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This article summarises research led during the second phase of the French GEROM
(risk management of maritime and river harbour structures) project in order to quan-
tify the risks associated with vulnerable structures. A reliability analysis is applied
here to steel sheet-pile seawalls. For this purpose, a stochastic (spatial-temporal)
model of steel corrosion is proposed, based on a statistical analysis of data collected
from wharves located in several French ports and of various ages. The predictions
obtained from the corrosion model are then integrated into a reliability analysis to
carry out a time-function reliability analysis of corroded harbour structures. The
results are then compared and analysed both in terms of reliability and sensitivity to
basic random variables. This approach allows suggesting preliminary requirements
about maintenance optimisation.

Keywords: stochastic modelling; ageing law; corrosion; reliability; structural behav-
iour; steel sheet piles; harbour structures

1. Introduction

This article summarises research carried out in the framework of the French GEROM
(risk management of marine and river harbour structures) project within the Scientific
Interest Group MRGenCi (www.mrgenci.org). The main objective of the project is to
assist owners in establishing decision-making procedures through maintenance master
plans. The project is split into two phases: the initial phase consists of a study of main-
tenance management practices for harbour infrastructure and a preliminary risk analysis
to identify vulnerable structures (ageing and issues); the second phase consists in quan-
tifying the risks associated with the vulnerable structures identified in the initial phase.

The initial phase has been described in several papers (Boéro, Schoefs, Capra, &
Rouxel, 2009a & 2009b). The present article deals only with the second phase, specifi-
cally the reliability analysis of steel sheet-pile seawalls undergoing uniform corrosion.

For this purpose, a stochastic (spatial-temporal) model of steel corrosion is pro-
posed, based on a statistical analysis of data collected at various dates from several
French ports in multiple zones that have been exposed to marine environment for
varying lengths of time. At the preliminary stage, an in-depth understanding of the fol-
lowing issues is necessary:



* Interpretation of the experimental data and physico-chemical phenomena which
allows spatial corrosion to be treated essentially as a one-dimensional problem,
according to the depth of the structures being considered (Boéro, Schoefs,
Melchers, & Capra, 2009c). An analysis of corrosion mechanisms shows that the
process can be modelled by five independent random variables corresponding to
five different exposure zones, each one based on a different random context.

 Probabilistic modelling for taking into account the variability of the phenomena.
Having taken the preceding points into consideration, the stochastic time-depen-
dent corrosion model presented in this paper is based on the temporal evolution
of parameters for a given probability density function (here Gamma pdf) of the
random variable “steel loss of thickness” in each exposure zone.

The paper focuses mainly on predictions resulting from the corrosion model that are
used to perform a time-function reliability analysis of corroded harbour structures. A
coupled approach between a FORM-algorithm and deterministic finite element model
(Cast3M) is used to assess the reliability £ index. A complete probabilistic model is
then suggested for accounting for uncertainties: a set of 10 random variables and pro-
cesses is provided and justified both in terms of pdf (type and parameters) and correla-
tions. The sensitivity analysis allows analysing the role of each exposure zone and of
random variables with time. The paper concludes with preliminary requirements for
maintenance purposes.

2. Modelling of stochastic uniform corrosion fields in steel harbour structures
based on feedback from French ports

The proposed corrosion model takes into account the spatio-temporal aspects of uniform
corrosion on steel sheet piles seawalls or cofferdams. Localised corrosion is not consid-
ered here. It is based, after data cleansing, on a statistical analysis of over 35,000 mea-
surements taken from several French ports (Boéro et al., 2009c). This database is now
extended to a European database called Euromarcor.

The model is based on the general hypothesis that corrosion can be considered
to be a decoupled phenomenon on the R? plane of a structure; that is, along the
length direction x and along the depth z. The spatial aspect of corrosion in the x-
direction is represented by the deterministic trend 7(x, Zg, t) (see Equation (1))
which evolves in time ¢ and depends on the exposure zone Zp (tidal zone, immer-
sion zone, etc.). The form of the deterministic tendency (linear, sinusoidal, etc.) is
unique for each asset. It depends mainly on the environmental conditions to which
the structure is exposed (marine currents, effluent discharge, etc.) (Boéro et al.,
2009c). Corrosion may be considered as being uniform in the z-direction within a
given exposure zone Zp (tidal zone, immersion zone, etc.). It is a simplified assump-
tion. For that reason, only the higher measure of corrosion (i.e. loss of thickness) in
each zone Z; has been seclected during the statistical treatment. The corrosion distri-
bution c(Zg, t, 0) is therefore assumed to follow the form in Equation (1), with a
dependence with time ¢ and discretised along the depth z by exposure zone Zp.
Thus the predictive corrosion model takes the following form (1):

C(xszatag):T(xszat)+C(ZE7t19) (1)



where c(x, Zg, t, 0) is the loss of thickness as a function of the x-coordinate and the
time ¢, for the exposure zone Z; (mm), 7(x, Z, {) is the deterministic trend with respect
to a constant mean corrosion level throughout the x-direction and ¢(Zg, t, 0) is the ran-
dom variable representing the loss of thickness with time ¢ for the exposure zone Zg
(mm). It is important to emphasise that the statistical parameters for the random variable
c(Zg, t, 0) may vary throughout the length x of the structure, depending on the hetero-
geneity of the environment (concentrated discharges, etc.) (Schoefs, 2010). After identi-
fying the heterogeneous zones, the random variable c(Zg, t, 0) representing the
thickness loss, can be discretised in the x-direction. From a first statistical analysis, it
has been shown that the various environments along the French coasts (Atlantic, Medi-
terranean and Channel) do not affect the evolution of the long term corrosion (Boéro
et al.,, 2009¢). Thus the probabilistic model suggested by Melchers (1999) is not
considered here.

The Gamma probability distribution function (pdf) is used to characterise the vari-
ability of the corrosion ¢(Zg, t, 0), since it is the theoretical pdf that gives the best fit to
empirical data according to the maximum likelihood estimate (Boéro, 2010). The
Gamma pdf is characterised by a shape parameter o and a scale parameter  which can
be expressed as functions of the two first statistical moments (mean and standard devia-
tion of steel loss of thickness) and which evolves, according to the present model and
in the absence of other information on the stochastic structure, in a spatio-temporal
manner. In fact, the auto-correlation with time and space is not available from the data-
base and no publication suggests such a model until now: thus we have chosen here to
drive the stochastic process of corrosion by indexing these pdf parameters in time and
space. The mean and standard deviation of data taken in each exposure zone are then
computed and a model with time is obtained by fitting this empirical evolution using
the least-squares method and exponential functions. Figure 1 presents the fitting of the
evolution of the mean and standard deviation of the loss of thickness with time and
Figure 2 the Gamma pdf plotted for each zone at time t = 25 years.

In agreement with literature, the average loss of thickness reaches a maximum value
in the zone of low seawater level due to the differential aeration which is established
between the tidal zone, very oxygenated, and the immersion zone (Memet, 2000).
Moreover in the mud and immersion zones, this mean trend is shown to increase with
time even after 30 years when stabilization is shown in the tidal zone. That reflects the
well known effect of the anaerobic corrosion (Melchers & Jeffrey, 2006). Note that this
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Figure 1. Evolution of the mean and the standard deviation of loss of thickness with time in
each zone (exponential fitting). Legend: Zg = splash zone; Z = tidal zone; Z; = low seawater
level zone; Z; = immersion zone; Z,, = mud zone.
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Figure 2. Pdf of the steel loss of thickness in each zone of exposure after a time period ¢ = 25
years.

is for the moment the single long-term model (adapted for corrosion after 30 years) fit-
ted on on-site data available in the literature but that the corrosion during the first 8
years is not well modelled. Thus for a short term reliability analysis where the transition
between the aerobic and anaerobic corrosion is needed, another model (Melchers &
Jeffrey, 2006, for instance) should be preferred.

This full-parametric modelling of spatio-temporal corrosion is very easy for reliabil-
ity analysis, as well as in traditional engineering for the re-evaluation of corroded struc-
tures through the choice of probabilistic fractiles. Figure 3 presents the 95% fractiles of
the loss of thickness at three exposure times: 10, 25 and 50 years. It illustrates that in
some areas the mean of uniform corrosion is larger than in others (Z; for instance) and
that the width of the distribution support, illustrated here through the 95% fractile, var-
ies depending on the area too: the dispersion of thickness loss is larger in area Z; than
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Figure 3. Mean value and 95% fractiles of steel thickness loss in each exposure zone at time
10, 25 and 50 years.
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in others. This result is emphasized in Table 1 with the coefficient of variation (CoV)
which varies from 44 to 101% with depth and time.

3. Simulation of the influence of corrosion on the mechanical behaviour of a steel
sheet piles seawall

3.1. Description of the studied problem, assumptions

The objective of this exploratory study is to integrate the previously defined spatio-
temporal model of corrosion into a structural reliability analysis of a quay using the
finite element method. The complete study presented here follows a first comprehensive
study (Yafnez-Godoy, Boéro, Thillard, & Schoefs, 2010). The example is representative
of a current situation and considers a wharf with U-shaped piles, anchored with one
level of passive tie rods (Figure 4). A synthesis of the main geometrical and mechanical
characteristics of the quay is illustrated in Figure 4. This quay has been designed
according to the French requirements ROSA2000 (CETMEF & CSTB, 2000), without
over-thickness to compensate future corrosion. Corrosion has been shown to be depen-
dent on the location on the U pile: in-pans areas are less corroded than out-pans areas
(Boéro et al., 2009¢). With the view to simplify the analysis of results we consider in
this paper that U piles are uniformly corroded with the “out-pans” kinetics (see Figure 2
and Table 1). Moreover, if the corrosion has been shown to be stationary, the identifica-
tion of the correlation length along x is still a challenge (Boéro, 2010): we assume here
that the correlation is negligible after 20 metres and that the wall can be modelled with
a 2D model both in terms of mechanical behaviour and statistical properties (see Fig-
ure 4). Thus we consider the stability of a 2 metre wide sheet pile, that also corre-
sponds to the distance between tie-rods. Finally, the tie-rods are protected
(galvanisation) and are considered not to be affected by corrosion.

A load g of 50 kPa uniformly distributed on the surface is applied to the quay, and
a tidal range of 5 metres is considered.

3.2. Finite element model

In terms of soil-fluid interaction, only the Archimedes buoyancy force on the soil is
considered. The force of flow generated by viscous fluid friction on the soil grains is
considered negligible, taking into account only the difference in elevation between the
sea level and the water level in the embankment. The construction phases of the quay
are not taken into account.
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Figure 4. Main geometrical and mechanical characteristics of the quay.



The soil is modelled as a homogeneous powder material that behaves in a perfectly
elasto-plastic manner (Mohr-Coulomb criterion). The steel (present in the main wall, the
pile anchorage and the tie-rods) is assumed to behave in an isotropic and linearly elastic
manner. The elements of interface between the sheet-pile and the soil, laid out around
the main wall, are described by the Coulomb friction criterion. The angle of the inter-
face is equal to 2/3 ¢’ (approximately 23.3 degrees) and the contact cohesion is negligi-
ble. The resistance of the tension elements is also zero, which allows for relative
displacement between the nodes of the various interfaces. The finite element model has
been developed within the CAST3M finite element computer code developed by the
Atomic Energy Commission (CEA) (http://www.cast3m.cea.fr) and has been validated
both with experimental data available in the literature (Von Wolffersdorff, 1994a,
1994b) and with a model obtained with Plaxis (PLAXIS, 2003). All the calibration tests
are available in Boéro (2010).

3.3. Impact of corrosion on the mechanical behaviour of the quay

In the studied example, the steel sheet piles seawall is topped by a reinforced concrete
beam 2 metres high (see Figure 4). Therefore, the steel sheet piles seawall is only in
contact with the tidal zone, the zone of low seawater level, the immersion zone and the
mud zone. The study was carried out for 4 different exposure times (¢ = 0, 10, 25 and
50 years). As a first step, the influence of corrosion on the bending moment and the
maximal normal stress (due to bending) were analysed, using the 95% fractile of steel
loss of thickness, as predicted by the probabilistic model in each exposure zone along
the depth of the seawall (see Figure 5).

Time-dependent corrosion causes a decrease in the geometric characteristics of the
steel sheet piles seawall, thus making the wall more flexible. A decrease of the 95%
fractile of the bending moment by around 20% of the initial state over 50 years is
observed on the wall towards the seaside excavation. On the other hand, the normal
stress increases in the same area. The bending moments in the zone of embedment and
near the anchorage of the passive tie-rods are little affected by corrosion. Note that the
zone where corrosion is most severe does not correspond with the most mechanically
loaded zone.

These aspects are developed further in the following section, where predictions from
the probabilistic corrosion model are used to carry out a time-dependent reliability anal-
ysis to evaluate the structural safety of corroded harbour structures.
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Figure 5. 95% fractiles of bending moment and stress with depth in the steel sheet-piles
seawall.



4. Time-dependent structural reliability of a corroded steel sheet piles seawall
4.1. Definition of the limit-state criteria and methods for reliability assessment

An evaluation of the probability of failure of old structures, sometimes designed with
very different knowledge bases, is always a delicate problem. The formulation of the
limit state is a crucial step: commonly, it is expressed for structural reliability in terms
of displacement (service limit state) or stress (ultimate limit state). Figure 6 presents the
evolution of the 95% fractile horizontal displacement with time (0, 10, 25 and 50 years)
and depth: it is shown that where the displacement affects the service of the structure —
i.e. near the surface — (Schoefs, Clément, Boéro, & Capra, 2010), the displacement is
low in intensity and weakly affected by the corrosion.
Thus a reliability analysis based on the stress-based limit state is stated here (2):

GX(1) = 0. — as() (2)

where X(¢) is the vector of basic random variables X; or random processes X;(f), o, is
the yield stress and og(?) the maximum stress in the steel sheet piles seawall at time ¢,
along the depth z (see Figure 5). It depends on the vector of basic random variables

¢ = {CZT>CZL7CZ17CZM}a

where ¢z, = ¢(Zg, t,0), where ZE is the exposure zone.
Other random variables are described in Table 2.

The probability of failure P(f) according to Equation (2) can be assessed as a func-
tion of time by evaluating Equation (3):

Py(t) = P(G(X(t)) < 0) = P(as(t) = o) 3)
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Figure 6. Horizontal displacement with depth along the steel sheet-piles seawall.



Table 2. Selection of basic random variables for initial reliability assessment (¢ = 0).

Coefficient of

Random variable Pdf Mean Standard deviation variation (%)
Unit weight of dry soil y, (kN/m?) Lognormal 2006.4 160.50 8
Unit weight of submerged soil y' (kN/m?) Lognormal 1003.2 80.30 8
Angle of internal friction ¢’ (°) Lognormal  35.2 3.50 10
Cohesion ¢/ (kPa) Lognormal 1.5 0.75 50
Loading service ¢ (kPa) Lognormal  51.5 10.30 20
Elastic limit of steel o, (MPa) Lognormal  266.3 13.30 5

Quite a lot of numerical approaches, coupling a deterministic finite element model
(here CAST3M) and a probabilistic model, can be selected for the evaluation of the prob-
ability of failure: Monte-Carlo simulations (Metropolis & Ulam, 1949) and a non-intru-
sive spectral stochastic finite element method (SSFEM) (polynomial chaos expansion)
(Ghanem & Spanos, 2003; Puig, Poirion, & Soize, 2002). We select here an algorithm
that aims to compute the reliability index. This choice is governed by the fact that rules
such as Eurocodes, ISO standards and specialized workgroups (Joint Committee on
Structural Safety: JCSS, www.jcss.ethz.ch) provide target values for this quantity only.
The relationship in Equation (4) allows linking probability of failure and reliability index.

P ®(=f) =1-0(f) 4)

where ®@ is the cumulative density function of the normalised standard normal pdf. The
first order reliability method (FORM) is considered for the assessment of the reliability
index. The algorithm GRACE (Nguyen, Duprat, Sellier, & Pons, 2008) already avail-
able in the software CAST3M allows computing the FORM reliability index with an
optimisation of computational time (limitation of the number of calls Nc to the deter-
ministic finite element model). For our structure, a service life-time of 50 years is stated
and, when considering the ultimate limit state (3), Eurocodes suggest a target value f,
= 3.8 (Calgaro, 1996). With the view to perform the reliability analysis, the normalised
sensitivity factors o, are computed, according to Equation (5):

1/2
op 0 - )
i (Zuf) = ()

J=1

i

where u; stands for the co-ordinates on the axis of the variable X; of the so-called
“design point” P* (Rackwitz & Fiessler, 1978), in the standard space: the point with the
highest likelihood of failure on the limit state surface. Note that these sensitivity factors
are normalised (6):

zn: =1 (6)
i=1

4.2. Selection of basic random variables

Just after the building (no corrosion), only the six random variables presented in Table 2
have to be considered for the initial reliability assessment. The selected probability den-



sity functions (pdf) and the corresponding parameters for the random variables involved
in the study-case are given in Table 2. Due to the objectives of the study and with the
view to analyse the effect of corrosion process only, other variables such as Hs (due to
dredging) or f(due to working step) are modelled as deterministic parameters.

After a few years, the four random processes describing the corrosion process have
to be added. At each time step, the system is then influenced by a total of 10 random
variables. We focus here on the times 10, 25, 50 years (see Table 1).

Note that properties of powder soil (angle of internal friction ¢/ and cohesion c')
are correlated with a negative correlation (Breysse, 2010). It can be explained by two
factors:

(1) From a statistical point of view first, uncertainties when performing the tests,
plotting the Mohr circles and assessing the straight line that wraps these circles,
link the two variables with a negative correlation: when reducing the distance
between experimental data and the straight line, increasing ¢’ leads to decreasing
c'.

(2) Second, a geotechnical reason can be argued: when the proportion of fines in

the soil increases, ¢’ increases to but ¢’ decreases.

Quite a lot of values are suggested by authors. Here we choose a linear correlation
equal to —0.75.

4.3.  Results and analysis

The evolution of the reliability index with time S is calculated for the studied three
exposure periods (¢ = 10, 25 and 50 years) and plotted in Figure 7. The time-function
structural reliability is an instantaneous reliability, an approach that is considered suffi-
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Figure 7. Evolution of the reliability index with time.
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Figure 8. Evolution of importance factors with time (point of the section towards the seaside
excavation).
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Figure 9. Evolution of importance factors with time (tie-rod zone).

cient insofar as the limit-state function G is strictly decreasing and where only the ran-
dom variables are time-indexed: no process is therefore considered.

The initial reliability index value is 4.24 but it falls quickly after almost 5 years
under the target value of 3.8. The evolution is smoother after 10 years (as the corrosion
is quite stabilised in the immersion area) and the reliability index decreases only from
3.4 to 3 from 10 to 50 years. Note for comparison that if we consider the cross-section

12



near the tie-rod, the reliability index falls more quickly from 5.2 at # = 10 to 3.1 after
50 years and can govern the reliability of such structures in some cases (see Figure 7).
These reliability indices and the number of calls Nc to the deterministic code are
reported in Table 3. Note that Nc decreases when f decreases and is still less than 150
for probability of failures higher than 10"

Let us now focus on sensitivity factors. Figure 8 reports the values of these fac-
tors obtained when computing the reliability index at times ¢ = 0, 10, 25 and 50
years. The results are very interesting: at the beginning of the lifetime, the dominant
random variables are angle of internal friction, service loading and steel yield stress
with a pro-eminent role of the first (55%). After 10 years, the role of the corrosion
in zone Z; is already prominent (more than 70%) and angle of internal friction fol-
lows. This role of corrosion decreases with time and is the same than the role of
angle of internal friction after 50 years (almost 40%). Note that of course this trend
depends on the position of the steel section under consideration. If we focus on the
section near the tie-rod (see Figure 9), the role of the corrosion random variable,
here in area Zg; increases with time.

These results show that space-variant reliability analysis is structural dependant. The
critical section can change and in that case, the dominant random variable can change
too. From the results illustrated on Figure 8 we deduce that the corrosion in the immer-
sion zone in the first 25 years plays a dominant role except in the first years after build-
ing and that angle of internal friction is the second variable playing a significant role.
From probabilistic modelling point of view, we suggest for such structures to refine the
assessment of the distribution of the random variables (collection and treatment of data
for distribution updating) in view to better represent the uncertainties and better estimate
the reliability index: it is of first importance for the planning of maintenance to have a
good precision on the modelling of corrosion in immersion area. After 25 years, the
role of corrosion in immersion area decreases and the amount of collected data can be
less. On the other hand, Figure 9 shows that corrosion in the tidal zone is more and
more influent if we assess the reliability of the section near the tie-rod.

5. Conclusion

This article has presented a global vision of research carried out in the framework of
the GEROM project. The first phase of this project produced an overview of actual cur-
rent maintenance practices for the French ports, brought to light the non-uniformity of
the asset base and the significance of the associated maintenance constraints. It is
essential to integrate these aspects into a risk management, or any other methodology,
in order to ensure its robustness.

The second phase was focused on the vulnerable harbour structures identified in the
first phase and is the subject of the paper. Stochastic corrosion fields were modelled
based on feedback from French ports. The resulting predictions were then integrated
into a finite element model in order to carry out a sensitivity analysis of the mechanical
behaviour of a quay undergoing corrosion.

Due to the large spatio-temporal variability of corrosion, and its influence on the
stress-state and resistance of the structure, a mechanical reliability study was carried out
using a FORM algorithm that couples a deterministic finite element model of the quay
and a probabilistic model of random variables. The results of this analysis allowed iden-
tifying the most critical zone according to the depth of the quay, and for a given limit-
state criterion.
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Finally, a study on the integration of other basic random variables, such as geotechni-
cal soil characteristics, loads and environmental actions, is suggested. That allows esti-
mating the reliability index with time and underlines the role of random variables with
time. It is shown that the role of corrosion depends on the section under investigation
and that this role, in terms of effect on reliability analysis, can decrease with time. These
remarks are of first importance when planning inspection and maintenance strategies.
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