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Abstract. Various protective barriers are used in practice to protect reinforced concrete and steel structures in severely
aggressive environments. In this paper, we consider a multi-layer corrosion protection system (CPS) which is modeled as a
three-unit of non-identical components cold standby system. The system can be maintained or non-maintained. In this
system it is assumed that degradation and renewal (if necessary) rates of all components are both exponential and different.
After repair the components are as good as new. Under these assumptions, using the Markovian degradation/renewal
process some important reliability indices such as the system reliability, the point and steady-state or limiting availability,
mean time to failure are defined. The performance of corrosion protection system is illustrated by numerical example.
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1. Introduction
Methods for improving the performance of reinforced
concrete and steel structures by surface corrosive resistant
barriers have been used for many years. The type of protective barrier depends on the resistance of the barrier materials to the aggressive environment involved. Where reliable
protection is required combined barriers composed from
23 layers of different materials (coatings, mastics, mortars, ceramics, sheets), having different protection ability
were used in reinforced concrete [17] and steel [815]
structures. Multi-layer systems are a powerful concept to
fulfil requirements on their protection properties. Combined
barriers are frequently used in chemical process plants,
chemical storage tanks, silos, pipes, industrial chimneys,
sewers. In special circumstances protection might be necessary in such ordinary locations as foundations, bridge
structures or dams.
A popular method used to protect the steel bridges is a
three-coat system, namely the metallised primer (zinc, aluminium), epoxy or urethane intermediates and aliphatic
methane or other polymer composition topcoats [1315].
Anti-corrosion polymer painting systems comprising epoxy

and polyurethane resins were applied in some steel bridges
in Lithuania. In reinforced concrete bridge structures the
protection ability can be achieved by taking into account
the resistance of protective surface treatment or coating,
including primer and main coat as well as concrete cover
[1]. It is obvious that each layer of protection system of
steel or reinforced structures has different properties and is
applied to perform specific functions. Together with corrosive resistance of individual layers the primer is to assure
good adhesion, the main coat flexibility, and the topcoat
hardness, erosion resistance or appropriate colour.
Much work has been carried out on the mechanical
properties and durability of barrier materials, surface preparation for coatings and different coating systems evaluation in laboratory or in situ conditions. Despite continued improvements in reliability at the component level,
multi-component corrosion protection systems level strategies retain an essential role for providing higher system
reliability. However, there are only limited attempts to provide satisfactory analytical methods to assess the durability of protective measures as a whole.
Protective barriers in aggressive environments in gen-
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eral have limited service lives. Three-layer coat systems in
steel bridges need the rehabilitation every 15 years [16].
The protection systems, particularly organic coatings, are
continuously deteriorating by corrosion and ageing. The
condition of the protection system has a great effect on the
condition and safety of the structural component. On the
other hand, the protection cost, for example, in steel bridges
takes a high portion of the maintenance budget [16]. Therefore it is important to search the methods for reliable assessment of protection system performance as a whole with
the aim for economic and efficient protection design and
appropriate maintenance.
Degradation of multi-layer protection system begins
from the top layer. The other layers are not stressed, until
the top layer has failed. After degradation of topcoat, the
next layer continues to accomplish its protection function
until all layers of the system are deteriorated and the limit
states of degrading structure are reached. When all components fail, does the protection system fail. From a
probabilistic point of view, multi-layer protection system
can be generated with the cold-standby models. These models involve the use of redundant components that are in
intact (not loaded) reserve and are activated when operating unit fails. Standby systems are widely used in electronic
devices, energy and textile plants, alarm and satellite systems. Reliability and availability of cold standby systems
have been extensively studied for many different system
structures, objective functions, and distribution assumptions
[eg 17, 1821]. As far as the authors know, the modelling
of combined protection barriers for civil engineering structures as standby redundancy until now was not carried out.
In this paper, an approach is developed and used to
exploit the capabilities of components to realise a complex
model of corrosion protection system (CPS). Another approach used is a cold standby model and Markovian degradation and renewal theory to represent the system deterioration as transition process from state to state leading to a
gradual decrease of system performance. The probabilitybased Markovian models are often considered to represent

the bridge component deterioration process from the condition ratings data collected during the bridge inspections
[2224]. The deterioration and renewal (if required) of components are described by the exponential distribution assuming that the system after repair is as good as new.
Exponential distribution was found to be well fitted to the
polymer protective coatings deterioration [25]. For illustrative purposes, a numerical example of reliability-based
assessment of corrosion protection system is presented.
2. System description and assumptions
Consider a three-unit standby redundant parallel system with intact (not loaded) reserve, which comprises three
independent parallel-connected elements (Fig 1a). Let Si
for i = 0, 1, 2, 3 be the state of the system where li > 0 and
mi ³ 0 represent the rate of deterioration and renewal, respectively. If the sequence of component 1 failure then component 2 then component 3 is considered than the system
will successively reach the damaged states S1, S2, and S3
(Fig 1b). The reserve component is brought in operation
when the previous unit fails with final state S3 corresponding to system failure. Only when all elements fail, the protection system fails. The failure rates li and repair rates mi
for i = 1, 2, 3 indicate the rates at which the transitions are
made from one state to another.
The basic assumptions made to model the durability
of system are:
a  the system consists of three non-identical components in cold standby configuration; all components are
activated sequentially in order upon failure of an operative
component;
b  all components of system are repairable; the repaired components are restored immediately to an as-goodas-new condition (to initial performance level) each time
repair is applied;
c  if the system is not easily accessible for repair,
repair is costly or the time to failure is longer than required
by design lifetime, the system is considered as non-repairable (without repair);
d  component failure and repair (if required) rates li
and mi are constants and time independent but different for
components 1, 2 and 3; repair rates are large compared to
failure rates, ie mi >> li;
e  component failures and repairs are mutually independent;
f  system fails when all the components are in a failed
state.
3. State transition probabilities

Fig 1. Standby parallel system: a  structural system; b  state
transition diagram

Lets first consider continuously operating cold standby
system which components after failure are immediately
restored. All possible states of the system can be modelled
as the Markov process. Using assumptions a, b, d and e
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from the state transition diagram (Fig 1) we may construct
the Markov equations for 4 states:

(11)

p3 (t ) = C1 + C2 e k2t + C3e k3t + C 4 e k4t ,
where

d
p0 (t ) = − ë1 p0 (t ) + ì1 p1 (t ),
dt

(1)

d
p1 (t ) = ë1 p0 (t ) − (ë 2 + ì1 ) p1 (t ) + ì 2 p 2 (t ),
dt

(2)

d
p 2 (t ) = ë 2 p1 (t ) − ( ë 3 + ì 2 ) p 2 (t ) + ì 3 p3 (t ),
dt

(3)

d
p3 (t ) = ë 3 p 2 (t ) − ì 3 p3 (t ),
dt

(4)
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0
0 
ì1
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M =
 0
ë 2 − ë3 − ì 2 ì3 


0
ë 3 − ì 3 
 0

(6)

F1 =

3

∑ pi (t ) = 1.

i =0

The objective is to calculate the probability pi(t) that
the system is in state i at time t. Once this is known, the
system reliability or availability can be calculated as the
sum of state probabilities taken over by all the operating
states.
By solving differential equations (1)(4) associated
with Fig 1, we obtain the following state probabilities:
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Since at any time the system can only be in one state,

p0 (t ) = C1B1 + C2 B2 e

ë 3ì1k3 + ì1 (ì 2 + k3 )(ì 3 + k3 )
,
ë 2 ë 3 (ë1 + k3 )

D1 =

(7)

p1 (0) = p 2 (0) = p3 (0) = 0.

k3t

B3 =

Using initial conditions [Eq (7)], we obtain the system of equations to determine the constants Ci

p0 (0) = 1,

k 2t

ë 3 k 2ì1 + ì1 (ì 2 + k 2 )(ì 3 + k 2 )
,
ë 2 ë 3 (ë1 + k 2 )

(ì 2 + k 4 )(ì 3 + k 4 )] + ë 2 k 4 (ì 3 + k 4 )},

For passive parallel system the initial conditions are:

we have

B2 =

B4 =

where pi(t) is probability that the system is in state i at time
t, for i = 0, 1, 2, 3; li > 0 and mi > 0, for i = 1, 2, 3 are the
constant failure and repair rates of components, respectively.
Thus for system consisting of 3 components there are
4 possible states where the state S0 is the state at t = 0 for
which all the components are safe and state 3 corresponds
to system failure (S3).
The state transition differential equations can be written in the matrix form
d
P (t ) = MP(t ),
(5)
dt
where P(t) is a column vector with components p0(t), p1(t),
p2(t), and p3(t); M is the Markov transition matrix:

ì1ì 2ì 3
,
ë1ë 2 ë 3

k 4t

, (8)

The roots ki are found from the characteristic equation

k 4 + bk 3 + ck 2 + dk = 0,
where
3

3

i =1

i =1

b = ∑ ëi + ∑ ìi ,
c = ë1 (ë 2 + ì 2 + ì 3 ) + ë 3 (ë1 + ë 2 + ì1 ) +
ì 3 (ë 2 + ì1 + ì 2 ) + ì1ì 2 ,

d = ë1 (ì 2ì 3 + ë 2 ë 3 + ë 2ì 3 ) + ì1ì 2ì 3 .
p1 (t ) = C1D1 + C 2 D2 e k2t + C3 D3e k3t + C4 D4 e k4t , (9)
p2 (t ) = C1F1 + C 2 F2 e k2t + C3 F3e k3t + C 4 F4 e k4t , (10)

The 4 roots of the resolving equation are given by

k1 = 0,
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b
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where pi(t)  under the steady-state condition.
Now the steady state unavailability of the system is
given by:

UA = 1 − A = 1 − C1 ( B1 + D1 + F1 ) .

where i = − 1 is the imaginary unit;
G=3

bc b 3 d
−
− + q,
6 27 2

H =3

bc b 3 d
−
− − q,
6 27 2

p 2 (t ) =

ë1
(e − ë1t − e − ë 2t ) ,
ë 2 − ë1

(20)

i =0

and from Eq (15) the unreliability

(12)
(13)

2

UR(t ) = p3 (t ) = 1 − ∑ pi (t ) .

(21)

i =0

Mean time to failure:
∞

∞

MTTF = ∫ R(t )dt = ∫ [ p0 (t ) + p1 (t ) + p2 (t )]dt. (22)
0
0
Using Eqs (12)(14) and (22), the following expression is obtained:
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−
+
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 ë 3 − ë1 ë 3 − ë 2 (ë 3 − ë 2 )(ë 3 − ë1 ) 

2

∑ pi (t )

reliability  R(t ) =

Solving Eq (5) under condition that µ1 = µ2 = µ3 =0,
we can obtain the state transition probabilities pi(t) for
standby system without repair:

p1 (t ) =

(19)

From Eqs (12), (13), and (14) the reliability for nonreparable system using assumptions a, c, d, e and f and solving Eq (5) under condition that m1 = m2 = m3 = 0, we can
obtain the state transition probabilities pi(t) and system performance indices:
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5. Illustrative example
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+
+
−
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4. Reliability indices
From Eqs (8), (9) and (10) the availability of the system with repair is expressed as:

A(t ) = p0 (t ) + p1 (t ) + p2 (t ) ,

(16)

and unavailability as:

UA(t ) = 1 − A(t ) = p3 (t ) .

(17)

The steady-state availability of the system is defined
at t = ¥. Hence from Eqs (8)(10) follows that:

Let l1 = 0,1/year; l2 = 0,15/year; l3 = 0,2/year; two
levels of m1 = m2 = m3 = 0,5/year and 5/year. According to
the differential Eqs (8)(11) and (12)(15) and the initial
conditions (7), the state transition diagrams of the system
with repair and without repair for specified values of members failure and repair rates are shown in Fig 2. As expected, as the time increases the probability of both systems being in state p0 decreases but increases the probability of being in states p1, p2 and p3.
The plots of Eqs (16), (17), (20) and (21) are shown in
Fig 3. The results clearly show that as the value of time
becomes large, the system availability and unavailability
approach a steady state while the reliability is decreasing
very fast with time. Obviously, if components are repaired
as they fail, we have continuously operating system, which
availability will appear constant.
The mean time to failure (MTTF) of the system if any
component is no failure is infinitive. The MTTF for not
repairable system is shown in Fig 4. In this figure we can
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Fig 3. Availability of the system with repair and reliability of the
system without repair versus time

Fig 2. Time dependent state probabilities for the system with repair (above) and the system without repair (below)

Fig 4. MTTF of the system without repair for the varying l1

see that the system MTTF is monotonically decreasing function of l1, which indicates that higher value of topcoat
corrosion resistance will result in longer system MTTF.
The analysis of the influence of component repair rate
values shows that when m 1 = m 2 = m 3 = 0,5 and
l1 = l2 = l3 = 5 the results of steady state availability are
A = 0,981308 and A = 0,999976, respectively. We can see
that the value of system availability is increasing when rate
of repair increases. In practice, the ratio of m/l for polymer coatings can be as high as 1050. On the other hand,
the reliability of 0,95 governed by SLS is a good choice for
corrosive protection barriers.

2. The system of differential equations for three-component system with one active unit and two spares in cold
standby is set up to describe the transition states of protection system. The standby system can be repaired or not repaired. Components of the system are repairable (if any) to
as good as new condition with different failure and repair rates exponentially distributed.
3. The reliability indices such as reliability, point wise
and steady state availability, mean time to failure of multilayer corrosion protection system with repair or without
repair are analysed and defined by using Markovian deterioration/renewal process. The performance of corrosion
protection system is illustrated by a numerical example.
4. Application of cold standby systems and Markov
modelling is a suitable tool to assess the overall reliability
of protection barriers. Results of investigation presented in
this paper are the first attempt to model the performance of
multi-layer corrosion protection of infrastructures as redundant standby system. Further work is needed on the
probabilistic behaviour, maintenance scenarios and cost
benefit analysis of various protective systems for particular applications.

6. Conclusions
1. A model of multi-layer corrosion protection system
(CPS) for concrete or steel structures in aggressive environments is developed and combines the non-identical with
different properties of individual layer material and thickness components. The performance of multi-layer corrosion protection system is proposed to generate with cold
standby models.

146

Z. Kamaitis, S. Èirba / THE BALTIC JOURNAL OF ROAD AND BRIDGE ENGINEERING  2007, Vol II, No 4, 141146

References
1. KAMAITIS, Z. Repair and strengthening of structures and
buildings with synthetic resins (Âîññòàíîâëåíèå è óñèëåíèå
êîíñòðóêöèé è ñîîðóæåíèé ñèíòåòè÷åñêèìè ñìîëàìè).
Vilnius: Technika, 1992. 280 p. (in Russian).
2. LUMA, Ch. Protect concrete from corrosion coatings must
be part of a complete strategy. Chemical Engineering, 1998,
105 (12), p. 4.
3. MAYS, G. C. Materials for protection and repair of concrete:
progress towards European standardization. In Proc of the
International Conference Concrete Durability and Repair
Technology, Dundee, Scotland, UK, 1999, p. 481491.
4. VIPULANANDAN, C.; LIU, J. Glass-fiber mat-reinforced
epoxy coating for concrete in sulfuric acid environment. Cement and Concrete Research, 2002, Vol 32, No 2, p. 205210.
5. VAYSBURG, A. M.; EMMONS, P. H. How to make todays
repairs durable for tomorrow  corrosion protection in concrete repair. Construction and Building Materials, 2000,
Vol 14, No 4, p. 189197.
6. REMMELE, T. E. Specifying high-performance coatings for
concrete. Construction Specifier, 2003, Vol 56, No 9, p. 49
54.
7. CHUNG, D. D. L. Use of polymers for cement-based structural materials. Journal of Material Science, 2004, Vol 39,
No 9, p. 29732978.
8. HARIS, G. M.; LORENZ, A. New coatings for the corrosion
protection of steel pipelines and pilings in severely aggressive environments. Corrosion Science, 1993, Vol 35, No 58,
p. 14171423.
9. MATHIVANAN, L.; RADHAKRISHNA, S. Protection of
steel structures in industries with epoxy-silicone based coatings. Anti-Corrosion Methods and Materials, 1998, Vol 45,
No 5, p. 301305.
10. KROKHMALNYI, O. M. Changes in the protective properties of combined coatings under cyclic stresses. Material Science, 1996, Vol 31, No 5, p. 650653.
11. SANTOS, D.; BRITES, C.; COSTA, M. R.; SANTOS, M. T.
Performance of paint systems with polyurethane topcoats,
proposed for atmospheres with very high corrosivity category.
Progress in Organic Coatings, 2005, Vol 54, No 4, p. 344
352.
12. KRISHNAN, S. M.; MOHAN, P. S. Studies on corrosion resistant properties of inhibitive primed IPN coating systems in
comparison with epoxy-PU systems. Journal of Coatings Technology and Research, 2007, Vol 4, No 1, p. 89100.
13. KROLIKOWSKA, A. Requirements for paint systems for the

steel bridges in Poland. Progress in Organic Coatings, 2000,
Vol 39, No 1, p. 3739.
14. YANAKA, Y.; KITAGAWA, M. Maintenance of steel bridges
on Honshu-Shikoku crossing. Journal of Constructional Steel
Research, 2002, Vol 58, No 1, p. 131150.
15. BJERKLIE, S. Rust cover steps. Keeping the Golden Gate
Bridge cover with paint is a major challenge for crews, management, and coating systems. Metal Finishing, 2006, Vol 104,
No 2, p. 3336.
16. ZAYED, T. M.; CHANG, L-M.; FRICHER, J. D. Life-cycle
cost-based maintenance for steel bridge protection systems.
Journal of Performance of Constructed Facilities, 2002,
Vol 16, No 2, p. 5562.
17. LEWIS, E. E. Introduction to reliability engineering. New
York. John Wiley & Sons, 1996. 435 p.
18. GUPTA, R.; MUMTAZ, S. Z. Stochastic analysis of two-unit
cold standby system with maximum repair time and correlated failures and repairs. Journal of Quality in Maintenance
Engineering, 1996, Vol 2, No 3, p. 6676.
19. ALMEIDA, A. T.; SOUZA, F. M. C. Decision theory in maintenance strategy of a 2-unit redundant standby system. IEEE
Transactions on Reliability, 1993, Vol 42, No 3, p. 401407.
20. SRIDHARAN, V.; MOHANAVADIVU, P. On the characteristics of a protective two-unit systems. International Journal
of Quality and Reliability Management, 1998, Vol 115, No 7,
p. 712718.
21. DHILLON, B. S.; KIRMIZI, F. Probabilistic safety analysis
of maintainable systems. Journal of Quality in Maintenance
Engineering, 2003, Vol 9, No 3, p. 303320.
22. CESARE, M. A.; SANTAMARINA, C; TURKSTRA, C.;
VANMARCKE, E. H. Modeling bridge deterioration with
Markov chains. Journal of Transportation Engineering, 1992,
Vol 118, No 6, p. 820833.
23. THOMSON, P. D.; SMALL, E. P.; JOHNSON, M.;
MARSHALL, A. R. The pontis bridge management system.
Structural Engineering International, 1998, Vol 8, No 4,
p. 303308.
24. KAMAITIS, Z. Deterioration of bridge deck roadway members. Part II: condition evaluation. The Baltic Journal of Road
and Bridge Engineering, 2006, Vol I, No 4, p. 185191.
25. KAMAITIS, Z. Structural design of polymer protective coatings for reinforced concrete structures. Part II: experimental
verification. Journal of Civil Engineering and Management,
2007, Vol XIII, No 1, p. 1926.
Submitted 21 June 2007; accepted 19 Nov 2007

