European Union member states. Most
available studies have been focused on the corrosion of
reinforcement caused by concrete carbonation and chlo-
ride attack. The publications on corrosion of reinforced
concrete structures are very extensive and will not be
discussed here.

Concrete is not chemically resistant and imperme-
able to gases and fluids. In a number of situations, con-
crete and embedded steel needs some additional protec-
tion against chemical attack which can only be afforded

by a barrier resistant to the action of the chemical agents
encountered. Several methods have been elaborated for
anti-corrosion works such as corrosion-inhibiting admix-
tures, non-reactive reinforcing bars (stainless steel, non-
metallic or epoxy-coated reinforcement), cathodic protec-
tion, re-alkalisation, desalination, various protective coat-
ings.

Impermeable barriers, which prevent contact with
the external attack, are among anti-corrosion protection
methods currently being adopted to reduce the risk of
reinforcement corrosion or to protect a whole concrete
structure. Methods for improving the performance of
reinforced concrete structures by surface treatment or
coatings have been investigated for many years (e.g.,
Almusallam ef al. 2002, 2003; Chung 2004; Delicchi
et al. 2004; Kamaiituc 1992; Kamaitis 2007a, b; McCarty
et al. 2004; Medeiros, Helene 2008; Raupach, Wolff
2005; Remmele 2003; Rodrigues et al. 2000; Schiessl
1994; Seneviratne et al. 2000; Vipulanandan, Liu 2005)
and many standards are published (ASTM, ACI, JIS,
JASS, etc.) (Mays 1999). Generally, Standards and Rec-
ommendations specify materials and methods of applica-
tion and are no more than general guides for choosing the
coating for a particular application. Much of the work
mentioned above has been carried out on the mechanical
properties and durability of polymer-based materials,
surface preparation for coatings, coating adhesion to con-
crete, concrete crack-bridging ability, permeability, and
different coating systems evaluation in laboratory or “in
situ” conditions. The results of research show that surface
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treatments delay and retard the rate of deterioration and
permeability to aggressive substances and can increase
the service life of structures when repair is required.

Time-dependent modelling of corrosion in rein-
forced concrete structures are based mainly on two
phases — initiation phase and propagation phase with few
sub phases. The latter include formation of cracks and
spalling of concrete cover as well as loss of steel cross-
section and/or bond between reinforcement and concrete.
Over a long period, this may result in structural failure. In
case of a coated structure, three levels of protection can
be considered: protection barrier, concrete cover and
reinforcement itself. Note, that epoxy coatings sometimes
are used for protecting steel reinforcement. Fibre rein-
forced polymer bars provide another option for corrosion
protection at the level of reinforcement.

However, there are only limited attempts to provide
satisfactory analytical methods to assess the durability of
protective measures, as a whole. In general, only the rec-
ommendations for selecting protective coatings for expo-
sure environments are presented. The current state of
research in resistance deterioration of protected structures
remains unsatisfactory and further research on the predic-
tion of service life of reinforced concrete structures with
the various protective measures is needed.

In this paper, a concept is introduced and used for
considering multi-level anticorrosion protection durabil-
ity for evaluation and service life prediction of reinforced
concrete structures. The approach takes into account the
performance of protective surface barrier, concrete cover
and steel reinforcement as a whole that can be denoted as
corrosion protection system (CPS). Lifetime functions of
each component in the system can be used to predict the
service lifetime of CPS. The effect of recoating and repair
of CPS components on extending the service life of a
whole protective system in aggressive environments is
also considered.

2. Limit state definition of reinforced concrete
structures with protective surface barriers

Design and verification of durability of new or existing
reinforced concrete structures are not simple. Corrosion is
a stochastic process. Durability of structures is influenced
by:

e introduction of new conceptions, materials and con-
struction techniques, requiring repeated trials and
errors as well as the tendency to provide the struc-
tures at the lowest possible cost;

e very wide variation of exposure conditions during
service life, which depend on the situation of a
structure and location of an individual member
within a structure;

e significant number and rates of deterioration me-
chanisms and interactions, which result from com-
binations of the environment, quality, size and con-
figuration of a structure;

e manifestation of the durability problems after a long
time when the degradation of the existing structures
is well advanced; very often the causes of degrada-

tion are obscure, and the construction records or
condition survey data are missing;

o different levels of maintenance, that is directly re-
lated to the condition state of the structures;

e gross errors during design, execution or operation.
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Fig. 1. Effect of surface protective barrier on the service
life of concrete structure

Fig. 1 illustrates the life-cycle performance of a
typical reinforced concrete component. Once designed
and constructed structures undergo gradual degradation in
resistance and serviceability. In general, the performance
of components decreases with time due to mechanical,
physical or chemical process. By using protective barri-
ers, it is possible to reduce the rate of degradation and to
extend the service life of structures exposed to aggressive
environments. The degree to which CPS will provide the
durability of a structure in a given environment is a func-
tion of the type of protective barrier, the quality and the
depth of concrete cover, and the degree to which the deg-
radation of steel reinforcement is acceptable. Unaccept-
able level of reinforcement degradation is governed by
material (or diameter) and bond between reinforcement
and concrete losses.

Generally, according to Codes and Recommenda-
tions corrosion of reinforcement is not tolerated. How-
ever, the structures with corroding steel are often ob-
served in practice (e.g., Kamaitis 2002). Some typical
examples are shown in Fig. 2.

The necessity of protective barrier on a new or ex-
isting structure can be based, for example, on the ratio
t/t;, where t and ¢, are expected (or observed) and re-
quired (or designed) service time of the structure, respec-
tively. If #/¢,> 1, it is evident, no special protection meas-
ures are needed. If #/¢;,= 0,8 — 1, it is believed, the level of
performance can be achieved only by modification of
concrete cover and/or structural detailing. If #/z, < 0,8,
special protective barriers either to the concrete surface or
to the reinforcement to meet the durability requirements
should be provided.
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Fig. 2. Bridge reinforced concrete girder (top) and floor
beam of industrial building (bottom) in service with cor-
roding reinforcement

The limit states of deteriorating structures are based
on the effect of actions, S(f), compared to materials or
structural time-variant resistance, R(f). The verification
can be performed in resistance or lifetime format:

gt)=R()-S) =Ryor ()0 —S()0s >0, (1)
g(t)=10,—t; >0, forall 0 <r<t, 2)
where g(¢) is the margin of safety with g(#) > 0 denoting
safe and g(7) < 0 denoting failure, R, is component capac-
ity in the undegraded (original) state; @r(f) — degradation
function; 6, — uncertainty of the calculation models and
errors in data observation and recording; ¢ — the time of
assessment; #,; — the design or target service life.

Reliability of deteriorating structures without and
with protective barriers is defined, respectively, as:

Plt 211} = Pley(t) > 0} = P{Ryogi (001 > S(1)05} = Py
forall 0 <#<1ty, 3)
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Pl =1}=Plgy(1)> 0} = P{Rypga (1) > S(1)0s } = Frarg.

forall 0 <t <tp, @)
where P, is acceptable level of structural reliability.

The time-dependent monotone decreasing degrada-
tion function @x(f) can be expressed in different forms
(linear, parabolic, square root, etc.) with the following
boundary conditions:

at 1 = 1, Or1(fo) = QProlto) = 1,05
at 1 = 14, Ori(ta) = Pro(tr) = Prmins
at 1;>t > to, Ora(t) > Qri(ta),

where ¢,;, is min acceptable deterioration function.

The greater @g,() is, the more reliable structure with
prolonged service life can be obtained.

The effectiveness of protective barrier on the dura-
bility of reinforced concrete structures can be expressed,

for instance, by rapport Hia oy or tt_z >1. The problem is
Hn 1

to be able to assess the degradation level and service life

t; and ¢, for given situations.

Anticorrosion protective measures are costly. Costs
of protection may be a significant part of the overall life-
cycle costs of a concrete structure. Therefore, the benefits
to be gained from special protection should be balanced
between required level of reliability and cost. The design
of optimum protection system can be based on well-
known optimization problem:

C,,;— min

subjectto P{r> td} > Ptarg,

where C,, is total direct and indirect costs including in-
spections, repair and expected losses due to failure of the
structure.

The objective of the optimization process is also to
evaluate the different protection scenarios. Many studies
have been done to determine optimal maintenance strate-
gies for deteriorating structures. They are reported in
numerous publications and are beyond the scope of this
paper.

This section illustrates the importance of protective
barriers for the extension of service life on RC structures
exposed to aggressive environments. It is evident that
detailed and realistic investigations in this subject are
needed. On the other hand, accurate predictive analysis
associated with corrosion protection measures for the
development of design procedures is of particular inter-
est.

3. CPS model and assumptions

Fig. 3 represents the service life model of CPS exposed to
aggressive agents. It is obvious that the required protec-
tion ability of CPS for reinforced concrete is governed by
the resistance of all component materials to the agents
involved and penetration/diffusion properties of protec-
tive barrier and concrete cover. Protective barriers as well
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as concrete cover and steel in aggressive environments
have limited service lives.

The service life of CPS can be divided into 3 stages:
service life of protective barrier (#,), concrete cover (z.),
and the last phase during which an unacceptable loss of
reinforcement section has occurred (¢,). Protective barrier
is the most important and extremely loaded component of
a protective system. After failure of such a barrier the
lifetime of CPS is governed by degradation of concrete or
penetration of aggressive substrates through the concrete
cover and then by the rate of steel bars corrosion. The
corrosion of reinforcement relates closely to the deterio-
ration and safety of the structure.
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Fig. 3. Service life of CPS

The basic assumptions made to model the durability
of CPS are:

a— degradation function of CPS is independent of the
load history; only deterioration due to an external
aggressive attack is considered;

b — the system consists of three non-identical compo-
nents, i.e. protective barrier, concrete cover and re-
inforcement; all components are activated continu-
ously upon failure of an operative component;

¢ — shape and rate of the degradation functions for pro-
tective barrier, concrete cover, and reinforcement
are specific and must be known;

d— all components of system are repairable; the re-
paired components are restored to an as-good-as-
new condition (to initial performance level), each
time repair is applied;

e — failure of CPS is the result of failure of all compo-
nents making up the CPS.

Based on these assumptions, a model representing
service life of CPS was chosen and is shown in Fig. 3.
This model presents the protection ability as a function of
time. The CPS is composed of three components, each
having different performance curves with several alterna-
tive rehabilitation strategies. In general case, we assume
that reinforcement is also repairable.

Z. Kamaitis. Modelling of corrosion protection for reinforced concrete structures with surface coatings

4. Service life formulation of CPS

The service life of CPS can be expressed by Eq. (Fig. 3):

T(TPS = (tbm +tcm )Ut + tsm > (5)
where 1, is service time of protective barrier as a func-
tion of type and thickness of cover; ¢, — time for concrete
deterioration as a function of concrete cover quality and
thickness; t,, — time for reinforcing bars to cause accept-
able corrosion level as a function of environment condi-
tions, type of structure and reinforcement. It is obvious
that #,,,,, ¢, and t;, can be different lengths of time.

Corrosive
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Fig. 4. Corrosive resistance of protective barrier and
concrete cover

Quality and thickness of a protective barrier and
concrete cover are known to vary spatially over the struc-
ture’s surface. In practice, the deterioration process also
is not uniform and at any time different parts of protec-
tion system will be in different states. It is unlikely that
deterioration of these components will take place in the
same critical sections. Hence, the corrosion resistance of
the system composed of protection barrier and concrete
cover is not equal to the sum of corrosion resistance of
individual components (Fig. 4). Then, a chance that the
critical sections in the protective barrier and concrete
cover match-up is small and can be evaluated by the pa-
rameter

actual value

= _the s (6)
t = - = =10,

predicted value ty,,
where #,. and #.q (= tp, + t.,) are actual and predicted
(design) service time of protective barrier + concrete
cover, respectively.

Note also that ¢, ,is defined by standard testing pro-
cedures and naturally reflects some conservatism.

Components of protection system allow controlling
the corrosion rates of structures by periodic recoating or
repairing the components over the lifetime of a structure.
Taking into consideration the number of recoatings, #,
repairs of concrete cover, 7., and that of reinforcement,
n, during the required service time of structure, #,, the
main design time of protective system can be found as
follows:

ny, n,

nS
Teps= z Lpmi + z Lo |V z Lomi - (7)
i=1 i=1 i=1
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The limit state of CPS or its components is defined
as

g(1)=Reps O =S, (D05 >0 ®)
or in life-time format

) ne ng
g)= (etb _Zfbml+etc chml}utl +0s izl tsmi —ta > 0. (9)
i= i= =

The variables S,,,(¢) and Rcs(?) entering the Eqs (8)
and (9) can be of any quantities and expressed in any
units. In the design or verification of durability of CPS or
its components, S,,,(f) can be penetration depth [x(7)] or
concentration of aggressive agents on the depth x (c,),

extent of barrier cracking or delaminating, concrete cover
cracking/spalling or reinforcement corrosion intensity.
Rers(?) is the resistance of a system to corrosive actions
or limiting performance criteria which can be interpreted
as the actual depth of protective barrier (d,) or concrete
cover (d,), critical concentration of aggressive agents on

concrete or reinforcement surface (c,,.), admissible level

of barrier delaminating or concrete cracking/spalling, loss
of rebar diameter.

It is evident that aggressive environmental service
actions as well as physical and geometrical parameters of
CPS components are random variables. Hence, to pre-
serve serviceability and safety of protection a reliability
analysis is indispensable.

In the probability based approach the distribution of
Tcps according to Eqs (5) and (7) can be found, if the
distributions of the random variables #, ¢, and ¢, are
known. Statistical parameters should be obtained from
laboratory or field experimental data.

In general, the probability distributions of the deg-
radation of building materials and components are close
to the normal or lognormal distribution. For instance, if
the probability distribution of the time to first failure of
CPS components is normal, the normal should be and
time to failure distribution of CPS. The service time of
CPS and its components in Eqs (5), (6), (7) and (9) are
presented in terms of their mean values. Then, the time to
the first failure of component j is defined as

L =A=ByVyt jms (10)

where /£, and V, is safety index and coefficient of varia-
tion of e, respectively.
The reliability index of component j is defined as
P{tj- thj} = P{Rj(t)GRJ >

Scorj (85} =P(By) = Prarg ;-

For the given acceptable probability P, the time
to the first failure #; of component j can be determined.

That the protection system will work for the pre-
scribed period of time, ¢, the following expression should
be verified

PiTcps 21q3 = PAXt; 2145 =P(Br) 2 Prarg , (12)

where Py, is a target reliability indice, which is based on
the failure consequences of protection system.

According to Eq (6), the parameter v, can be deter-
mined:

an
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_ Ipe _ (1 — IBtbc thc )tbc.m
Lhed (l_ﬂthtb )tbm +(1_/Btthc )tcm

v, >10. (13)

5. Life cycles of CPS components

It is obvious that the shape and rate of degradation func-
tions in Eqs (8) and (9) are specific for protective barrier,
concrete cover and reinforcement bars are strongly influ-
enced by nature and quality of structure components as
well as exposure conditions, which define the degree of
protection required.

Table 1 gives a summary of the effects of some de-
structive agents on reinforced concrete components and
polymer coatings. This information is based on literature
sources as well as the author’s experience and is only
general information to be used as the basis for beginning
an investigation. It is obvious that the number of physical
and chemical destructive agents which can attack struc-
ture components is large and is not the only factor which
determines the rate of attack, but also embodies the che-
mical nature and concentration of the substances, tem-
perature, pressure, as well as their cyclic changes.

Table 1. Physical and chemical effect on corrosion protection
components by various agents

Effect Polymer Cement Steel in
coatings concrete concrete
Acids DS DR IC
Alkalis DS NH NH
Salt solutions NH NH IC
De-icing salts NH scaling IC
Water DS NH C
Sea water DS D C
Fats, oils, wastes DS DS C
Gases (CO,, Cl, DS moist
SO, diesel) DS concrete C
Freezing and
thawing NH D NH

NH = not harmful; D = disintegrates; DS = disintegrates slowly;
DR = disintegrates rapidly; C = corrosion; IC = intensive corro-
sion.

It is necessary to note that well-designed concrete
structures, made with good quality concrete are relatively
impervious to most waters, soils, and atmospheres. Good
quality concrete can be made resistant by a proper pro-
portioning, compacting, curing, and use of different ad-
mixtures to yield adequate strength and low permeability.
Although permeability to liquids and gases may vary
considerably among different concretes, even the best
concretes have always some degree of permeability. Pe-
netration of gases and fluids into the concrete is fre-
quently accompanied by chemical reactions mainly with
cement or by physical actions due to formation of oxides,
salts or ice, causing expansion and disintegration of the
concrete.

Steel corrosion in reinforced concrete leads to con-
crete cover cracking/spalling, to a reduction in bond
strength and a reduction in bar cross-sections. In practice
these degradations are randomly distributed in terms of
location and intensity.
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Protective barriers such as polymer coatings are also
not absolutely resistant to the action of all agents encoun-
tered and, in general, also have limited service lives. Va-
rious thermoplastic and particularly thermosetting poly-
mers (e.g., epoxies, polyesters, urethanes) are proposed to
use as protective coatings. Disintegration of coatings
named in the table is specified as degradation by swell-
ing, dissolution, scission or weathering involving also the
diffusion phenomena. However, resistance to attack is, in
general, much better for polymers than for cement con-
crete or steel.

Given the complexity of the deterioration of CPS
components, we will consider that the rate of corrosion of
protective barrier, concrete cover and steel reinforcement
may be expressed, for instance, as corrosion rate, A, that
is, the reduction of the mechanical strength due to physi-
cal/chemical degradation or permeability/diffusion due to
the transfer of destructive agents, even without composi-
tional changes, which can be viewed as a degradation of
mechanical properties and cross-section (thickness) losses
per unit of time. Corrosion rate is a function of many
variables and usually should be determined by mathe-
matical models of the physical transport processes and of
empirical data.

The survivor function in Eq. (5) or (7) of polymer
protective barrier in aggressive chemical solutions, for
instance, can be expressed by an exponential distribution
(Kamaitis 2007b):

x(t) =dp[l—aexp(=Apt)] for t,>t>0, (14)
where x,(7) is attack-penetration depth; d, — coating thick-
ness at ¢ = 0; A, — the rate of coating degradation.

In a probability-based approach and normal distribu-
tion of variables, the survivor function of protective coat-
ing can be expressed as follows:

Pty 2t} = Pldy 2 xp(10)} = P(Byp) =
16} dbmedm - xbmexm > (15)
[Gz(dbmed)Jer(xbmex)]l/z targ.b

where dy, Xpm, 04n. and 0., are the mean values and o(e)
is standard deviation of e; P, is barrier target reliabil-
ity.

Design and detailing of concrete cover and rein-
forcement in the presence of concrete deterioration due to
sulphate attack, freeze-thaw cycling, and reactive aggre-
gate reactions as well as reinforcement corrosion caused
by concrete carbonation and chloride penetration have
been treated by a number of authors and reported in nu-
merous publications. Recently, degradation models for
the application of de-icing salts, atmospheric CO, or ma-
rine exposure have been put forward which include two
or three stages of initiation, crack formation and propaga-
tion to a defined limit state. In general, the last two com-
ponents — concrete cover and reinforcement can be de-
signed separately according to numerous recommen-
dations (e.g. Dura Crete 1998). For instance, for
atmospheric or chloride induced corrosion (bridges, park-
ing garages) the increase of carbonation or chloride pene-
tration depth, x.(¢), with time leading to depassivation of
reinforcement can be predicted using simplified equation:

Z. Kamaitis. Modelling of corrosion protection for reinforced concrete structures with surface coatings

x, (1) =\ t" fort>1, (16)
or
d
t, =n-—5, 17
(Y (17)

where A. is a constant; d,. — thickness of concrete

cover; n — exponent of time.

Similar approach can be used for modelling con-
crete degradation in liquid aggressive solutions.

Once the passivity of reinforcement has destroyed,
some lap of time is needed to cause the concrete cover
cracking or spalling. This time can exceed the value of 6
years (Bentz 2003) or can be taken, for example, as
107,,, (Val, Stewart 2003), where 7., is the time to first
concrete cracking. At this stage, the loss of bar diameter
generally is very low (e.g. Andrade et al. 1993; Allam
et al. 1994; Maruyama 1999; Almusallam 2001) and it is
very unlikely the corrosion will considerably affect the
strength of a structure.

When the concrete cover has cracked or spalled, the
intensive corrosion of exposed reinforcement is initiated.
As a corrosion of steel bars proceeds, the rust layer in-
creases in thickness leading to loss of cross-sectional area
and relating closely to the deterioration of a structure (e.g.
Jokubaitis 2007). This non-linear phase is controlled by
diffusion of oxygen or aggressive substrates through the
rust layer. This process can be modelled in a simplified
form as

xg(t) = ahgty, for t>1,+1. (18)
or
to=n ds.adm , (19)
oA g

where x,(¢) is the depth of steel corrosion; dg .4, —
maximum admissible depth of corrosion which depends
on the type of structure and that of reinforcement; A, —
the rate of uniform steel corrosion; o — a coefficient de-
pending on the type of attack: for uniform corrosion o =
2, in the case of pitting o = 4-8. The values of both pa-
rameters Ay and » are influenced by environment and
type of reinforcement.

It should be pointed out that it is difficult to decide
an acceptable limit for steel reinforcement corrosion. As
it was mentioned above, according to Codes and Recom-
mendations, corrosion of reinforcement is not tolerated.
Admissible depth of corrosion frequently is expressed as
limiting value of reinforcement diameter or area. The
cross-sectional area reduction by 25-30% of reinforce-
ment bars seems to be the failure criterion of corrosion-
affected reinforced concrete structures (e.g. Amey et al.
1998; Gonzales et al. 1996; Val, Stewart 2003). In epoxy
coated reinforcement the deterioration of epoxy coating
can be accepted as a limit state. The admissible depth of
reinforcement corrosion is always the matter of discus-
sion.

Similar to protective barrier [see Eq (15)] the prob-
abilistic analysis for concrete cover and reinforcement
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degradation also can be carried out. It is obvious that
suitable examinations are necessary for each deterioration
factor to fix the mean values and their dispersions.

Optimal life cycle performance of CPS can be
achieved in many ways. Different barrier materials, con-
crete compositions and reinforcement corrosion criteria
as well as repair scenarios including initial and mainte-
nance costs, can be considered to obtain desirable protec-
tion abilities for particular applications. This will be not
discussed herein due to the limited space of paper.

As far as we know, it is very few investigations,
which combine the consequences of protected structure
corrosion with SLS or ULS, although a number of studies
has been conducted on durability of protective coatings,
as it is mentioned above. A classification of structures
according to the type of deterioration and consequences
of failure should be considered. In a high aggressive envi-
ronment for important structures, including prestressed
concrete structures for which corrosion of steel rein-
forcement is not allowed, for SLS the delaminating of
coating, depassivation of steel in concrete or the concrete
cover cracking/spalling can be accepted as the end of
service life. A possible approach to modelling the dura-
bility of ancillary components is to take into account
visible degradation of reinforcement based on safety or
appearance requirements of a member. For ULS loss in
reinforcement cross-section or bond strength is generally
accepted (Coronelli 2002).

6. Ilustrative example

To illustrate the application of CPS probabilistic analysis
a semi-realistic reinforced concrete storage rectangular
tank for industrial inorganic acid water is considered.

Given: sulphuric acid concentration of ¢y = 49 mg
per litre and pH ~3. Concrete B35, cement content
C =400 kg/ms; W/C = 0,42; kcq,o = 620 gr; D = 5,76%
102 cm*h. Other data on statistical parameters are given
in Table 2.

The target level of reliability of CPS components is
taken as P, = 0,9 (B = 1,28). Due to short service time
of steel reinforcement in acid environment, the initiation
of reinforcement corrosion is accepted as SLS. Therefore,
the third term in Eq (5) or (7) disappears. For simplicity
we assume that v, = 1,0. The design service time of rein-
forced concrete storage structure £,= 30 years.

Table 2. Statistical parameters of random variables

Parameter* Mean COvV

Concrete cover, d. mm 222 0,15 determined
Polymer coating, d, mm 1,0 0,12 determined
Rate of degradation,

A, cm/h? 0,0048 | 0 computed

A, 1/year 0,131 0 determined
Time to failure 0,3 assumed
Model errors, B4 1,0 0,1 assumed

Ox 1,0 0,15 assumed

*all parameters are assumed as normal distributed.
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1. Concrete cover degradation depth

It is assumed that deterioration will lead to a uni-
form reduction in the thickness of cover. Substituting in
Eq (15) the relevant values for concrete cover (dy, = dep;
Xpl(t) = xcm(1)), the following equation is obtained

P{tc} =

© 22,2 = X (1)
22,2%(0,15% +0,1%) + x,,,2 (1)(0,38% +0,15%)

} = ®(1,28).

Solving this expression, we can find the unknown
mean value of deterioration depth x,,, (#) =15,15 mm.

2. Service life of concrete cover

Degradation of concrete cover can be expressed us-
ing Eq (16), where n =2 and

he =2Dco / Cheao = 2% 0,00576x0,049/400% 0,62 =

0,0048cm/h"/? .

Substitution of previously obtained value of x.,(¢)
and computed value of A, into Eq (16) gives the mean
time ¢, = 11,4 years. Then

t.=t,,(1-8V,)=11,401-128x0,3)=7 years <{,

The structure needs additional protection coating
against acid attack.

3. Design of protection coating

It is suggested to use a three-layer coat based on
IKA resin. The mean thickness of coating is 1,0 mm,
V,;=0,12. The reliability of coating can be verified using
a similar procedure as for concrete cover.

Plty} =

_q) l—xbm(t)

N 2 2 2 2 2 2
170,127 + 0,17) + x5, (1)(0,3° + 0,157)

} = d(1,28)

from which the mean deterioration depth of coating
Xp, ()= 0,61l mm.

Eq (14) gives deterioration depth of coating in acid
water, where a =1+A,t. Then deterioration mean depth
is

0,61 =10[1—-(1+0,131x¢)exp(-0,131x7)],
from which the
ty, =157 years.

The service time of coating is expressed as
1y = tom =BV (lom — o) =157 —1,28x0,3(15,7 - 11,4) = 14
years.

When ¢, +¢, =14+7 =21<t,, the recoating at the

age of 14 years should be done. Assuming that the recoat-
ing time is negligible, further coating deterioration and
failure at 28 years is expected.

4. Service life of CPS

mean service time of coating

Mean service life of CPS is calculated as
Tepg =2Xty, +1,, =2x157+11,4 =42,8 years,
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and reliability of protection system is
Peps{Teps 2ty =(2x14+7)=35>1,; =30 years.

7. Conclusions

Based on this study, the following conclusions can be
drawn:

1. Deterioration of reinforced concrete structures
exposed in man-made or atmospheric aggressive condi-
tions is a common problem in many countries of the
world. Frequently, due to corrosion, the resistance of
structures decreases much earlier than their expected
service life. One of the ways to protect reinforced con-
crete structures from corrosion is to use protective coat-
ings. In current practice, the use of coatings is based on
the standard recommendations in the proper choice of the
correct type of the coating material for the particular ap-
plication. A simplified and unified design procedures
based on the mechanism of degradation for the full range
of reinforced concrete structures exposed in various ag-
gressive conditions is a more rational way. Design of
durability of concrete structures with protective coatings
needs to be established.

2. A model of deterioration and service life predic-
tion of corrosion protection multi-level system, which is
represented by protective surface barrier, concrete cover,
and steel reinforcement itself, of reinforced concrete
structures was developed [Egs (6), (7), (8) and (9), Fig.
3]. The model relates the entire service life of corrosion
protection system to the rate of degradation of its compo-
nents. Reliability based assessment of protection system
taking into account its components degradation is indis-
pensable [Eqs (10), (11), (12), (13)]. Variables in the
model are uncertain and must be described using prob-
ability distributions.

3. The model developed may be applied to a variety
of new or existing structures in order to predict the time
to first repair/rehabilitation of reinforced concrete struc-
tures and to develop reliability-based corrosion protection
systems. Although the practical use of this model requires
further study. Degradation models and their characteris-
tics, including failure rates, A, must be identified for a
particular structures (transportation structures, marine
structures, chemical storage tanks, pipes, sewers, and
other facilities) and exposure conditions. It is believed,
when these studies are conducted the variables to be in-
vestigated will be consistent with the proposed concept of
multi-layer protection system and will provide more real-
istic service-life predictions and adequate basis for anti-
corrosion protection design. Since protection measures
are costly decisions, final protection system should be
taken into analysis and economic considerations.
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GELZBETONINIU KONSTRUKCIJU SU PAVIRSINEMIS DANGOMIS KOROZINES APSAUGOS

MODELIAVIMAS
Z. Kamaitis

Santrauka

Korozija yra svarbi gelzbetoniniy konstrukcijy ilgaamziskumo problema. Gelzbetonines konstrukcijas biitina apsaugoti
nuo korozijos jvairiomis salygomis, pradedant nuo atmosferos iki nuolatinio mirkymo vandenyje ar chemikaluose. Vienas
i$ apsaugos budy yra polimerinés apsauginés dangos. Atsparus pavir$inis barjeras gali labai sulétinti gelzbetonio irima ir
iSspresti daugelj problemuy, susijusiy su iSorine aplinka. Reikia sukurti gelZzbetoniniy konstrukeijy su apsauginémis dan-
gomis projektavimo metodika. Straipsnyje nagrinéjama antikorozinés apsauginés sistemos, susidedancios i$ paviriaus ap-
sauginio barjero, apsauginio betoninio sluoksnio ir pacios plieninés armattiros, patikimumas ir spé¢jamas gyvavimo laiko-
tarpis. Sis modelis remiasi apsauginio barjero, betonio sluoksnio ir armatiiros irimo procesy samprata. Skaitinis pavyzdys

rodo antikorozinés apsauginés sistemos patikimumo patikra.

ReikSminiai ZodZiai: gelzbetonis, korozija, antikoroziné apsauga, patikimumas, laikas iki suirties.
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