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Corrosion-induced thickness loss in steel quay walls: insights from 
long-term exposure measurements
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ABSTRACT 
Maritime ports are key components of global logistics networks, with steel quay walls providing berth
ing capacity and operational continuity. Their long-term structural performance is governed by corro
sion driven by interactions between salinity, hydrodynamics, microbiological activity, and climatic 
conditions. Given that across Europe, many twentieth-century structures have exceeded their design 
life, reassessment of safety and residual capacity is essential. Conventional assessments typically use 
deterministic, uniform corrosion profiles based on simplified environmental classifications. In practice, 
however, field data show that corrosion is spatially variable, has short correlation lengths, and involves 
co-existing uniform and localised mechanisms. The scarcity of long-term, spatially detailed measure
ments has limited of site-specific deterioration models to be validated and included in design codes. 
This study analyses corrosion in steel quay walls at the Port of Rotterdam using ultrasonic thickness 
measurements and laboratory surface-morphology data. The database quantifies mean wall-thickness 
loss and spatial variability, enabling systematic comparison with design prescriptions. To interpret the 
observed variability, the study develops a stochastic corrosion representation based on random-fields, 
allowing explicit incorporation of spatial heterogeneity into structural assessments. The outcomes 
highlight the limitations of uniform corrosion assumptions and provide a basis for improved reliability 
evaluations and lifecycle-management strategies for ageing port infrastructure.
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1. Introduction

Maritime ports serve as essential nodes within global supply 
chains, facilitating the transport of nearly 90% of inter
national trade (International Chamber of Shipping, 2024). 
These infrastructures are continuously exposed to natural 
and operational hazards, which can compromise their struc
tural integrity and disrupt service continuity (Yang & Ge, 
2020). The increasing frequency and severity of extreme 
events due to climate change underscore the necessity for 
more resilient design and the implementation of efficient 
maintenance strategies.

Quay walls, the structures that allow the berthing of 
ships, are among the most vulnerable components within 
port infrastructure. Many of these walls are built from steel 
sheet piles and are particularly susceptible to corrosion. To 
ensure their durability and safety, the corrosion manage
ment strategy should prioritise the re-verification and, when 
necessary, the maintenance of areas where the material deg
radation is more pronounced. This need is especially urgent 
for quay walls constructed in the 1950s and 1960s, which 
have already exceeded their original design life (Oung & 
Brassinga, 2015). To ensure durability and safety, effective 

corrosion-management strategies should prioritise targeted 
maintenance, focusing on areas where material degradation 
has become critical. Achieving this objective requires a com
prehensive understanding of both the temporal and spatial 
evolution of corrosion as well as the mechanical behaviour 
of corroded steel.

Traditional assessment approaches assume different cor
rosion time evolution depending on salinity and distance 
from the water level (EAU, 2012; EN 1993-5, 2009; NEN 
6776, 2021). Corrosion loss is assumed to be uniform and 
deterministic. However, residual thickness measurements 
show that corrosion behaves as a spatially variable random 
field with a short correlation length (Melchers, 2010; Zhang 
et al., 2024). In other words, in corroded steel structural ele
ments, uniform and localised mechanisms coexist. Localised 
corrosion may result from both microbiologically induced 
corrosion (Peng et al., 2017) and chloride exposure in mar
ine environments (Bertolini et al., 2013; Melchers & Jeffrey, 
2005; Pedeferri, 2018; Polder & de Rooij, 2005). Correctly 
accounting for the unevenness of the corrosion profile is 
essential for accurately estimating the stiffness, load-bearing 
capacity and fatigue performance of corroded steel structural 
elements (Guedes Soares & Garbatov, 1999; Melchers, 
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2003b; Paik et al., 2004), particularly for ageing quay walls 
subjected to long environmental exposure times.

In general, both uniform and localised corrosion are 
expected to be influenced by environmental parameters such 
as temperature, salinity, pH, water velocity, dissolved oxy
gen, and nitrate concentration (Melchers, 2006, 2007, 2014; 
Melchers & Jeffrey, 2004; Mercer & Lumbard, 1995; 
Pedeferri, 2018). Therefore, the use of site-specific corrosion 
models is recommended (Guedes-Soares et al., 2009; 
Melchers, 2018). While most uniform corrosion evolution 
models rely on short-term datasets (Melchers, 2003a; 
Melchers & Jeffrey, 2005; Melchers & Wells, 2006), for long- 
term corrosion models, long-term data, typically over the 
proposed design life of the structure, have to be considered 
(Melchers et al., 2025).

Long-term in-situ studies remain scarce. Measurements 
from Ravenna over 21–29 years (Ruggeri et al., 2021) and 
Halmstad during 36–51 years (Wall & Wads€o, 2013) are avail
able in the literature. In the first case, epoxy resin coatings 
reduced corrosion rates to well below those predicted by the 
Eurocode. In the second case, the corrosion losses generally 
agree with the Eurocode values, except at the depth of ship 
propellers for the busiest quays, where significantly larger cor
rosion losses are observed. Indeed, the influence of water 
velocities on corrosion processes has been documented in the 
literature since the 1940s (LaQue, 1948; Melchers, 2006; 
Melchers & Jeffrey, 2004). Despite these valuable insights, the 
number of long-term, spatially detailed studies remains lim
ited, especially for older quay walls exposed to diverse envi
ronmental and operational conditions.

To address these gaps, this study analyses long-term corro
sion measurements (up to 70 years) collected at the Port of 
Rotterdam. The dataset consists of in-situ ultrasonic thickness 
readings combined with laboratory surface-morphology 
measurements, allowing a comprehensive description of both 
average corrosion losses and spatial variability. These data 
support a systematic comparison with design-code predic
tions, highlighting deviations associated with bow-thruster 
effects, structural connections and orientation with respect to 
main wind and wave direction. The study introduces a statis
tical approach based on random fields to model the inherent 
spatial variability of corrosion morphology. This enables a 

more accurate representation of deterioration processes and 
supports improved structural assessments and lifecycle man
agement strategies for ageing steel structural elements.

The paper is structured as follows: in Section 2, the 
experimental campaign conducted in the port of Rotterdam 
is presented. In Section 3, the results in terms of average 
corrosion are discussed and compared with code standards. 
Finally, in Section 4, a novel statistical methodology is 
proposed to describe and model the uneven morphology of 
the corrosion profile.

2. Corrosion investigation: description of the 
experimental campaign

As previously mentioned, corrosion is intrinsically stochas
tic, resulting in uneven wall-thickness reduction in steel 
components. Consequently, the spatial variability of thick
ness loss (h) must be precisely characterised. In the follow
ing, h is decomposed into two components: (i) an average 
thickness loss, lh; depending on both exposure time and 
spatial location and (ii) a zero-mean variation, wh; which 
reflects the localised irregularity of corrosion.

A comprehensive experimental campaign was conducted 
in the Port of Rotterdam to characterise the temporal and 
spatial evolution of corrosion across quay walls with 10 to 
70 years of exposure (Section 2.1). This campaign (Section 
2.2) consisted of two phases carried out at distinct scales: 
in-situ measurements at the wall scale and laboratory inves
tigations on specimens obtained at specific depths. Both 
methodologies provide information on the average corro
sion. The laboratory program also studied the surface 
morphology, allowing for the description of the unevenness. 
The measurement techniques adopted in the two cases are 
presented in Section 2.2.1 (in situ) and Section 2.2.2 
(laboratory).

2.1. Site description: the Port of Rotterdam

Located at the delta formed by the Rhine and Meuse rivers 
in South Holland, the Port of Rotterdam extends for over 
45 km from the Dutch hinterland to the North Sea 
(Figure 1). This considerable extension is associated with a 

Figure 1. Location of the Port of Rotterdam (square) with identification of the macro-regions of different salinity.
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very pronounced gradient in salinity, but a rather uniform 
temperature (seasonally varying between 7�C and 21�C).

Data from an extensive measurement campaign con
ducted between 2015 and 2016 delineate two macro- 
regions based on water salinity: Region 1, in the inland 
(Figure 1), characterised by brackish conditions (water 
salinity Cs¼ 0.15–4.0 g/L), and Region 2, closer to the 
open sea, characterised by saline conditions (Cs¼ 18.3– 
24.0 g/L). For the sake of completeness, temperature and 
salinity data are compared with those of Brasseur et al. 
(1996) and Copernicus Marine Service (2025) (Figure 2).

Within the port, tidal fluctuations drive variations in 
water levels ranging from þ1:66 m (mean high water, 
MHW) to −0:55 m (mean low water, MLW) (NEN 6776, 
6776, 2021), relative to Normaal Amsterdams Peil (NAP), 
which approximates the mean sea level (Figure 3).

Corrosion in steel quay walls is strongly influenced by 
the depth relative to the mean water level (Melchers, 
2003a). Accordingly, Eurocode 3 (EN 1993-5, 2009) and 
the Dutch standard (NEN 6776, 2021) subdivide the 
water-side elevation of the wall into six corrosion zones 
(Figure 3): (I) atmospheric zone (higher than þ2.16 m 

NAP), (II) the splash zone (in between þ1.66 m and 
þ2.16 m NAP), (III) intertidal zone (between −0.35 m and 
þ1.66 m NAP), (IV) accelerated low water corrosion 
(ALWC) zone (between −2.54 m and −0.35 m NAP), (V) 
permanent immersion zone (lower than −2.54 m NAP) 
and (VI) embedded zone.

In the areas close to the inland, U- and Z-shaped sheet 
piles were predominantly installed (Figure 4). Moving from 
the inland regions towards the North Sea, the seabed depth 
increases rapidly, reaching approximately 30 m below NAP 
in the outer port areas constructed in the early 2000s. In 
this deeper region, stiffer and more robust quay walls are 
required, with combi-walls representing the predominant 
design choice. These structures combine standard sheet piles 
with either I-shaped beams (Figure 4b) or open-ended steel 
piles (Figure 4c). The earliest generation of combi-walls 
relied on bolted connections between beams and sheet piles, 
whereas the modern configuration, introduced in the 1980s, 
employs welded interlocks directly attached to the piles (de 
Gijt & Broeken, 2013).

Notably, both laboratory and in situ measurement record 
the residual thickness of the walls. Deriving the actual amount 

Figure 2. Comparison between salinity and temperature in the port of Rotterdam and typical values registered in European seas (Brasseur et al., 1996; Copernicus 
Marine Service, 2025).

Figure 3. Typical corrosion zones identified in the port (dimensions in metres).
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of corrosion requires the knowledge of the initial wall thick
ness. These data are affected by manufacturing tolerances 
(around 3–6% (ArcelorMittal, 2022; Wall & Wads€o, 2013)). 
Furthermore, for quay walls dating from the 1950s and 1960s, 
reliable historical records are often unavailable. In the latter 
case, the initial thickness is estimated based on a comparative 
study of similar non-corroded cross-sections.

2.2. Corrosion investigations

Between 2004 and 2006, approximately 60 quay walls (con
structed between 1940 and 2003) throughout the port were 
examined to determine their condition. This corrosion- 
focused survey and maintenance plan sought to assess the 
remaining service life of steel quay walls while updating and 
modifying the corrosion evaluation protocol. Following the 
measurement campaign, cathodic protection was installed 
on the majority of the quay walls, greatly reducing corrosion 
rates and extending residual life. As a result of this interven
tion, all following corrosion measurement inspections (every 
5 years) are less informative in assessing the long-term pro
gression. Consequently, the analysis focuses mainly on the 
2004–2006 campaign results.

2.2.1. In situ ultrasonic measurements
To examine the effect of depth on corrosion-induced thick
ness reduction, an extensive series of measurements was 
undertaken using ultrasonic thickness gauges with an accur
acy of 60:1mm: Measurements were carried out at multiple 
depths following a structured grid specifically designed to 
ensure consistency and representativeness of the collected 
data. The grid extends from þ2.0 m down to −4.0 m relative 
to the water table. A refined grid with vertical spacing of 
0.5 m was adopted in areas where greater corrosion variabil
ity is expected, namely the splash, intertidal and ALWC 
zones (Melchers & Jeffrey, 2013; PIANC, 2005). As corro
sion variability in the permanently immersed zone is 
expected to be lower, a coarser grid with a vertical spacing 
of 1.0 m was employed, beginning at −4.0 m and extending 
to 0.3 m above the seabed (to allow for adequate cleaning of 
the surface and visual inspections). Before any readings, the 
surface around all measurement points in Figure 5 was 
cleaned to remove algae, shells (macrofouling) and corro
sion products that might otherwise interfere with the 
measurements.

For each marked location, three readings were taken in the 
immediate vicinity and subsequently averaged. Measurements 
were collected along several vertical profiles extending from 
the upper boundary to the seabed (Figure 5). The thickness of 
at least six adjacent sheet piles is typically measured at each 
depth to minimise the influence of local variations when hori
zontal averaging of the measurement is performed.

2.2.2. Laboratory measurements
To obtain detailed information regarding the surface morph
ology of corroded quay walls, steel samples were cut out from 
most of the walls included in the in-situ measurement cam
paign. Samples were collected at various depths and subse
quently cleaned to remove corrosion products. An example of 
location is reported in Figure 6. Specimens were then pre
pared from the plates for testing. Residual thickness measure
ments were performed using a digital micrometre on a 
rectangular area measuring 380 � 70 mm2. Measurements 
were taken at each node of a regular square mesh with a 
10 mm side length.

An example of the samples, after being moulded for 
mechanical testing and rust removal, is shown in Figure 6
for 42 years (Figure 6a) and 36 years (Figure 6b) of exposure 
time. The reconstruction of the measured profile allows the 
description of the uneven nature of the corrosion profile at 
different depths.

As expected, corrosion losses are generally larger in older 
quay walls. However, data exhibit considerable variability 
due to the stochastic nature of corrosion (Pedeferri, 2018; 
Woloszyk & Garbatov, 2020). The uncertainties in 
initial thickness introduce further uncertainties in their 
interpretation.

3. Average corrosion: measurement results and 
interpretation

Average corrosion measurements are directly obtained from 
the analysis of the dataset built upon in-situ and averaged 
laboratory measurements. For the sake of brevity, the focus 
is on a few selected walls (Table 1), as their particularly 
informative corrosion profiles highlight the main aspect to 
be considered in the measurement collection phase. A gen
eral discussion on the average corrosion time evolution for 
the entire set of collected in situ measurements is presented 
in Section 3.1.

Figure 4. Common quay wall cross-sections adopted in the port: (a) U/Z sheet pile; (b) I-shaped beam ‘combi-wall’; and (c) pile ‘combi-wall’.
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Figure 7 presents the results obtained for the three inves
tigated quay walls (A, B and C), as defined in Table 1, 
located within the two distinct salinity regions identified in 
Figure 1. These quay walls correspond to the three cross- 
sectional geometries illustrated in Figure 4 and are charac
terised by corrosion durations ranging from 10 to 42 years, 
as well as different orientations relative to the north. A sum
mary of their geometric and structural properties is 

provided in Table 1. For completeness, Figure 7 also reports 
the results of cone penetration tests, presented as cone-tip 
resistance (qc) as a function of depth, to provide informa
tion on the composition and variability of the adjacent soil 
profiles.

Quay wall A (Figure 4a), located in Region 1 (Figure 1), 
was constructed in 1962 and is characterised by a U- 
shaped wall cross-section. The wall is oriented towards 

Figure 5. In situ corrosion measurement protocol adopted for the ultrasonic measurements with identification of corrosion zones.
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the south-west and spans approximately 216 m in total 
width.

Quay wall B (Figure 4b), located near the boundary 
between Regions 1 and 2 (Figure 1), was built in 1968 and fea
tures a combi-wall profile. This consists of a primary structural 
element formed by an I-shaped steel beam combined with Z- 
sheet piles acting as secondary components. The connection 
between the primary and secondary elements is achieved 
through a mechanical lock. The quay extends approximately 

600 m and is oriented towards the southeast. Among the three 
considered quay walls, this is the busiest.

Quay Wall C (Figure 4c), situated in Region 2 (Figure 1), 
was constructed in 1994. The wall combines a steel tubular 
pile with a U-shaped sheet-pile wall and extends approxi
mately 230 m in a south-east direction.

The inspection results in Figure 7 are presented in terms 
of thickness loss. A strong agreement is observed between 
the averaged in-situ ultrasonic measurements (white 

Figure 6. Steel specimens from quay wall a and B with sampling depth: exposure time 42 years (a,b), and exposure time 36 years (c,d).

Table 1. Design dimensions of the analysed quay walls.

Quay Exposure time (yrs) Excavation depth (m) Wall length (m) Initial thicknessb (mm) Sectiona Profile

A 42 5.0 13.0 7.2 (web) 10.0 (flange) U LARSSEN II
B 36 6.0 28.0 10.0 (Z-web) 13.5 (Z-flange) 13.5 (I-flange) Zþ I KS II PSP 400 L
C 10 9.0 26.0 9.2 (U-web) 13.8 (Z-flange) 14.2 (Pile) Uþ P LARSEN 23 Pile ;1016
aU: U-shaped sheet pile section, Z: Z-shaped sheet pile section, I: I-shaped beam section P: circular pile section. bTolerance on nominal thickness: 60:6 mm 
(ArcelorMittal, 2022; Wall & Wads€o, 2013).
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symbols) and the averaged laboratory-based measurements 
(black crosses), which characterise the distribution of the 
uneven thickness profile obtained from extracted coupons 
(Figure 6).

In Figure 7a, the average thickness-loss distributions for 
Sections S2 and S3 display a distinct peak between 0 m and 

þ1 m above the mean water surface. This is likely associated 
with the orientation of the quay wall sections, which are 
positioned perpendicular to the prevailing wave and wind 
direction in the area (Richards et al., 2020). A similar influ
ence of orientation on corrosion rates has been observed on 
bridge piers oriented in the principal wind direction 

Figure 7. Average thickness loss measurements: (a) exposure time 42 years and low salinity water conditions (Region 1); (b) exposure time 36 years (border 
between Region 1 and 2); (c) exposure time 10 years (Region 2).

STRUCTURE AND INFRASTRUCTURE ENGINEERING 7



(Stipanovic Oslakovic et al., 2010) and recently in labora
tory-accelerated corrosion tests (Zhang et al., 2024) on steel 
samples.

In Figure 7b, two distinct corrosion peaks are identified 
across all measured sections. As expected, the first peak 
occurs within the accelerated low-water corrosion (ALWC) 
zone. However, a second, deeper peak is observed within 
the permanently submerged zone, where corrosion rates 
are expected to be low according to current design stand
ards. This unexpected peak, located approximately at −5 m, 
coincides with the region influenced by bow-thruster 
action during mooring. As documented in (de Gijt & 
Broeken, 2013; Wall & Wads€o, 2013), such elevated corro
sion losses, almost double compared to surrounding 
regions, can be attributed to ‘erosion- corrosion’ 
(Pedeferri, 2018) caused by the jet action of vessel propel
lers that, in very crowded quay walls, causes high velocity 
turbulent water flow with suspended soils particles (when 
the excavation depth is not very large). Importantly, this 
localised effect is not accounted for in existing design 
standards.

Figure 7b also reveals that at Sections S2 and S4 (adja
cent to the connection joints), corrosion losses are approxi
mately two to three times higher than at the other 
locations (I1 and S3). This is probably due to the use of a 
different steel grade (with slightly different electrochemical 
potential) for the joints, which leads to galvanic corrosion, 
which can induce accelerated fatigue failure (Gutman, 
1994). This was also recently observed by Melchers et al. 
(2025). This effect is not accounted for in the current 
design regulations.

Finally, Figure 7c highlights substantial differences in 
corrosion losses between the steel piles and the U-shaped 
sheet-pile walls, with corrosion in the piles being almost 
double. This behaviour was consistently observed in the 
majority of the analysed piles (16 piled quay walls in 
total), although the corresponding results are omitted 
here for brevity. Furthermore, differences in manufactur
ing process, such as spiral forming and welding for tubu
lar piles and hot rolling for U-shaped sheet piles (Tsinker, 
1997), lead to different microstructural heterogeneities, 
weld-affected zones and crevice-forming details. These 
differences are known to influence corrosion processes in 
steel components exposed to marine environments 
(Turnbull, 2014; Pedeferri, 2018).

From a geometrical perspective, piles are more 
exposed to waves and currents than the other steel sec
tions. From a structural perspective, piles are subjected 
to significantly higher bending moments (especially at 
large depths, in the proximity of the excavation depth), 
which vary cyclically over time due to both tidal fluctu
ations and seasonal thermal effects. The increased corro
sion in piles suggests chemo-mechanical coupling, i.e. an 
interaction between applied stress and corrosion rate, 
which may accelerate deterioration. This phenomenon is 
not addressed in current design codes and warrants fur
ther investigation.

3.1. Comparison with average corrosion allowance 
provided by design codes

In this section, the comparison between in-situ average cor
rosion measurements and the corrosion rates proposed by 
the considered design standards (EC3, EAU and NEN) is 
presented. The capability of the current standards to predict 
corrosion loss as a function of the distance from the water 
table is evaluated by comparison with the observed data col
lected at different depths.

Figure 8 compares the measured corrosion profiles along 
the depth of the three reference quay walls of Table 1 with 
the predictions from Eurocode and EAU, both calibrated 
using average thickness losses observed on steel sheet pile 
walls in the North Sea (EAU, 2012; Houyoux et al., 2007). 
Moreover, the figure also includes predictions from the 
Dutch code, which accounts for the non-uniform thick
ness distribution. This is done by summing to the 
Eurocode values an additional equivalent uniform thick
ness loss.

In the low salinity region Figure 8a, both EC3 and 
NEN assume a constant corrosion profile along the 
depth, while EAU assumes a piecewise constant profile 
with higher corrosion rates in the ALWC region. The 
measured average corrosion loss is consistently lower 
than the NEN predictions, while the Eurocode and EAU 
models show closer agreement with the in-situ measured 
average corrosion data, at all depths below the water 
table.

In the case of mid-salinity regions (Figure 8b), close to 
the border between Region 1 and Region 2 of Figure 1, all 
three codes fail in capturing the local effects (connections 
and bow thrusters). However, in the permanent immersion 
zone, the measured average corrosion is reasonably aligned 
with the design one.

In higher salinity regions (Figure 8c), all design codes do 
not consider a different corrosion trend for piles belonging 
to ‘combi-walls’, which show a completely different corro
sion behaviour compared to other sections considered. For 
sheet piles EC3, EAU and NEN all overestimate the meas
ured average corrosion.

The temporal evolution of the average corrosion loss in 
the whole port is discussed (Figure 9). The results are com
pared by separating those related to different salinity regions 
and different corrosion zones along depth, as in Figures 1
and 3.

Figure 9 shows the evolution with time of average corro
sion values obtained from the analysed quay walls, grouped 
by region and corrosion zone. Each point represents the 
mean of the corrosion measurements within the correspond
ing corrosion zone.

As expected, the measurements are rather dispersed; 
however, the overall temporal evolution comparison shows 
that EC3 predictions are reasonably aligned with the meas
urements. This consideration is not general and should not 
be extended uncritically to quay walls in other seas, charac
terised by different environmental conditions (see Figure 2). 
Also in this case, it is possible to observe that piles 
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belonging to ‘combi-walls’ (black dots) show a completely 
different trend that cannot be captured by the two standards 
considered.

Finally, the standards do not provide any indication 
regarding the spatial variability of the corrosion process, in 
terms of both standard deviation and scale of fluctuation. In 

Figure 8. Corrosion loss evaluated from the nominal thickness of the profile compared with the corrosion model prescribed by Eurocode 3, EAU guidelines and 
Dutch national code. Quay walls with: (a) 42 years of exposure in low salinity region (Region 1); (b) 36 years of exposure in mid salinity region (Region 1); (c) 
10 years of exposure in salt water (Region 2).

Figure 9. Comparison between code standards corrosion predictions (EC3 and NEN) and average measurements on the overall dataset of quay walls in the port: 
Region 1: (a) intertidal zone; (b) low water zone; (c) permanent immersion zone, and Region 2: (d) intertidal zone; (e) low water zone; (f) permanent immersion 
zone.
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the following section, these aspects are discussed with refer
ence to measurements conducted on specimens.

4. Uneven corrosion: measurement results and 
interpretation

A precise description of the spatial variation of the corro
sion profile is necessary to accurately represent both the 
local mechanical behaviour and the global response of cor
roded steel structures. To account for the uneven distribu
tion of the corrosion profile due to the natural development 
of corrosion, the residual thickness measurements in labora
tory samples (Figure 6) are used to drive the statistical dis
tribution of the uneven profile wh:

To describe this profile, the standard deviation sh (meas
uring the height of the fluctuation in an approximate sense) 
and the autocorrelation function q (measuring the degree of 
spatial correlation) of the corrosion profile are employed. 
The analysis assumes stationarity of the corrosion measure
ments, implying that their statistical properties do not sig
nificantly vary with spatial location.

4.1. Standard deviation distribution

In Figure 10, the standard deviation of all 170 tested 
specimens is compared with their corresponding average 
value. As expected, a significant variability of the data is 
observed. As a first approximation, the standard deviation 
can be predicted from the average corrosion value with a 
linear function (i.e. the coefficient of variation d ¼ sh=lh 
can be assumed to be constant, with R2 ¼ 0:83). The 
results in Figure 10 suggest that the standard deviation 
increases with exposure time, following the expected aver
age thickness loss over time. In other words, the rough
ness of the surface increases with time as also observed in 
Gathimba et al. (2019). The linear relationship between 
the standard deviation and the average thickness loss fur
ther implies that the temporal evolution of the standard 
deviation can be directly inferred from the time progres
sion of the average thickness loss.

For a more robust and accurate estimation of the 
relationship between mean and standard deviation, the 
statistical distribution in terms of d is plotted in Figure 
11. The data can be approximated with a log-normal 
distribution (Figure 11a), characterised by l ln d and s ln d 

respectively equal to 0.42 and 0.40. This distribution 
was also used by Woloszyk and Garbatov (2020) and 
Zhang et al. (2024) and provides the most accurate rep
resentation of the measured data using the goodness-of- 
fit tests proposed in the literature (e.g. Melchers and 
Beck (2017) and Hicks and Jommi (2014)). For com
pleteness, in Figure 11b, the measurements and log-nor
mal distribution are compared in terms of cumulative 
probability density.

4.2. Estimation of the correlation function

Estimating the correlation structure of the corrosion 
measurements of structural elements is a common 
approach that is used both in steel and in reinforced con
crete structures. One-dimensional models considering 
corrosion developing along a principal dimension has 
been recently used to model a random field of corrosion 
in reinforcing steel bars (Srivaranun et al., 2021, 2022; 
Wu et al., 2024). Isotropic bidimensional models have 
been used to model corrosion random fields of corroded 
steel plates (Zhang et al., 2024) and steel pipes (Bao & 
Zhou, 2021). However, the choice between an isotropic 
and a rotated anisotropic random field has a significant 
influence on the fidelity of the predicted surface morph
ology. In an isotropic random field, the statistical proper
ties of corrosion, such as variance and spatial correlation, 
are uniform in all directions. In other words, it assumes 
that corrosion does not have any preferential direction. 
However, in the case of sheet pile walls, steel production 
and environmental factors, such as hot rolling process 
(Shaabani et al., 2024), directional chloride deposition, 
prevailing winds, tidal currents, or localised stress con
centrations, may introduce directional dependence in the 
corrosion mechanisms (Pedeferri, 2018).

To quantify these effects, the correlation function q is 
assumed not only to depend on the relative distance 
among two measurement points (lag distance), s; but also 
on an orientation angle u: In general, q is expected to 
decrease with s (Fenton, 1999), and a Markovian single 
exponential model (Lloret-Cabot et al., 2014) is adopted 
to describe the directional correlation function qu at fixed 
orientation u:

quðsÞ ¼ exp −2
s

hu

� �

(1) 

where hu is an interpolating coefficient that represents a sca
lar measure of the variability along the direction u: Parameter 
hu; which can be interpreted as a directional scale of fluctu
ation (Vanmarcke, 1983), is calibrated by minimising the 
error between the theoretical correlation model and the esti
mated correlation function estimated from the measurements 
(Cami et al., 2020; DeGroot & Baecher, 1993):

Figure 10. Relationship between mean and standard deviation of the thickness 
loss of the corroded samples.
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quðsjÞ ¼
1

s2
hðNuðsjÞ − MÞ

XNuðsjÞ

i¼1
whðxiÞ � whðxi þ sj � nuÞ (2) 

where NuðsÞ is the number of pairs of data points at a dis
tance s along a given direction u; nu is the cosine director 
parallel to the direction u and M is the number of the 
unknowns used to estimate the mean (Vanmarcke, 1983). 
For brevity, only the results of the directional correlation 
function for the first sample in Figure 6a are shown in 
Figure 12. The same procedure was extended to all 170 
measured samples.

The directional scale of fluctuation hu obtained for the 
first sample of Figure 6a is summarised in the polar orienta
tion plot in Figure 13. The values are at least twice the 
measurement grid spacing, indicating that the adopted mesh 
resolution introduces a tolerable Discretisation error, since 
reliable estimation of spatial correlation requires the sam
pling interval to be no greater than half the scale of fluctu
ation (Kerry et al., 2010).

The data lie approximately on a rotated ellipse, with 
equation:

h2
u

h2
1

cos 2ðu − bÞ þ
h2

u

h2
2

sin 2ðu − bÞ ¼ 1 (3) 

being h1 and h2 the major and minor ellipse semi-axis 
respectively, and b the rotation of the ellipse with respect to 
the horizontal x-axis of the sample (Figure 6).

This rotated elliptic distribution indicates an intrinsic, 
anisotropic, rotated covariance structure, which can be 
explained by the following two mechanisms: (i) a prefer
ential direction of formation (anisotropy) can be attribu
ted to the lamination process of steel formation 
(Shaabani et al., 2024), and (ii) a rotation mainly due to 
the different orientation of the sample with respect to 
the (water) current direction, as experimentally demon
strated in Zhang et al. (2024) on artificially corroded 
samples.

The same procedure is repeated for all samples taken 
from the quay walls in the harbours for the different sal
inity regions. The dependence of anisotropic model 

parameters on exposure time for the entire dataset is 
shown in Figure 14. Linear regression and analysis of 
variance (Chao et al., 2025) were conducted on the com
plete measurement dataset to quantify unevenness param
eters under rotated anisotropy.

The results indicate that two ellipse parameters (h1, b) 
are uncorrelated with exposure time, region and zone 
(R2

h1
¼ 0:07; R2

b ¼ 0:03). This outcome underscores the 
inherent randomness of the unevenness profile, which is 
primarily determined by external factors such as orienta
tion, currents and water properties, including pH, water 
velocity, dissolved oxygen, nitrate concentration and tem
perature (Melchers & Jeffrey, 2013; Ruggeri et al., 2021). 
In contrast, h2; although dispersed, can be roughly 
approximated with a constant value of 12 mm. This sug
gests that this minimum value is indeed representative of 
the corrosion process, irrespective of any local effects. 
These results highlight that thickness measurements 
should be interpreted alongside additional information on 
local processes to more accurately characterise uneven
ness, which remains highly site-specific.

4.2.1. Anisotropic rotated covariance function
To extend the isotropic correlation function of Equation (1)
to the case of an elliptically rotated scale of fluctuation, an 
anisotropically rotated correlation structure is here intro
duced, inspired by Vanmarcke (1977). Combining Equation 
(1) and Equation (3), the bidimensional correlation function 
q takes the form:

q ¼ exp −2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

1

h2
1
þ

s2
2

h2
2

s8
<

:

9
=

;

¼ exp −2 s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos 2ðu − bÞ

h2
1

þ
sin 2ðu − bÞ

h2
2

s8
<

:

9
=

;
, (4) 

where s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

1 þ s2
2

p
is the lag distance, ðs1, s2Þ denote 

separation distances along the ellipse principal axes with 
major and minor scales of fluctuation h1 and h2 (typically 
h1 � h2). These are related to separations in the sample 

Figure 11. Statistical trend of the coefficient of variation: histogram and best fitting curve (a); and cumulative density function (b).
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frame of reference, ðsx, syÞ; through a rotation by an angle 
b measured from the sample x-axis in Figure 6. The 
model reduces to the isotropic exponential correlation for 
h1 ¼ h2; when the correlation function depends on the 
absolute distance between two points, but not on the 
orientation (dashed line in Figure 13).

4.3. Random field modelling

The uncertainties related to the inherent randomness char
acterising the evolution of the corrosion process may be 
appropriately modelled by random fields. A random field 
hðx, xÞ is a collection of deterministic functions of the 

Figure 12. Estimation of the directional correlation function for sample 1 in Figure 6a (exposure time 42 years).
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space x; called realisations, indexed by events on a random 
set of events x: A random field can be fully described by (i) 
its expected value lðxÞ; (ii) its variance s2ðxÞ and (iii) its 
correlation function qðx1, x2Þ (Betz et al., 2014; Spanos & 
Ghanem, 1989).

A comprehensive review of the discretisation methods 
is presented in (Allaix & Carbone, 2013; Hicks & Jommi, 
2014; Sudret & Kuyreghian, 2000). The discretisation 
methods can be grouped in three classes: point discretisa
tion (Brenner & Bucher, 1995; Der Kiureghian & Ke, 
1988; Li & Der Kiureghian, 1993; Liu et al., 1986), average 
discretisation (Deodatis, 1991; Deodatis & Shinozuka, 
1991; Fenton & Griffiths, 2008; Vanmarcke, 1983) and 
series expansions methods (Allaix & Carbone, 2013; Betz 
et al., 2014; Schu€eller, 1997; Spanos & Ghanem, 1989). In 
the following, the Karhunen–Lo�eve expansion (KLE) 

(Karhunen, 1947; Lo�eve, 1948), belonging to the latter 
class of methods, was used. This method was chosen 
because: (i) it is an efficient representation of the random 
field using a finite set of random variables and (ii) it con
verges in the mean-square sense, regardless of the prob
abilistic characteristics of the random field (Schu€eller, 
1997). The field describing the residual thickness profile 
is assumed to be described as a sum of a deterministic 
expected value lh and a zero mean fluctuation wh having 
the anisotropic rotated correlation structure in Equation 
(4). Assuming a stationary process (Griffiths & Fenton, 
2007), the expected value and the variance are constant 
with space, and the correlation function depends only on 
the difference in location (x1 − x2):

hðx, xÞ ¼ lh þ whðx, xÞ (5) 

KLE is based on the separate treatment of the determin
istic and stochastic independent variables (x and x; respect
ively). To this end, the fluctuation wh is spectrally 
decomposed as a truncated (up to term q) sum of products 
of functions of x and x only (Ghanem & Spanos, 1991):

whðx, xÞ ¼ sh
Xq<þ1

n¼1

ffiffiffiffiffi
kn

p
fnðxÞanðxÞ (6) 

where fkng
q
n¼1 and ffng

q
n¼1 are the eigenvalues and eigen

functions of the correlation function, respectively, and:

anðxÞ ¼
1
ffiffiffiffiffi
kn
p

ð

D

wðx, xÞfnðxÞdx (7) 

are the series coefficients. Coefficients fang
q
n¼1 are random 

variables that are zero mean and orthonormal, i.e. they are 
uncorrelated and have unit variance. From the geometrical 
point of view, they represent the projection of a realisation 
of the fluctuation on the hyperspace defined by eigenfunc
tions ffng

q
n¼1:

The eigenpairs are determined by solving numerically 
with the Nystr€om method (Atkinson, 1997; Betz et al., 2014) 
a homogeneous Fredholm integral equation of the second 
kind (Spanos & Ghanem, 1989; Sudret & Kuyreghian, 2000) 
(more details are reported in Appendix A).

Figure 13. Scale of fluctuation for specimen 1 with 42 years of exposure time 
(Figure 6a).

Figure 14. Anisotropic correlation parameters dependence of all samples on the wall exposure time.
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Finally, as shown in Section 4.1, the corrosion profile can 
be better represented by a log-normal distribution; hence, 
the log-normal random field Hðx, xÞ is defined as a non- 
linear function of the Gaussian random field hðx, xÞ
(Grigoriu, 1995; Li & Der Kiureghian, 1993):

Hðx, xÞ ¼ exp lh þ whðx, xÞ
� �

(8) 

As an example, one realisation of the random field for the 
same sample previously considered is depicted in Figure 15a
(anisotropic rotated correlation function, h1 ¼ 30 mm, h2 ¼

20 mm and b ¼ 70�). For the sake of completeness, 
in Figure 13b the corresponding isotropic one (h ¼ h1 ¼

h2 ¼ 25 mm) is reported.
In the anisotropic case, preferential directions of corro

sion are recognisable, absent in the isotropic one. This dif
ference is expected to be associated with a different 
mechanical response of the two cases. In fact, under loading, 
different patterns of stress distribution and strain localisa
tion are likely to occur in the two scenarios. Therefore, con
sidering the potential anisotropy of corrosion is crucial for a 
more reliable assessment of the ultimate capacity of cor
roded steel structures (including, but not limited to, quay 
walls).

5. Conclusions

Many quay walls in Europe, built in the 1950s–60s from 
steel sheet piles and combi-walls, have now exceeded their 
typical 50-year design life, requiring reassessment. To 
address this, the Port of Rotterdam authority has launched a 
pioneering project to study corrosion and collect data for 
evaluating wall condition, estimating remaining service life 
and prioritising maintenance. Between 2004 and 2006, about 
70,000 in-situ thickness measurements and 170 laboratory 
tests were carried out and analysed as part of this effort. 
The results of this measurement campaign are reported in 

this paper. As expected, the data exhibit significant variabil
ity; however, the results of the two different measurement 
strategies are in substantial agreement, highlighting the cap
ability of underwater ultrasonic measurements to accurately 
capture the average wall residual thickness.

The results, in terms of average corrosion, are aligned 
with the ones prescribed by Eurocode 3. In contrast, the 
Dutch national code tends to overestimate corrosion losses. 
This guideline, in an attempt to indirectly account for local
ised corrosion, prescribes a uniform corrosion profile larger 
than the one of Eurocode. Although this approach is gener
ally intended to be conservative, the assumption that an 
additional equivalent uniform distribution cannot be 
regarded as inherently safe. Neglecting the unevenness of 
the corrosion profile overlooks potential critical consequen
ces, such as stress concentrations and strain localisation in 
areas with significant local thickness reduction. These effects 
can lead to premature local failures, particularly when the 
corrosion-induced reduction in cross-sectional area coin
cides with critical loading conditions. Therefore, the validity 
of the uniform corrosion assumption should be evaluated 
on a case-by-case basis using refined and advanced struc
tural analyses, especially when assessing the structural integ
rity and residual strength of corroded steel quay walls.

The corrosion measurements also highlight how some 
local phenomena are not properly accounted for in the 
design standards. In particular, significantly larger corrosion 
is observed: (i) near structural bolted connections made 
with different steel classes, (ii) at the depth of vessel propel
lers (−4 and −6 metres below the mean water surface) and 
(iii) in the splash zone of the sides of the walls perpendicu
lar to the main wave and wind direction. Moreover, an out
lier trend was observed in the piles of ‘combi-walls’, which 
exhibit higher corrosion rates compared to the adjacent 
sheet piles of the same quay wall. This anomaly may be 
associated to different causes: (i) the manufacturing process 

Figure 15. Example of a random field realisation of the corrosion profile H for sample 1 in Figure 6a: (a) anisotropic rotated correlation; (b) isotropic correlation. 
Both series are truncated at q ¼ 30; corresponding to the 98 % of the cumulative energy.

14 F. MONTALI ET AL.



adopted for the realisation of piles is expected to differ from 
the other sections presented in this study, potentially chang
ing the local microstructure of the surface and thus the cor
rosion behaviour of the section, (ii) with larger exposure to 
currents and fatigue-assisted corrosion. Further detailed 
investigation and testing are required to confirm this 
hypothesis. Therefore, the collected data suggests that: (i) 
further analysis through visual inspections and measure
ments in the areas subject to these local phenomena is 
necessary; (ii) these local aspects should be included in the 
future guidelines to improve the reliability of service-life 
predictions; and (iii) in case of bolted connections between 
I-beam and sheet piles, the electro-chemical potential of all 
the parts should be measured.

The measurement variability, stemming from both the 
inherent nature of the corrosion process and the manufac
turing tolerances of steel production, was also statistically 
interpreted in terms of both the distribution of the coeffi
cient of variation and the scale of fluctuation. In the future, 
this information may be potentially used to generate ran
dom fields of sheet pile wall corroded profiles. For instance, 
these could be incorporated into mechanical models to 
investigate the influence of potential stress concentration 
orientations on the mechanical response of corroded struc
tural elements, and they may also be integrated into 
advanced reliability assessment frameworks to enhance pre
dictions of failure probability. Moreover, the proposed novel 
method for assessing the anisotropy of corrosion evolution 
could be used better to understand the influence of the vari
ous local processes and to guide the development of new 
monitoring strategies.

It is also important to emphasise that the residual thick
ness depends on cumulative material loss from both the 
water-facing and soil-facing sides of the quay wall. The 
development of corrosion on the soil side is still a matter of 
debate in the scientific literature and in the design stand
ards. To quantify the contribution of soil-induced corrosion, 
future research should include ad hoc investigations on dis
mounted quay wall segments fully embedded in the ground, 
which would enable a more precise characterisation of 
underground corrosion mechanisms.

Finally, it is worth mentioning that the data reported in 
this paper, including long-term measurements (up to 
70 years), can be used to refine site-specific corrosion pre
diction models for quay walls immersed in an environment 
with similar characteristics to those of the Port of 
Rotterdam. However, the statistical framework for the inter
pretation of in situ and laboratory corrosion measurements 
is general. Provided that a statistically consistent set of 
measurements is available, the proposed framework may be 
applied without modification to alternative exposure condi
tions, structural typologies and measurement types (e.g. arti
ficial intelligence-based image processing to identify 
corrosion patterns). The adoption of this statistical frame
work improves the reliability of the structural integrity 
assessment and supports the development of optimised 
maintenance strategies for steel structures under a wide var
iety of environmental regimes.
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Appendix A

The KLE in Equation (6) comes from the orthogonal series representa
tion of the correlation structure. According to Mercer’s theorem 
(Ghanem & Spanos, 1991) the correlation structure between two points 
x1, x2 2 D has following spectral decomposition:

qhhðx1, x2Þ ¼
X1

n¼1
knfnðx1Þfnðx2Þ (1) 

where the eigenfunctions ffng
q
n¼1 are orthonormal and the positive 

eigenvectors fkng
q
n¼1 decay with increasing mode numbers.

Determining eigenvalues and eigenfunctions implies solving the fol
lowing Fredholm integral equation (Betz et al., 2014; Sudret & 
Kuyreghian, 2000):

ðTfnÞðx1Þ ¼

ð

D

qhhðx1, x2Þfnðx2Þdx2 ¼ knfnðx1Þ ) Tfn ¼ knfn

8n ¼ 1, 2, :::
(2) 

This is solved numerically with the Nystr�om method (Atkinson, 
1997; Betz et al., 2014), according to which, the integral eigenvalue 
problem is approximated by an N point quadrature fwj , xjg

N
j¼1; at each 

quadrature point (in this case, Gauss-Legendre weights are used):

XN

j¼1
wj qðxk, xjÞfnðxjÞ ¼ kn fnðxkÞ, k ¼ 1, :::, N (3) 

In matrix form:

R W fn ¼ kn fn (4) 

where W ¼ diagðw1, :::, wNÞ and ðRÞij ¼ qðxi, xjÞ:

From a computational point of view, as discussed in Betz et al. 
(2014), it is convenient to rewrite Equation (4) as:

K/n ¼ kn/n (5) 

where K ¼W1
2RW1

2 and /n ¼W1
2fn:
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