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Abstract

Reinforced concrete pipes {RCP) are sometimes used to distribute aggressive water
in industrial systems. Such networks of RCP deteriorate with time due to internal
corrosion (Peter-Lazar 2000). Due to the low O; — content of aggressive water, a
slow corrosion speed is expected for such applications. If the RCP in these networks
are not periodically replaced, they will eventually fail. Strategies for replacement for
these pipes depend on (1) the risks associated with failure of a water distribution
network, and (2) the costs associated with replacing the pipes, including the cost of
removing existing pipes, the cost of the new pipes and the cost of service interruption
of there is any temporary closure (Luong 2002). Due to the lack of statistical data in
regards with RCP failure, the development of a risk-based replacement strategy is not
an easy task. This paper gives an example of how predictive models of the
deterioration of RCP and the consequences of failure can be used to develop risk-
based replacement strategies for RCP networks. Replacement strategies are
determined for a series network consisting of 251 RCP. The main contribution of this
paper is to provide a theoretical approach based on (1) the results of a reliability
study, the use of (2) random drawing (binomial law) and (3) the decision tree method
to determine optimal replacement strategy.

Keywords: corrosion of concrete, reinforced concrete pipe, probabilistic updating,
maintenance.

Introduction

Reinforced concrete pipes (RCP) are sometimes used to distribute aggressive water
in industrial systems. Such networks of RCP deteriorate with time due to internal
corrosion (Peter-Lazar 2000). Due to the low O; — content of aggressive water, a
slow corrosion speed is expected for such applications. If the RCP in these networks
are not periodically replaced, they will eventually fail. Strategies for replacement for
these pipes depend on (1) the risks associated with failure of a water distribution
network, and (2) the costs associated with replacing the pipes, including the cost of
removing existing pipes, the cost of the new pipes and the cost of service interruption
of there is any temporary closure (Luong 2002, Adey 2003).
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Local corrosion criterion and reliability analysis. Then aggressive water is
transported, RCP deteriorate with time due to internal corrosion (Peter-Lazar 2000).
OXAND S.A. has conducted a reliability study to determine the evolution of the
probability of having a small pit in the sheet steel due to internal corrosion (Figure
2). Predictive modeling of diffusion of aggressive ions in the internal layer was used
to determine the duration of the initiation period. Then, specific corrosion models
were used to determine the time-evolution of the residual thickness of the sheet steel.
The thickness of the internal layer and the sheet steel were chosen as random
variables. Finally, the crude Monte Carlo Method was used to calculate the time-
dependent probability of having a residual thickness of the sheet steel of zero. The
obtained evolution of the probability of “failure” is presented in Figure 3. This
probability is then fitted with a normal and a lognormal law in order to be used as
input parameter for what follows.

diffusion of
ions

Figure 2. Internal corrosion of RCP.
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Figure 3. Initial distribution of Reinforced concrete pipes (RCP).

Basic assumptions. All the RCP of the series network are supposed to be in a similar
condition state at time to = 0. They are all identical and without any defects. In
addition, they are assumed to be physically and statistically independent (Bernoulli
assumptions). It leads in particular to address that there is no spatial correlation and
that the corrosion process is considered itself as a random process.



Then, the number of corroded RCP X{(t) at time t can be deterministically
assessed trough the relationship (1):

X(t)=nxq(t) 1)

where n is the total number of RCP. If the second assumption (statistically
independency) can be considered as realistic, the first one (physically independency)
is more questionable.

As the local corrosion can affect the stiffness of the RCP, a non-negligible
part of the loading can be transferred to the connected RCP. As the corrosion process
depends on the stress level, the total physical independency of RCP is not guarantied.
For what follows, such considerations are not taken into account.

Approximation of the distribution of corroded RCP with a binomial pdf. A
probability density function (pdf) of corroded RCP is proposed at each time t to
determine the number of corroded RCP with a confidence level. This can be
achieved under the statistical assumption. In fact, it allows us to select the binomial
probabilistic density function with parameter n (total number of RCP) and
probability p(t)=¢(t).

Figure 4 presents four probability densities obtained for t = 16, 18, 20 and 22
years. Figure 5 also shows that the standard deviation reaches a maximum value at
20 years. This corresponds to a probability of failure of the RCP of 0,5.
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Figure 4. Probability density function of deteriorated segments at t=16, 18, 20 and
22 years (n = 251).



For initial and final corrosion states, the number of corroded RCP is quite
deterministic. It is due to the fact that the probability of failure describes a failure
criterion with a binary response. Thus, the standard deviation is not increasing with
time. The stochastic process related to the corroded area should lead to trajectory
variations, which increased with time.

It is now easy to assess the number of corroded RCP with a confidence level
of 5 % or 95 % from these probability density functions.

Probabilistic updating after repair

Formal representation of maintenance strategies based on fault tree. Under the
previous assumptions, the faunlt tree method is used to build maintenance strategies.
This formal graphical scheme allows us to build several path of maintenance
strategy, which are called scenarii and represented by a branch that links the bound
of decision “replaced or non-replaced”. It has been used as aid-tool in offshore
industry or bridge maintenance planning (Faber 2002). Here, the policy of reparation
is the replacement of non-replaced RCP. These segments follow the time-dependent
probability of failure given in figure 3. A typical fault tree is presented in figure 5.
This example considers an action (replacement or non-replacement) at each time t;
Here, this tree is called “decision tree” as it symbolizes actions. It allows to build
several branches from the original branch of non-replaced RCP until the reference
period teqq is reached.
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Figure 5. Typical decision tree as graphical support to represent maintenance
strategy.

Maintenance strategy: choice of the number of replaced RCP at time t.
During the last years, quite a lot of papers have treated this point including the role of
inspection (Bjemoy 2001, Onofriou 2002, Ritchie 1998). In this paper, only the date
of replacement is considered as a maintenance parameter. The number of potential
replaced RCP at time t is always determined with the maximum likelihood of
corroded components at time t.

Distribution of corroded RCP after one action (t; > t > t;). Once the number
m; of replaced RCP is selected, the accurate size of populations for replaced and
non-replaced (n-m;) RCP at time t is known. Thus, the probability density of



replaced RCP is a binomial law with the following parameters : m; and the

probability p(t)=¢(t—t, ). The probability density of the remaining corroded RCP

is determined by the same way with a binomial low with parameters: (n-m;) and

o) E =04
1- W L5 )

t reaches the lifetime of RCP, the expression of p(t) becomes numerically undefined.

Then, the result Wlt—);z(—t)’zT)I is introduced (p(t)=1 when t tends to infinity).
- 1
The probability of corroded RCP at each time ?2¢, and before the next action is

obtained trough a convolution product (2),

. For numerical simulations, it is important to mention that when

P(X=x)=ZX:P,(X=i)®PO(X=x—i) )
i=0

where Py(X=x) is the probability to have x non-replaced RCP at time ¢, which fail at
time ¢, and Pj(X=x) is the probability to have x replaced RCP at time #; which fail at
time t.

Distribution of corroded RCP after i actions, (t > t;). There are 2' populations that are
described at time t by only (i + 1) distributions because some of them are
complementary. In the following, m(i,j) is the number of RCP of the branch j after 1
actions. These distributions are determined with the following step by step method :

- first, the distribution of non-replaced RCP during the whole period ¢, is a
w1, )—¢(’: _to)
I-o(t,~t,)
- second, the distribution of non-replaced RCP at time ¢#; but replaced at time #
k-1_ 1
(I1=k<i-1) is a binomial law with parameters : m(ik)= zm( i(1+2j)2"*) and

Jj=0

binomial law with parameters : m(i,2i) and p(t)=

A=t Pt~ )
PO i)
- finally, the distribution of replaced RCP at time ¢ is a binomial law with

i-1
parameters : m(i,i+1)=§:m(i,2j-1) and p(t)=¢(t~1t, ).
=

Then, an expansion of equation (2) whatever i is proposed (3) :

P(X =x)=ZX:P,,(X =i)xif:,_,(x =j)®---®zh:P,(X =k)®P(X =x-k)

=0 k=0

(3

where Po(X=x) is the probability to have x non-replaced segments at time ¢ which
fail at time ¢ and P(X=x) is the probability to have x replaced segments at time .,
which fail at time ¢.



An illustration of a decision tree is given figure 6 after 5 actions. This
formalism is well adapted for a Linear Algebra Programming such in SCILAB. It is
an interactive system whose elementary data element is a matrix that does not require
any dimensioning.
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Figure 6. Decision tree after 5 actions.



Optimisation of maintenance planning

Input values and main assumptions. The series network consists of 251 RCP (n =
251) and the RCP lifetime is 60 years. The maintenance consists in the replacement
of corroded RCP. Two strategies are then tested:

1) the date and the number of actions are imposed;
(2) the total number of corroded RCP is limited to an upper bound value.

The following sections present the results obtained with these two strategies.

Imposed dates of maintenance. Figure 7 illustrates this choice with three actions at
time 17, 20 and 24 years.
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Figure 7. Evolution of the number of corroded RCP (curves 5% and 95 % level of
confidence) after 3 actions at time 17, 20 and 24 years

The result shows that this type of strategy reduces drastically the slope of the
curve. This influence is high around 30 years and the time to have a totally corroded
network of RCP is increased from 25 years to 45 years. It is interesting to compare
the curves obtained for 5 % and 95 % level of confidence along the y-axis. It appears
that length g, is greater than g,. As replacement actions modify the initial population
by introducing new RCP, the standard deviation of the number of corroded RCP
decreases after 3 actions compared to the one obtained without any action. It is
particularly significant at 30 years.

Upper bound value for the number of corroded RCP. The target is now to
keep the number of deteriorated components i.e. the number corresponding to the
maximum likelihood under a limit value considered as an accepted number of



deteriorated pipes. This strategy is equivalent to consider a limit out-flow of liquid
for example. For illustrations two values of the bound of this criteria are studied. In
the first case presented on figure 8 this upper bound is equal to 90 and in the second
one it is fixed to 30 (see figure 9). The number of actions is five in the first case and
seven in the second case, every year from the first year it is needed.
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Figure 8. Evolution of the number of deteriorated segments (curves 5% and 95 %
level of confidence) after 5 actions — criteria of limit number of deteriorated
segments (90)

In the case of an upper bound fixed at 90, it is interesting to underline that
after four actions, a lot of segments have been replaced and the slope of the curve of
deterioration is very fair around 30 years. The number of deteriorated pipes is then
constant during 5 years from 27 to 32 years. The remark made upon on the gap
between the confidence curves at 5 and 95 % is similar.

Let us consider now an upper bound at 30 deteriorated RCP. Before 30 years,
seven actions have already been planed when they were four with the previous
strategy. Around this date we can observe the same fair slope of the curves. Despite
the number of actions is higher, they are to frequent and concerns a low number of
RCP. Then the pipe is totally deteriorated at 45 years instead 60 years obtained in the
previous strategy. In terms of number of replaced RCP now, the first strategy leads to
about 400 replacements and the second one to 178 replacements. Due to the
uncertainty on the number of deteriorated RCP, it is to notice that the curve “5%
level of confidence™ goes beyond the limit bound of 30. In terms of risk analysis it



can leads to significant over-cost (cost of failure and cost of exploitation stop) if the
number of deteriorated RCP reaches 40 (see 20 years).

In terms of cost, the number of operations and the number of replacements
should be introduced. In fact, the first one implies stop the industrial exploitation and
the second one to remove the deteriorated RCP and buy ands install the new ones.
Failure costs are not taken into account in this example but are included in the
software SIMEO™-MANAGER.
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Figure 9. Evolution of the number of deteriorated segments (curves 5% and 95 %
level of confidence) after 5 actions — criteria of limit number of deteriorated
segments (30)

The table 1 proposes this economical study for the second strategy. The values are
dimensionless. It is based on the following assumptions:

- an annual maintenance of the exploitation during three weeks allows
replacing a maximum of 30 RCP without cost overrun due to an arrest of
exploitation.

- acost overrun is fixed at 200 000 per day knowing that a replacement of five
RCP takes one day.

- thecostof 6RCPis 9.

- the rate of discount is 8 % every year.

10



Table 1. Cost of replacement (case of an upper bound of 30 accepted deteriorated

RCP)
te of num
replzzeemoent ) bF(eC';lgf roplaced Cost

15 20 95,2
16 15 77,1
17 21 116,6
18 27 161,8
19 32 1070,3
20 33 1162,9
21 30 226,5

It is interesting to see that the cost-overrun acts only at the dates 19 and 20 years but
has a great weight on the global cost. These two years represent 77 % of the cost
after 21 years.

Conclusion

This paper provides a theoretical approach in view to analyze alternative strategy for
the maintenance of a reinforced concrete pipe networks (RCP). It is based on (1) the
results of a reliability study, the use of (2) random drawing (binomial law) and (3)
the decision tree method to determine optimal management strategy (OMS). This
method allows to provide the evolution of the number of deteriorated RCP with a
confidence level. Thus, the curves at 5% and 95% confidence level are computed and
plotted. It is of importance especially for risk analysis. Two strategies are compared :
(1) the date and the number of actions are imposed, (2) the total number of corroded
RCP is limited to an upper bound value. Finally an economical study is proposed and
shows how to introduce costs in such a maintenance strategy.
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