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A B S T R A C T

The assessment of service-proven quay walls subject to corrosion-induced degradation is inherently a time-
dependent reliability problem. Two major challenges are the modelling of corrosion and taking into account the
decrease of epistemic uncertainty throughout the quay wall's service life. The main objective of this study is to
examine the probability of failure, despite successful past performance, when the quay wall is subject to cor-
rosion and randomly imposed variable loads. The development of the annual failure rate is modelled using crude
Monte Carlo and by performing a first-order system reliability analysis. The annual failure rates found for ser-
vice-proven quay walls vary over time. For those with successful service histories and subject to low corrosion
rates, the highest reliability indices are observed in the first year of the service life, whereas with higher cor-
rosion rates the final year prevails. In general, it seems more practical to evaluate reliability on an annual basis
rather than over longer time periods, since the latter will introduce an iterative procedure to determine the wall's
remaining lifetime. The key findings of this study can be crucial for the lifetime extension of existing quay walls,
and presumably also for other service-proven geotechnical structures subject to corrosion.

1. Introduction

Marine structures such as quay walls and jetties often suffer from
corrosion-induced degradation. In the coming years, many such struc-
tures throughout the world will approach the end of their design life-
time and will be reassessed as part of lifetime-extension programmes
[46]. Steel structural members of quay walls generally show some de-
gree of wall-thickness loss after a certain exposure period. This decrease
in strength needs to be taken into consideration in the reassessment of
quay walls. Two recent studies [9,55] show that the uncertainty in
material loss due to corrosion-induced degradation significantly influ-
ences the reliability level of soil-retaining walls.

The parameters that influence corrosion can generally be classified
into endogenous parameters related to the steel material, exogenous
parameters related to the environment and a time-dependent component
related to the exposure period [17]. In the port of Rotterdam, corrosion
rates depend mainly on geometry, orientation and the type of marine

structure concerned, as well as site-specific environmental conditions
[23,24]. The wide diversity of deterioration agents, such as dissolved
oxygen, salinity, water quality, temperature and exposure period makes
predicting the corrosion phenomenon a fairly complex process [36,37].
There tends to be a rather high level of uncertainty associated with the
various influences [35,38,39].

Consequently, millions of wall-thickness measurements and multiple
destructive coupon tests have been performed in order to study the impact
of uniform and pitting corrosion in the port of Rotterdam [24]. On the basis
of this information, the Port of Rotterdam Authority has developed a
practical method (Section 2) to assess the effect of corrosion on the re-
maining ‘factor of safety’ (FoS) using field observations. It is unclear, how-
ever, if a constant and time-independent factor of safety adequately covers
the actual reliability level of a quay wall that has successfully been in service
for a certain period of time, since in the absence of degradation it has be-
come more likely that this structure will remain satisfactory and safe [39].

Only a few studies have investigated the influence of corrosion on
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the reliability of steel soil-retaining walls [17,40,51], mainly using the
first-order reliability method (FORM). None of these studies took suc-
cessful past performance into account, however, and so they most likely
overestimate the probability of failure of service-proven soil-retaining
walls. This is because not all effects of the passage of time and service
on structural reliability are negative [14]. Hall [14] found that the
failure rate of non-deteriorating structures with successful service his-
tories decreases significantly over time if the initial uncertainty in time-
independent random variables is high. Fig. 1A shows that a structure
without degradation has a constant failure rate if all the uncertainty
involved is variability in time, or in other words unlimited data will not
reduce the inherent uncertainty in time [59]. By contrast, the failure
rate of a structure will approach zero directly after completion if we
assume that the uncertainty is exclusively epistemic in nature, since it
only involves time-invariant random variables.

In reality, a quay wall will be subject to both time-dependent and
time-independent sources of uncertainty, such as inherent natural
variability in strength and loads (aleatory uncertainty), as well as lack
of knowledge or insufficient information (epistemic uncertainty) [20].
In quay-wall engineering, time-independent uncertainties in soil prop-
erties [47] and model uncertainty significantly influence the reliability
level [42]. It is therefore expected that the annual failure rate of a
service-proven and non-deteriorating quay wall will decrease during its
early years of service and over time approach a constant value, since
after a period of successful service only the time-dependent (aleatory)
uncertainty remains (Fig. 1A). If the effect of corrosion is included, the
failure rate of the quay wall is expected to increase over time as the
structure becomes subject to corrosion-induced degradation (Fig. 1B).
The extent of this effect will depend on the corrosion rate. In addition,
Fig. 1B shows that the beneficial effects of past performance can partly
offset negative effects induced by corrosion.

The primary aim of this research is to analyse the effect of corrosion-
induced degradation on the reliability of steel structural members of quay
walls. A secondary aim is to show how the overall factor of safety (FoS)
and the reliability index (β) are related, and how they change over time for
systems subject to corrosion. When assessing the impact of wall-thickness
loss on structural reliability, our particular interest was to determine the
annual failure rate of service-proven quay walls. In this study, a time-
dependent reliability analysis was performed by introducing time-in-
dependent and time-dependent uncertainty as random variables in order
to account simultaneously for successful past performance and corrosion
[4,48,50]. In addition, a sensitivity analysis reveals the impact of the
variability in dominant parameters, such as soil strength, yield strength,
live loads and corrosion, on the evolution of the reliability index over time.

The results of this study have been used to reflect on the ‘allowable stress-
based’ method, which is presently used to assess combi-walls subject to
corrosion-induced degradation in Rotterdam (Section 2).

2. Allowable stress-based method to assess corroded combi-walls

This section describes the main principles of the ‘allowable stress-
based’ method presently used by the Port of Rotterdam Authority to fa-
cilitate predictive asset management [58] by evaluating the structural
integrity of steel combi-walls, which represent about half of the quay walls
in its port. In the coming years, it is expected that the allowable stress-
based method will be replaced by applying partial factors to load and
resistance parameters. For more in-depth details, the reader is referred to
the corrosion handbook by Jongbloed [24], which includes an overview of
all research conducted into the phenomenon of corrosion at the port of
Rotterdam.

A combined quay wall consists of steel primary elements such as H-
profiles (Fig. 2A) or tubular piles (Fig. 2B), with sheet piles in between,
which only have a soil retaining function. The corrosion rate of the
primary steel element is usually higher due to a galvanic reaction with
the secondary elements. This is because these elements generally have a
higher steel quality, and hence are the less precious metal [21]. Fur-
thermore, the wall-thickness loss on the landside of the primary ele-
ments appears to be negligible compared with the loss on the waterside,
most likely because there is a lack of oxygen in the soil [24]. The wall-
thickness reduction Δt is therefore only taken into account on the wa-
terside of primary elements (Fig. 1).

The foundation for assessing corrosion-induced degradation relies
on a strict in-situ test protocol using ultrasonic wall-thickness mea-
surements and a procedure for measuring local corrosion pits [45].
Significant pitting not only affects the structural failure modes but can
also introduce geometrical openings which may cause soil erosion di-
rectly behind the quay wall. The field observations are examined sta-
tistically in order to assess both these failure modes.

Over the years, the Port of Rotterdam Authority has collected a large
number of wall-thickness measurements in salt, brackish and fresh-water
conditions. Although the corrosion rates found align with those described
in the literature, it appears that predicting corrosion without field ob-
servations is fairly difficult. Even quay walls with similar geometries and
in similar environmental conditions may show significant differences in
corrosion rates [24]. Clear correlations between corrosion and other de-
terioration agents have not yet been identified. Jongbloed interpreted all
the information available and developed dedicated typical corrosion
curves (Fig. 3B) for all the ports in the Netherlands [12]. If wall-thickness

Fig. 1. Failure rate of service-proven, and non-deteriorating structures (A); and the effect of service-proven deteriorating quay walls (B).
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measurements have been taken after a certain exposure period, the re-
presentative corrosion curve can be selected and extrapolated to predict
the evolution of corrosion over time. It should be noted that Jongbloed's
curves represent the equivalent mean value of corrosion Δteq, which equals
the sum of the mean uniform and pitting corrosion with an accuracy of
approximately 1 mm during an exposure period of 50 years [24]. When
developing these curves, however, data from the first ten years was lacking
and so the curves have only been verified for longer-term exposures.

The corrosion rates differ across the height of the quay wall, and
therefore different corrosion zones are distinguished. These include the
atmospheric, splash, intertidal, accelerated low-water corrosion
(ALWC), permanent immersion and embedded zones (Fig. 3A).

Geometrical openings induced by pitting corrosion generally occur in
the ALWC zone [12]. Since the corrosion rates of the secondary sheet piles
are fairly low, soil erosion due to geometric openings is not very likely in
case of combi-walls and has yet to be observed in reality. This is because a
hole in a tubular pile does not result directly in a geometrical opening,
whereas the flange thickness of H-piles is relatively large. At present, the
remaining service life is generally determined by ascertaining when the

yield stress in the outer fiber of structural members subject to corrosion
becomes excessive. These stresses largely depend on bending moments
and axial forces (Eq. (1)), and mostly prevail in the permanent immersion
zone (Fig. 3A). In order to assess the influence of pitting corrosion [27], a
geometrical reduction is applied to the initial wall thickness (t0 –Δteq),
resulting in the ‘equivalent wall thickness’ teq (Eq. (3)). It should be noted
that Eq. (1) does not include the stress increase due to small bending
moments introduced by eccentricity time normal force, since they are
generally fairly low compared to the other components. This geometrical
factor represents the decrease in the net capacity of the cross-section, and
it depends on the ratio between pitting corrosion and residual wall
thickness [24]. Although the structural assessment of corrosion relies on
the FoS (Eq. (4)), the use of partial factors of safety is preferred.

= +t z
z t

z
z t

(z, ) M ( )
W ( , )

N ( )
A ( , )eq

eq eq
y

wall

wall

tube

tube (1)

=t t(z, ) max( (z, ))eq eqy;k;max y;k (2)

=t t(z) t (z)eq eq0 (3)

Fig. 2. Residual wall thickness and corrosion Δt of the primary combi-wall elements; cross-sections of Peiner system with H-piles (A) and of combi-tube system (B).
The parts where corrosion is considered are highlighted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Typical corrosion zones (A) and the Jongbloed corrosion curves (B).
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=FoS
fy;k

y;k (4)

Where:

teq Equivalent wall thickness for a particular corrosion zone [m]
t0Initial wall thickness [m]
Δteq Equivalent wall-thickness loss due to uniform and pitting cor-
rosion [m]
FoS Factor of safety [-]
fy;k Characteristic value yield strength [N/m2]
σy Stress in outer fiber of tube [N/m2]
σy;k Stress in outer fiber of tube related to characteristic loads and
material properties [N/m2]
Mwall Bending moment in combi-wall [kNm/m1]
Ntube Axial force at position of maximum bending moment in combi-
wall [kNm/m1]
Wcombi-wall Section modules of combi-wall [m3/m1]
Atube Sectional area of tube [m2/m1]
z Depth [m]

Until the end of the twentieth century, the stresses σy were calculated
using Blum's method [8]. Nowadays, however, finite element models are
available to model the soil-structure interaction more accurately. When
using Blum's method, it was common practice to apply a factor of safety to
σy;k to verify the nominal yield strength fy;k. The minimum FoS required in
the design of a new quay wall was 1.5. This does not remain constant,
however: asset managers distinguish different stages (Fig. 4) in a quay
wall's service life. As long as the FoS remains higher than 1.3, an existing
quay wall is considered to be sufficiently safe; if the remaining FoS is
between 1.2 and 1.3, the wall-thickness loss is monitored more frequently.
An FoS lower than 1.2 is considered unacceptable, because then the quay
wall may not be able to withstand ‘accidental’ any more, e.g. the acci-
dental limit states will be exceeded. In the latter case, the quay wall must
be retrofitted or replaced.

3. Reliability-based method to assess corrosion-induced
degradation

3.1. Introduction

This section introduces the methods and input used to determine the
effect of corrosion-induced degradation on the reliability of service-proven
quay walls over time. In this study, a quay wall that has actually been built
in Rotterdam serves as a reference (Fig. 5). This structure consists of a
concrete slab and a combi-wall, and is equipped with grout anchors. The
original design model and the as-built information were consulted [56].

Fig. 5 shows the associated diagrams of the bending moments, the normal
force and the horizontal deformation in ‘design’ conditions, which re-
present the fundamental ultimate limit state (ULS). It should be noted that
the highest stresses occur at the position of the maximum bending moment
in the span, which is in the ‘permanent immersion’ zone (Fig. 5).

The failure modes affected by corrosion were reformulated on the
basis of limit state functions (Section 3.2) using random variables
(Section 3.3).

The assessment of service-proven structures is inherently a time-
dependent reliability problem [14]. The main objective is to determine
the probability of failure, after successful past performance, while the
quay wall is subject to corrosion-induced degradation and randomly
imposed variable loads. This problem was solved numerically by per-
forming a crude Monte Carlo analysis (Section 3.4) for each year of
service life, with Blum's method used to model the quay wall analyti-
cally [8]. It is well known that this method has some limitations,
however, and so its calculation results were calibrated using a finite
element model (Section 3.5).

3.2. Limit state functions of combi-walls subject to corrosion

Since structural failure modes generally determine the remaining
service life of a combi-wall subject to corrosion (Section 2), this study
focuses on the limit states for ‘yielding’ and ‘buckling’. Fig. 5 shows that
the stresses in outer fiber on the waterside σy;water are generally lower
than on the landside σy;land, due to the presence of the axial force Ntube
(Fig. 6). As a result, the landside of the combi-wall is more susceptible
to local buckling, whereas the development of the stresses on the wa-
terside is more sensitive to corrosion. The wall-thickness loss on the
waterside results in a proportional increase of σy;water and a slight in-
crease of σy;land (Fig. 6). This is caused by a decrease of Atube, a shift of
the center of gravity and the reduction of the section modules on the
waterside Wwall;water. Consequently, the effect of corrosion on the
yielding capacity of the combi-wall was studied for both the landside
(Eq. (5)) and the waterside (Eq. (6)).

The formula to evaluate local buckling (Eq. (7)) was derived from
recent experiments, including the following empirical formula for the
buckling factor fB (Eq. (8)), which represents the ratio between the actual
and the theoretical bending moment capacity [41]. The risk of local
buckling is stress and strain level-dependent, and hence the parameter
Dtube/ttubeε2 is generally used instead of Dtube/ttube. The tubes’ diameter
Dtube and wall thickness ttube represent the dimensions, and the yield
strength fy was based on tensile tests. Particularly because fB was de-
termined from experiments (best fit), in this study we included an addi-
tional stochastic factor θB to account for model uncertainty. In addition,
the model factors θM and θN were applied to the calculated bending

Fig. 4. Typical degradation curve due to corrosion and asset management stages of steel combi-tubes in Rotterdam.
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moments and axial forces. The following three state functions were con-
sidered as a reasonable approach:

= +Z f z
z

z
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Where:

= ef 1.573B

Dtube fy measured
ttube fy ref

0.0021 ;
; (8)

And where:

Zyield;land State function, maximum stress in outer fiber of combi-wall
on landside [kN/m2]
Zyield;water State function, maximum stress in outer fiber of combi-
wall on waterside [kN/m2]
Zbuckling State function, local buckling of tube [kNm/m1]
fy Yield strength includes both variability and model uncerainty
[kN/m2]
fy;measured Measured yield strength during full-scale tests [kN/m2]
fy;ref Reference yield strength in accordance with EN1993 [31,41],
[kN/m2]
Mwall Bending moment in combi-wall [kNm/m1]
NtubeAxial force at position of maximum bending moment in combi-
wall [kNm/m1]
Fanchor Anchor force [kN]
Wcombi-wall Section modules, combi-wall [m3/m1]

Fig. 5. Main dimensions of the reference quay wall, a combi-wall with grouted anchor (left), and its typical bending moment (A), normal forces (B) and deformation
diagrams (C).

Fig. 6. Stress decomposition (A) over the cross-section of a combi-tube without (B) and subject to corrosion (C).
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Wtube Section modules, combi-wall [m3/m1]
Atube Sectional area tube [m2/m1]
MEd Maximum bending moment per pile [kNm]
MRd Reduced resisting bending moment per pile [kNm]
NRd Maximum resistance for axial compressive force per pile [kN]
Ls center-to-center distance, combi-wall system [m]
fB Empirical formula based on experiments [41] [-]
NRd Maximum resistance for axial compressive force per pile [kN]
z Depth across height of combi-wall
ε Ratio of reference to nominal yield strengths, which equals √ fy;ref /
fy [-]
θB Factor to account for model uncertainty related to buckling ex-
periments [41] [-]
θM Factor to account for model uncertainty in bending moments [-]
θN Factor to account for model uncertainty in axial forces [-]

3.3. Distribution functions and correlations

This section presents the properties of the random variables used in
this study (Table 1). The characteristic values employed comply with
the original design [56], and for the most part the variation coefficients
were determined in accordance with recommendations in literature
[21]. Furthermore, time-dependent and time-independent random
variables were taken into account. The methods used to perform the
time-dependent reliability analysis are described in Section 3.4. The
material properties and model uncertainty were considered to be time-
independent variables, whereas water levels, operational loads and
corrosion were assumed to vary over time.

The equivalent wall-thickness loss due to corrosion ∆teq was mod-
elled using Jongbloed's corrosion curves (Fig. 3B), which represent the

mean value of uniform and pitting corrosion combined. It should be
noted that these curves, which are based on millions of wall-thickness
measurements, exhibit higher corrosion rates when compared with
other design guidance [13,32]. To illustrate the influence of different
corrosion environments, this study examines the effect of all nine cor-
rosion curves on the annual failure rate in the permanent immersion
zone. The uncertainty related to corrosion-induced degradation was
estimated using field measurements from the port of Rotterdam [22].
The variation coefficients found for distinctive corrosion environments
range between 0.1 and 0.5, which is in accordance with other literature
[4,9,48,50]. The effect of the coefficient of variation on the reliability
index was examined by performing a sensitivity analysis (Section 04.3).

Furthermore, the uncertainty in the corrosion rate was assumed to
be fully correlated over time, since the experience with corrosion
measurements is that the uncertainty is mainly epistemic in nature. In
other words, the main uncertainty is usually which corrosion curve
applies; but once the relevant curve has been determined using mea-
surements, the development of corrosion mostly follows that curve
throughout the quay wall's service life. In modeling terms, this means
that the random variable representing the uncertainty in corrosion
determines the position relative to the mean curve throughout the en-
tire service life being considered. Mainly to prevent simulation of un-
realistically high or low corrosion rates during the crude Monte Carlo
analysis, the respective probability distribution function was truncated;
the effect of that on the results of this study was negligible, as de-
monstrated in the sensitivity analysis (Section 0).

It is worth noting that the authors of this paper recently performed a
finite element-based assessment of the reference quay wall concerned in
this study. The reader is therefore referred to Roubos et al. [49] for a
detailed description of other random variables.

Table 1
Type of distribution and variation coefficient used in the Blum-based reliability assessment.

Design parameter Time-dependent SI Xk µ Distribution Variation coefficient V

Unit weight of soil γsat h Normal[21] 0.05[41] [55], [62],
- Backfill (1) No kN/m3 20.0 20.0
- Reclamation sand (2) No kN/m3 20.0 20.0
- Holocene sand (3) No kN/m3 20.0 20.0
- Clay layer (4) No kN/m3 17.0 17.0
- Pleistocene sand (5) No kN/m3 20.0 20.0
Friction angle φ’rep h Normal[21] 0.10b [40] [55], [62],
- Backfill (1) No ˚ 32.5 38.9
- Reclamation sand (2) No ˚ 30.0 35.9
- Holocene sand (3) No ˚ 30.0 35.9
- Clay layer (4) No ˚ 22.5 26.9
- Pleistocene sand (5) No ˚ 32.5 38.9
Cohesion c’ h No kPa 5.0 6.9 Lognormal[21] 0.20 [40] [55], [62],
Yield strength fy No N/mm2 485 510 Lognormal[21] 0.07[41] [55], [21],
Tube diameter Dtube No m 1.067 1.067 Normal 0.05a[21]
Wall thickness ttube No m 0.15 0.15 Uniform 0.05a[21]
Corrosion ∆teq Yes m n/a variable3 Truncated normalg 0.50 [9] [22],
Outer water level (hOWL) Yes m −0.84d −0.84 Gumbel 0.20 me

Ground water level (hGWL) Yes m −0.34d −0.34 Gumbel 0.25 me[18]
Annual maximum load Qt1 Yes kN/m2 n/a 72.1 Gumbel 0.14
Lifetime maximum load Qt50 n/a kN/m2 100 104.8 Gumbel 0.10 [10] [18], [19],, [40]
θB No – n/a 1 Normal 0.20c [41]
θM No – n/a 1 Lognormal 0.10f

θN No – n/a 1 Lognormal[21] 0.10 [21]

a Based on production and execution tolerances, as well as project-specific acceptance criteria in the port of Rotterdam.
b By analogy with EN 1997 [33], considered at 5% strain rate [18].
c Depends on the selected corrosion curve.
d Outer water level is based on low low water at spring tide (LLWS); the groundwater level depends on the position of the drainage system. Water loads were

considered as non-dominant loads, in accordance with the design report [56].
e Geometrical standard deviation ∆a based on the water-level measurements [7].
f Factor is slightly lower than that recommended by the Probabilistic Model Code [21] for modeling plates, which is 0.2; this is because measurements showed that

the models used are conservative rather than optimistic [2] [18], [61],.
g Truncated by neighbouring corrosion curves.
h Since the soil layers and failure mechanisms involved in the problem are relatively large compared to the vertical scale of fluctuation of soil parameters, it full

spatial averaging in the vertical direction was assumed, and the random variables for soil properties reflect the uncertainty in layer average properties.
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In addition, dependency between input variables was taken into ac-
count in order to prevent underestimation of the probability of failure.
Table 2 presents the correlation matrix considered [49]. It is worth noting
that the unsaturated (γdr) and saturated (γsat) soil weight densities were
assumed to be fully dependent. This correlation was implemented auto-
matically by applying a deterministic constant initial difference.

3.4. Numerical approach to time-dependent reliability analysis

This section describes the numerical approach to solve the time-de-
pendent reliability problem. The solution to this problem was expressed as
the probability of failure Pf. For each state function presented in
Section 3.2, the probability of failure was defined as the probability of
exceeding the limit state g(X)=0 [21]. In this study, the failure probability
Pf was directly related to the reliability index β on the basis of Eq. (10)
[11,15]. In addition, the conditional failure rate – which is defined as the
probability of failure given that the structure has survived all previous
years – was determined taking time-dependent effects on resistance R(t)
due to corrosion and variable loads S(t) into account. When the in-
stantaneous probability density functions of R(t) and S(t) are known, the
instantaneous probability of failure Pf(t) can be estimated. The basic for-
mulation of the time-variant reliability problem is as follows:

=g X t R t S t( ( )) ( ) ( ) (9)

= =P t P g X t f x t dx t( ) ( ( ( )) 0) ( ( )) ( )
g X t X tf ( ( )) 0 ( ) (10)

=P t t( ) ( ( ))f (11)

Where:

g(X) State function of variable X
X Vector of random variables
R(t) Resistance function at time t
S(t) Solicitation or load function at time t
Pf(t) Probability of failure at time t, assuming that the structure has
survived until time t [-]
fX(x)Joint probability density function of the vector X of random
variables [-]
βReliability index [-]

This time-variant reliability problem was solved by performing a
crude Monte Carlo analysis [2] and a first-order system reliability
analysis. These reliability methods are further described in this section.

Crude Monte Carlo
The evolution of the annual probability of failure Pf,i was examined

for different scenarios using a Blum-based crude Monte Carlo analysis.
For each year the conditional probability of failure in year i was de-
rived, which is defined as the probability that failure occurs during year
i given that the structure has survived until time t.

= …P P F S S( | )i S i if, 1 1 (12)

Where:

Pf, i|SDiscrete probability of failure per year i, given that the struc-
ture has survived all previous years [-]
FiFailure in year i [-]
SiSurvival in year i [-]

Analogous to equation Eq. (12), the cumulative probability of
failure for the service life was determined using Eq. (13) and Eq. (14).
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=P P P Pt t S t tf; f; f; f;rem n tsur n sur0.. (15)

Where:

P tf; nProbability of failure in the interval [0, tn) [-]
P tf; surProbability of failure in the interval [0, tsur) [-]
P tf; remProbability of failure in the interval (tsur, tn) [-]
S t0.. surSurvival in the interval [0, tsur) [-]
tn Service life, for new structurers this is the design lifetime and for
existing structures the service life [years]
tsur Period survived in the service life [years]
trem Remaining lifetime [years]
n Number of years in service life [-]
nsur Number of years survived [-]

Practical application of crude Monte Carlo
In each simulation, the time-independent variables (Section 3.3) were

generated once. In the case of time-dependent load variables, new sto-
chastically independent values were generated for each year of the service
life. The time-dependent wall thickness, or in other words the increase of
corrosion, was considered fully correlated in time and it is based on a
specific corrosion curve (Fig. 3). The crude Monte Carlo approach to solve
the time-variant reliability problem starts by generating 10 million sam-
ples for the first year. The failures F1 were used to estimate the annual
failure rate Pf, 1|S. Subsequently, only the survivals S1 that did not cross the
limit state continued to year two. Starting from the second year, the time-
independent variables remained unchanged, whereas new samples were
generated for time-dependent variables such as corrosion Δteq and the
variable load Qt1. Again, the failures F2 determine the annual failure rate
Pf, 2|S. This process subsequently removes implausible realisations from the
simulation (i.e. realisations in which the model predicts failure whereas
the structure is supposed to survive) and was repeated for each year of the
service life.

As an example, Fig. 7 presents the number of failures estimated on the
basis of crude Monte Carlo. For this study, a service life of 75 years was
assumed and consequently a total of approximately 750 million Blum-
based evaluations were performed for each corrosion curve. However,
Fig. 7 shows that the numerical noise for the situation without corrosion is
still fairly high. This is because 750 million samples are too few to accu-
rately calculate the failure rates in all individual years.

First-order system reliability analysis
In addition to crude Monte Carlo, a first-order approximation was

performed to describe the development of the failure rate more accu-
rately for fairly low failure rates. The annual failure rate (Eq. (12)) was
reformulated by Eq. (16), where the failures Fi are conditional on the
survivals S, which represents several survival events Si [39].

Table 2
Simplified correlation matrix.

φ уsat c’ OWL GWL θM θN

φ – 0.50a −0.65a – – – –
γsat 0.50a – −0.09a – – – –
c’ −0.65a −0.09a – – – – –
OWL – – – – 0.75b – –
GWL – – – 0.75b – – –
θM – – – – – – 1.00
θN – – – – – 1.00 –

a Based on statistical analysis of a large dataset from Rotterdam [62].
b Approximated on the basis of statistical examination of the waterhead dif-

ference of a quay wall equipped with sensors in the port of Rotterdam [7]. This
correlation is only valid when waterhead differences are non-dominant loads.
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Where,

= X tX ( )i i Vector of random variables for year i

Since some dominant random variables are time-independent, the
failures Fi and survivals S correlate to some extent. The numerator and
the denominator of Eq. (16) were therefore solved using FORM, taking
into account the correlation between individual events. The system of
correlated limit state functions has a different vector of random vari-
ables X, which were solved by performing a first-order parallel system
reliability analysis [29,52]. Fig. 7 shows the results of the first-order
system reliability analysis. A more accurate method to solve Eq. (16) is
the ‘equivalent planes method’ [44].

3.5. Finite-element-based calibration of Blum's method

Recent developments have shown that advanced finite element models
of soil retaining walls can be successfully coupled to reliability tools
[5,9,49,60]. However, performing a finite element-based Monte Carlo
analysis requires too much calculation effort and was not feasible within
the framework of this study. It was therefore decided to model the re-
ference quay wall (Fig. 5) using Blum's analytical method [8,57]. This
method analytically searches for equilibrium, while performing a plasticity
analysis to estimate the horizontal stresses in the soil (Eq. (17) and
Eq. (18)) [6,8]. Since Blum's method has some limitations, its outcome was
evaluated using the finite element model Plaxis. This section discusses the
calibration between Blum and the Plaxis hardening soil model.

=
+ +

K cos ( )

1
a h;

2

sin( )sin( )
cos( )

2

(17)

=
+

K cos ( )

1
p h;

2

sin( )sin( )
cos( )

2

(18)

Where:

Ka;h Horizontal component of active earth-pressure coefficient [-]
Kp;h Horizontal component of passive earth-pressure coefficient [-]
φAngle of internal friction [°]
δWall-friction angle [°]

The deterministic outputs of the two models were compared for
design conditions (Fig. 5A). When using Blum's method, it is common
practice to correct its calculation output [13] since this method

overestimates the bending moments and underestimates the anchor
force. The calculation output of the finite element model shows a small
rotation and translation at the toe (Fig. 5C), whereas Blum assumes ‘full
fixation’ of the combi-wall in the soil [26,53]. Moreover, Blum's method
does not take into account vertical arching, assumes a rigid anchor
support and neglects the structural rigidity of the combi-wall, as well as
the backfilling of soil above the anchor. As a result, the bending mo-
ments and anchor forces derived using Blum are, respectively, higher
and lower than those derived from the finite element model (Fig. 5A).
The differences between the deterministic finite element-based and
Blum-based calculations are within acceptable limits assuming δ=0 in
combination with the following assumptions.

• The anchor force Fa calculated using Blum's method was increased
by 15% [16].

• Blum's method does not return the normal force Nwall. Hence, this
force was estimated using the Plaxis calculation output, which is
approximately twice the horizontal anchor force Fa found using
Blum.

• The maximum bending moment in the span Mwall was reduced by
30% [28,61].

In addition, the reliability index, the sensitivity factors and the de-
sign point found were also evaluated by performing Blum-based and
finite element-based reliability assessments. The latter was undertaken
using the reliability interface ProbAnaⓇ [49], in which the gradient-
based FORM algorithm Abdo-Rackwitz [1] was selected. ProbAnaⓇ fa-
cilitates the coupling between Plaxis and the open-source probabilistic
toolbox OpenTURNS [5]. Meanwhile, the Blum-based probabilistic
analysis was conducted on the basis of the FORM and Monte Carlo. The
FORM calculations are based on the Rackwitz-Fiessler algorithm [43]
using the reliability tool Prob2B [3,4]. The results presented in the next
section show that the reliability index, the design point and the asso-
ciated sensitivity factors are quite similar.

4. Results

4.1. Comparison of Blum-based and FEM-based reliability assessment

This section compares the results of the reliability-based assessments
performed using the analytical Blum model and the finite element model
of the reference quay wall. It should be noted that this comparison does
not yet take corrosion into account, since the main objective here is to
compare the lifetime reliability indices t50associated with the cumulative
failure probability P tf; 50 for a design lifetime of 50 years, as well as the
annual reliability indices t1 related to Pf,i. The results obtained show fairly
small differences (Table 3), and hence modeling using the calibrated
Blum's method seems a reasonable approach to reveal the effect of cor-
rosion-induced degradation on the reliability of a quay wall.

Fig. 7. Example of failure estimates obtained by performing a crude Monte Carlo and a first-order system reliability analysis for a service-proven quay wall.
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In addition, the marginal differences in the FoS found by performing
the allowable stress-based assessments also align with the marginal
differences of the established reliability indices. The detailed results for
Zyield are presented in Appendix A.

4.2. Influence of corrosion on the FoS and the reliability index β

Corrosion-induced degradation reduces the FoS and reliability index
β of the structural limit states. When assessing corroded combi-walls,
the highest stresses typically develop in the permanent immersion zone
(Fig. 3A). For the reference quay wall, this zone corresponds with
corrosion curve 3 (Section 5.1); Fig. 8 therefore presents its corre-
sponding effect on the remaining FoS and the annual reliability index β.
The FoS on the waterside is initially much higher than that on the
landside due to the presence of axial force Ntube (Fig. 6). Furthermore,
Fig. 8A shows that the FoS for yielding on the landside and local
buckling are quite similar (overlapping). By contrast, the results shown
in Fig. 8B indicate that the uncertainty in time-independent random
variables significantly influences the limit state for local buckling of a
service-proven quay wall, since the annual reliability index significantly
increases in the early service period.

Fig. 9 shows the results of the Blum-based reliability assessment for
the limit state yielding (Zyield) on the landside; The main reason for
focusing on this limit state is that it is well-known and is currently used
in the allowable stress-based assessments of corroded quay walls
(Section 2). The annual failure rates and the associated annual relia-
bility index were determined using crude Monte Carlo for all nine
corrosion curves, as well as for the situation without corrosion. Fur-
thermore, the trendlines of the corrosion curves are based on a first-
order system analysis (Section 3.4). Given stationarity in the load

variables, the results clearly illustrate that the annual failure rate is not
constant (Fig. 9). During its early years of service, the annual failure
rate of a service-proven quay wall shows a downward trend, which is
the result of a decrease in epistemic uncertainty due to successful re-
sistance to past service loading [14,59]. With low corrosion rates, the
annual failure rate keeps decreasing throughout the first 75 years,
whereas with higher corrosion rates the annual failure rate will start
increasing at some point during this time.

Fig. 10A shows the impact of corrosion on the FoS. As expected, the
FoS decreases due to wall-thickness loss, which is directly related to the
service life using the corrosion curves (Fig. 3). When a quay wall is
undamaged, the FoS remains constant (Fig. 10A) while the cumulative
probability of failure of a service-proven uncorroded quay wall in-
creases slightly over time (Fig. 10C). This indicates that the allowable
stress-based method is only related to the reference period tref via the
corrosion curves, while a change in service period always results in a
change in P t Sf; |n ; This is because unfavorable time-dependent variables,
such live loads, are more likely to occur during a longer service period.

In addition, Fig. 10B shows that the annual reliability index for all
curves increases in the early period of service due to past service per-
formance. For the situation without corrosion and for corrosion curve 3,
the annual reliability index keeps increasing as the quay wall ages
successfully, whereas curves 6 and 9 show already show a decrease.

If we assume that the quay wall's service life is 75 years and that it has
survived all previous service loads, its residual cumulative probability of
failure for its remaining lifetime can be determined. Fig. 10D shows that,
despite corrosion, the residual cumulative probability of failure for a ser-
vice-proven quay wall will decrease. When its remaining service life be-
comes short, e.g. trem<10 years, Fig. 10D shows an exponential decrease in
the cumulative probability of failure. This is a direct consequence of the

Table 3
FoS, lifetime reliability index t50 and annual reliability index t1for ZYield and ZBuckling.

Design model Reliability interface Reliability method ZYield;landside ZYield;waterside ZBuckling

Plaxis Finite elements n/a n/a FoS 1.49 2.64 1.51
Plaxis Finite elements ProbAnaⓇ FORM-AbdoRackwitz tref 3.76b 5.33b 3.63b

Blum Analytical Prob2BⓇ FORM-RackwitzFiessler tref 3.87 5.05 3.49

Blum Analytical Matlab Monte Carlo tref 3.74 4.94a 3.58

Plaxis Finite elements ProbAnaⓇ FORM-AbdoRackwitz t1 4.39 5.79 n/a
Blum Analytical Prob2BⓇ FORM-RackwitzFiessler t1 4.44 5.68 3.84
Blum Analytical Matlab Monte Carlo t1 4.36 5.18a 3.94

a The number of samples is too low to determine the reliability index; a more accurate result should be obtained with a higher number of samples.
b Results were derived in Roubos et al. [49].

Fig. 8. Development of FoS (A) and annual reliability index (B) for Zyield and Zbuckling of a service-proven quay wall subject to corrosion curve 3 in the permanent
immersion zone. The annual reliability curves are based on the first-order system analysis.
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decrease in uncertainty with regard to time-dependent variables, which
play a much more dominant role in the remaining uncertainty compared
with the uncertainty present during the design stage. Since unfavorable
variable loads are less likely to occur during a shorter period of time, then
where it has a successful service history the remaining cumulative prob-
ability of failure of a quay wall will decrease accordingly.

4.3. Sensitivity analysis

This sensitivity analysis aims to reveal the impact of the variation
coefficient of important random variables – such as the angle of internal
friction φ (Fig. 11A), the surcharge loads Qt1 (Fig. 11B), the yield strength
fy (Fig. 11C) and corrosion Δteq (Fig. 11D) – on the conditional annual

Fig. 9. Evolution of annual failure rate for different corrosion curves for the Zyield;landside in the permanent immersion zone.

Fig. 10. Remaining factor of safety (A), development of annual reliability index (B), development of cumulative probability of failure (C) and remaining cumulative
probability of failure (D) for Zyield;landside of a service-proven quay wall in the permanent immersion zone.
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reliability index. Vrijling and Van Gelder [59] concluded that the failure
rate is largely influenced by uncertainties that have many realisations
(such as environmental or operational loads) and uncertainties that only
have one realization (e.g. soil conditions and material properties) during
the service life. In general, small variations in strength properties of soil
have a higher impact on the annual reliability index than small variations
in loads, yield strength and corrosion-induced degradation. Since the
curves found overlap, Fig. 11D illustrates that the variation coefficient of
corrosion has almost no influence on the outcomes. This can be explained
by a fairly low sensitivity factor, e.g. approximately 0.05 for Δteq (see
Appendix B). Furthermore, it was found that replacing the truncated
normal with a normal distribution function had negligible effect on the
outcome. The reader is referred to Appendix B for the comparison with
and without truncated distribution function.

The variation coefficient of the soils’ internal friction angle was
directly applied to its expected value in order to determine the standard
deviation, while the characteristic value for the live load was con-
sidered to be invariant, representing a return period of 50 years.

In addition, Fig. 11A and Fig. 11B shows that the annual reliability
index will become practically constant if Zyield is dominated by un-
certainty in time-dependent variables (many realisations during the
service life and failures in subsequent years are independent [59]). By
contrast, when time-independent random variables (one realization
during the service life and failure in subsequent years are dependent
[59]) are dominant, the annual reliability index will increase during the
early years of service. Furthermore, Fig. 11B shows that a relatively
small coefficient of variation for live loads only leads to a lower annual
reliability index during the early service period. This is because the
uncertainty in the live load Qt1 does not significantly influence the
annual reliability indices – or, in other words, because the time-

independent variables are dominant. Nevertheless, all the curves show
higher annual reliability indices for lower variation coefficients of
random variables, which is the direct result of a general decrease in the
amount of uncertainty present in the reliability problem.

In general, the variation coefficient of random variables will de-
termine the degree to which the reliability problem is time-variant, and
hence whether the failure rate in the first or the final year of the service
life will prevail. This is discussed further in the next section.

5. Discussion

5.1. Influence of corrosion on FoS and β of reference quay wall

Since the corrosion rate of the reference quay wall corresponds with
corrosion curve 3 in the permanent immersion zone (Fig. 3A), this
section describes the impact of that curve on the FoS and β. Also dis-
cussed are the results obtained for non-deteriorated, service-proven
quay walls, in order to be able to better interpret the influence of wall-
thickness loss on the reliability of a quay wall.

When an uncorroded quay wall has shown the ability to function
during a certain time period, our confidence in its actual reliability level
will increase. This is because it will be less likely that the strength
properties of soil or steel, which show high sensitivity factors (Appendix
A), are unfavorable. For quay walls subject to corrosion, this favourable
effect will also be present. However, the quay wall's reliability level will
also be negatively influenced by corrosion-induced degradation.

The annual failure rate of a service-proven quay wall subject to cor-
rosion curve 3 (Fig. 9) still shows a slightly downward trend after 75 years
of successful service history. Successful service seems to reduce the re-
maining time-independent uncertainty. Consequently, it is unlikely that

Fig. 11. Influence of variation coefficient of the soils’ friction angle (A), surcharge load (B), yield strength (C) and corrosion (D) on the annual reliability index of a
service-proven quay wall subject corrosion curve 3 in the permanent immersion zone. Trendlines are based on a crude Monte Carlo analysis.
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the end of the service life of this quay wall will be reached due to corrosion
in the first 75 years. In this regard, the presence of the normal force in-
duced by the vertical component of anchor force plays a crucial role. It
ensures that the stresses on the landside prevail over those on the water-
side (Fig. 8). For quay walls without inclined anchors, it is highly likely
that stresses on the waterside rather than the landside will determine the
end of their service life. Furthermore, the annual reliability index
(Fig. 10B) of service-proven quay walls exposed to high corrosion rates, as
in corrosion curves 6 and 9, will therefore continue to decrease.

5.2. Influence of remaining service life on probability of failure of service-
proven quay walls

The annual failure rate found in this study generally shows a
downward trend in the early years of service (Fig. 8B). However, the
further evolution of the failure rates depends on the rate of corrosion
and the number of years survived. When assessing quay walls, there-
fore, either the first or the last year of the service life will prevail, for
low and high corrosion rates respectively. The reference period of new
quay walls is presently based on a design lifetime of 50 years, which is
quite arbitrary. Changing this reference period will directly affect the
cumulative probability of failure (Fig. 10C), since the presence of
higher loads and a higher degree of deterioration are more likely during
a longer period of time. Furthermore, the uncertainty of time-in-
dependent variables such as soil or yield strength is not significantly
affected by changing the reference period. In fact, the presence of fairly
unfavorable time-independent variables becomes increasingly unlikely
as a quay wall ages successfully.

When assessing a service-proven quay wall, it is possible to predict
the end of its lifetime and the associated remaining service life. But this
requires adjustment of the reference period. If we assume that a quay
will be replaced after 75 years of service, for instance, we can determine
the remaining cumulative probability of failure given its successful past
performance (Fig. 8D). Since reliability is always related to a certain
reference period, and the remaining service lives of different existing
quay walls will probably differ, deriving reliability targets for the re-
maining lifetime does not seem very efficient. In general, it appears
more practical to evaluate reliability on an annual basis rather than for
longer time periods, since the latter will introduce an iterative proce-
dure to determine the remaining service life.

5.3. Evaluation of allowable stress-based method to assess corroded combi-
walls

Before discussing the allowable stress-based method to assess corro-
sion-induced degradation of combi-walls (Section 1.2), it is worth noting
that neither yielding nor local buckling failures have been identified in
practice. This indicates that the method is rather conservative, a finding
also supported by the decrease found in the annual failure rate (Fig. 9).
Moreover, the allowable stress-based method presently features the as-
sessment of single structural members, e.g. one tube in a combi-wall
system. However, a combi-wall system generally has a some additional
capacity to redistribute internal forces. As a result, it is almost impossible
that only a single combi-tube will show yielding or local buckling. This
redistribution has not yet been taken into account. Furthermore, despite
the allowable stress-based method already distinguishing different corro-
sion zones across the height of the combi-wall (Fig. 3A), it neglects spatial
variation along the quay wall. It is therefore highly recommended that
horizontal correlation lengths in the different corrosion zones be studied,
because it seems unlikely that multiple tubes will show the same amount
of pitting corrosion at the exact same position. Hence, it is expected that
the actual reliability level of combi-walls is significantly higher.

Example
The differences between the allowable stress-based method and the

probabilistic approach can best be discussed by presenting an example.
However, our reference quay wall is subject to the relatively low

corrosion rates of curve 3 and as a result its likely service lifetime is well
beyond 75 years. Consequently, the end of the lifetime of the reference
quay wall was predicted using the results from the more conservative
corrosion curve 9, predominantly to demonstrate the differences and
also to show the possible impact of corrosion on the stresses on the
waterside. Predictions on the basis of the allowable stress approach
show that the stresses on the waterside after approximately 50 years
become higher than those on the landside, whereas following the
probabilistic method shows that this is already likely after approxi-
mately 40 years (Fig. 12). Furthermore, the minimum required FoS is
reached after 49 years. If we assume that the reference quay wall cor-
responds with RC1 of EN 1990 [30], the minimum annual target re-
liability index is exceeded after 72 years (

Table 4). In other words, using the probabilistic approach results in
an increase of the remaining service life of approximately 35%. In ad-
dition, the residual cumulative probability of failure for the last three
years is 2.85, which is higher than the minimum target reliability in-
dices presented in literature [33,34,48,50]. This example illustrates the
potential benefits of performing reliability-based assessments to safely
extend the lifetime of service-proven quay walls. However, it should be
noted that accidental load combinations, such as earthquake-induced
ground motion and extreme tidal waterhead differences, were not taken
into consideration in the present investigation. Where loading events
are infrequent, satisfactory past performance may not be a good in-
dicator [39]. Furthermore, for soil-retaining walls that are part of an-
other system, such as a flood-defense system, the length effect need to
be taken into consideration [10,45].

6. Conclusion and recommendations

The results of this study show the effect of corrosion-induced de-
gradation on the reliability of service-proven combi-walls. Its most
important findings are as follows:

• Annual failure rates and the associated reliability indices of service-
proven quay walls are largely time-dependent. The failure rate of non-
deteriorating quay walls decreases over time. For quay walls with
successful service histories and subject to low corrosion rates, the
highest annual reliability indices were typically observed in the first
year of the service life, while for higher corrosion rates the final year is
critical.

• The allowable stress-based method of assessing corrosion-induced
degradation of combi-walls is conservative rather than optimistic in
the case of service-proven quay walls.

• The ratio between the factor of safety and the reliability index
changes over time and depends on the corrosion rate and the
number of years survived. Hence, no generally applicable relation-
ship was found.

• The reliability assessments performed using the calibrated Blum
model show results similar to those from finite element-based re-
liability assessments.

• The variation coefficient of the angle of internal friction sig-
nificantly influences the evolution of the annual failure rate over
time.

Successful service, i.e. the survival of service loads, enables us to
reduce time-independent uncertainties [14] such as uncertainty in soil
strength of quay walls, leading to an increase in reliability. However,
this positive effect will be less pronounced for quay walls exposed to
rare extreme events such as earthquakes or accidental loading. Hence, it
is highly recommended that further investigation be undertaken into
the influence of extreme events and accidental load combinations.

A reference period of one year enables us to evaluate quay-wall relia-
bility, while taking into account the effects of past performance and de-
gradation. Moreover, within a one-year reference period, the effects of past
performance and degradation can be taken into account in an appropriate
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manner. These findings can play an important role in the evaluation of the
reliability of an existing quay wall, since then its remaining service life and
the associated reference period are generally unknown a priori. Hence,
using annual target reliability indices is preferred.

Based on the findings of this study, the early application of a test load
close to the characteristic/design load applied directly after completion of
the structure can be an effective strategy to increase its reliability during
its remaining service life [15,39]. The application of such a test load in a
pre-posterior analysis is therefore recommended. And if the outcomes are
favourable in cost-benefit terms, so is the development of full-scale test
protocols for new and service-proven quay walls.

Furthermore, this study has shown that a calibrated Blum-based
crude Monte Carlo analysis gives quite similar results to the finite-ele-
ment-based FORM approximation. It would therefore be very inter-
esting to compare these results with those obtained from other relia-
bility methods, e.g. using response surfaces (a.k.a. surrogate models)
such as kriging [54] or directional adaptive response surface sampling
(DARS) [25], in order to verify the applicability of such methods for
finite element-based and time-dependent reliability assessments.

In addition, further study of the development of pitting corrosion
over time (position and propagation) [27,36] is recommended, as is
work to clarify how the combination of uniform and pitting corrosion
can be taken into account when assessing combi-walls, e.g. by applying
random field theory. Moreover, we suspect that truncating the prob-
ability distribution of corrosion does not always have a negligible effect
on the outcome. This effect is probably much greater for sheet pile walls
than for combi-walls, and hence we recommend that this aspect be
studied in more detail and do not recommend truncation of the corro-
sion uncertainty as general practice.

Finally, the results of this study show that time-independent un-
certainty decreases during the early years of a quay wall's service life.
This finding can play a crucial role in the assessment of existing quay
walls, and presumably in that of all other service-proven geotechnical
structures. It is therefore highly recommended that practical guidelines
be further developed, e.g. by updating the initial estimates of time-
dependent random variables, in order to safely extend the service life of
existing quay walls and other structures with similar features.
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Fig. 12. Comparison of allowable stress-based (A) and reliability-based (B) assessments of a service-proven quay wall subject to corrosion curve 9 in the permanent
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Table 4
Exceeding of safety limits and annual reliability targets on the basis of the allowable stress and reliability-based assessments, respectively.

Allowable stress-based Zyield;landside Zyield;waterside Zbuckling Reliability-based Zyield;landside Zyield;waterside Zbuckling

New design; FoS < 1.5 Year 1 Year 36 Year 1 New design; β < 4.2 [30] [33], Year 50 Year 43 Year 38
Intensive monitoring; FoS < 1.3 Year 35 Year 47 Year 29 Repair works; β < 3.8 [48] > Year 75 Year 56 Year 66
Disapproval; FoS < 1.2 Year 61 Year 53 Year 49 Disapproval; β < 3.2 [48] > Year 75 Year 72 > Year 75
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Appendix A. . Comparison of reliability methods

Table A1

Appendix B. . Comparison with and without truncation

TABLE A2

Table A1
Comparison of Blum&Prob2B with Plaxis & OpenTURNS [49] in respect of lifetime reliability index, the design points in physical space X* and normal space U* and
the sensitivity factor α for Zyield;landside.

Blum & Prob2B Plaxis & OpenTURNS [49]
Reliability index β 3.87 3.77

Parameter SI X* U* αu-space X* U* αu-space

E50;Backfill mPa n/a n/a n/a 47.9 −0.12 −0.03
E50; Reclamation mPa n/a n/a n/a 25.6 −0.70 −0.19
E50; Holocene mPa n/a n/a n/a 24.7 −0.88 −0.23
E50; Clay mPa n/a n/a n/a 4.8 −0.09 −0.02
E50;Pleistocene mPa n/a n/a n/a 47.6 −0.15 −0.04
φ Backfill ° 39.4 0.13 0.03 39.7 0.26 0.07
φ Reclamation ° 33.1 −0.78 −0.20 29.2 −1.74 −0.46
φ Holocene ° 24.7 −3.11 −0.80 28.4 −1.93 −0.51
φ Clay ° 26.6 −0.12 −0.03 27.5 0.24 0.06
φ Pleistocene ° 38.6 −0.06 −0.02 39.7 0.26 0.07
γsat; Backfill kPa 20.3 0.32 0.08 20.2 0.20 0.05
γsat; Reclamation kPa 20.0 0.45 0.12 19.2 −0.23 −0.06
γsat; Holocene kPa 17.8 −0.77 −0.20 18.5 −0.36 −0.10
γsat; Clay kPa 17.0 0.00 0.00 17.1 0.11 0.03
γsat; Pleistocene kPa 20.0 0.01 0.00 20.0 −0.02 −0.00
hOWL m −0.82 0.06 0.01 −0.83 0.06 0.02
hGWL m −0.27 −0.24 −0.06 −0.29 −0.25 −0.07
Qt50 kN/m2 116 1.12 0.29 112 0.56 0.15
hretaining m n/a n/a n/a 0.23 −0.66 −0.18
ttube mm 14.6 −0.53 −0.14 14.3 −0.91 −0.24
Dtube m 1.029 −0.72 −0.19 1.035 −1.03 −0.27
fy N/mm2 479.7 −0.84 −0.22 503.5 −0.72 −0.19
θM1 – 1.10 0.96 0.25 1.15 1.52 0.40
θN1 – 1.02 0.24 0.06 1.03 0.33 0.09

The model uncertainties θMand θN are assumed to be independent.

Table A2
Comparison between truncated normal distribution and normal distribution in respect of lifetime reliability index, the design points in physical space X* and normal
space U* and the sensitivity factor α for corrosion curve 3 of Zyield;landside.

Truncated normal distribution for ∆teq Normal distribution for ∆teq
Reliability index β 4.30 4.29

Parameter SI X* U* αu-space X* U* αu-space

φ Backfill ° 39.5 0.15 0.03 39.4 0.12 0.03
φ Reclamation ° 33.1 −0.78 −0.18 32.9 −0.82 −0.19
φ Holocene ° 24.1 −3.29 −0.77 24.1 −3.28 −0.76
φ Clay ° 26.6 −0.13 −0.03 26.6 −0.13 −0.03
φ Pleistocene ° 38.6 −0.06 −0.01 38.5 −0.08 −0.02
γsat; Backfill kPa 20.4 0.38 0.09 20.4 0.36 0.08
γsat; Reclamation kPa 20.0 0.50 0.12 20.0 0.49 0.12
γsat; Holocene kPa 17.6 −0.85 −0.20 17.6 −0.85 −0.20
γsat; Clay kPa 16.9 −0.01 −0.01 17.0 0.01 0.00
γsat; Pleistocene kPa 20.0 −0.01 −0.01 20.0 0.01 0.00
c Clay kPa 6.66 −0.00 −0.00 6.64 −0.01 −0.00
hOWL m −0.83 0.13 0.03 −0.83 0.14 0.03
hGWL m −0.28 −0.29 −0.07 −0.28 −0.28 −0.06
Qt1 kN/m2 90.5 1.54 0.36 89.8 1.49 0.35
ttube mm 14.36 −0.66 −0.15 14.36 −0.66 −0.15
Dtube m 1.029 −0.73 −0.17 1.028 −0.72 −0.17
fy N/mm2 478 −0.89 −0.21 478 −0.89 −0.21
θM – 1.13 1.27 0.30 1.13 1.27 0.30
θN – 1.13 0.00 0.00 1.13 0.00 0.00
∆teq 3.12 0.16 0.04 3.52 0.35 0.08
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