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ARTICLE INFO ABSTRACT

Design codes and standards rely on generalised target reliability indices. It is unclear, however, whether these
indices are applicable to the specific risk-profile of marine structures. In this study, target reliability indices for
quay walls were derived from various risk acceptance criteria, such as economic optimisation, individual risk
(IR), societal risk (SR), the life quality index (LQI) and the social and environmental repercussion index (SERI).
Important stochastic design variables in quay wall design, such as retaining height, soil strength and material
properties, are largely time-independent, whereas other design variables are time-dependent. The extent to
which a reliability problem is time variant affects the present value of future failure costs and the associated
reliability optimum. A method was therefore developed to determine the influence of time-independent vari-
ables on the development of failure probability over time. This method can also be used to evaluate target
reliability indices of other civil and geotechnical structures. The target reliability indices obtained for quay walls
depend on failure consequences and marginal costs of safety investments. The results were used to elaborate the
reliability framework of ISO 2394, and associated reliability levels are proposed for various consequence classes.
The insights acquired were used to evaluate the acceptable probability of failure for different types of quay walls.
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1. Introduction

There are thousands of kilometres of quay wall along inland wa-
terways, in city centres, in commercial port areas and even in flood
defence systems throughout the world. The reliability level of quay
walls is generally determined in accordance with a certain design code
or standard, such as the Eurocode standard EN 1990 [60]. Table 1.1
shows an example of reliability differentiation for buildings by em-
ploying a risk-based approach that directly relates the target probability
of failure and the associated target reliability index to the consequences
of failure. The consequences of failure can take many different forms,
such as loss of human lives and social & environmental and economic
repercussions [17]. It should be noted that target reliability indices
were mainly developed for buildings [102,99] and bridges [85] as-
suming fully time-variant reliability problems [35,53]. However, the
source of aleatory and epistemic uncertainty [50] as well as the con-
sequences of failure could be very different for quay walls in port areas
[55].

In the Netherlands, the design handbooks for quay walls [29] and

* Corresponding author.

sheet pile walls [42] further elaborated the recommendations of the
Eurocode standard, because examples of soil-retaining walls are lacking
(Table 1.2).

Table 1.2 suggests that reliability differentiation is influenced to a
certain extent by the retaining height of a quay wall. Although the re-
taining height is an important design parameter, it is not necessarily an
assessment criterion for reliability. In port areas, ‘danger to life’ is fairly
low [65] because few people are present and quay walls are ideally
designed in such a way that adequate warning is mostly given by visible
signs, such as large deformations [25,29]. In reality, however, the
factors influencing reliability differ per failure mode [1,43]. Fig. 1 gives
an impression of the types of quay walls built in the Port of Rotterdam.

The primary aim of this research was to provide code developers
with material to establish target reliability indices for quay walls and
similar structures in a substantiated manner. In addition, the secondary
aim was that quay walls can be categorized into existing reliability
classes by authorities, clients and/or practising engineers. The first part
of the research was devoted to examining the reliability optimum by
economic optimisation on the basis of cost minimisation. In quay wall
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Table 1.1
Consequence and reliability classes for civil engineering works in EN 1990 [60].

Structural Safety 75 (2018) 89-109

Consequence/Reliability Description Examples of buildings and civil engineering works Reliability index
Class
Btll ﬁlsol

CC3/RC3 High consequences for loss of human life or economic, social ~ Grandstands, public buildings where the consequences of failure 5.2 4.2

or environmental consequences very great are high (e.g. a concert hall)
CC2/RC2 Medium consequence for loss of human life, economic, social ~ Residential and office buildings, public buildings where the 4.7 3.8

or environmental consequences considerable consequences of failure are medium (e.g. an office building)
CC1/RC1 Low consequence for loss of human life, and economic, social ~ Agricultural buildings where people do not normally enter (e.g. 4.2 3.3

or environmental consequences small or negligible

storage buildings and green houses)

1 The annual (B,,) and lifetime reliability (8,,) indices only represent the same reliability level if limit state functions are time-dependent.

2 This value is equal to the mean value derived by calibrating building codes [99].

Table 1.2
Reliability classes for quay walls in accordance with Quay Walls handbook [29].

Consequence/Reliability Description consequences of failure

Examples of quay walls Reliability index

Class Biso

CC3/RC3 Risk danger to life high Quay wall in flood defence/LNG plant or nuclear plant 4.2
Risk of economic damage high (hazardous goods)

CC2/RC2 Risk danger to life negligible Conventional quay wall for barges and seagoing vessels. 3.8
Risk of economic damage high Retaining height > 5m

CC1/RC1 Risk danger to life negligible Simple sheet pile structure/quay wall for small barges. 3.3

Risk of economic damage low

Retaining height < 5m

design, the dominant stochastic design variables, such as retaining
height, soil strength and material properties, that influence the risk
profile and hence the willingness to invest in safety measures, are lar-
gely time-independent [81,107]. In this study a method was developed
to determine capitalised risk and the associated reliability optimum.
The second part of the research was focussed on assessing minimum
requirements concerning human safety. A sensitivity analysis was per-
formed in order to derive insight into the parameters that influence the
reliability index, such as discount rates, time horizons, marginal costs of
safety investments and degree of damage in terms of monetary units or
number of fatalities. The results were used to elaborate the reliability
framework of ISO 2394 [40,4] in order both to be consistent with most
of the codes and standards currently used in quay wall design and to
improve guidance on reliability differentiation.

2. Target reliability indices in literature
2.1. Principles of target reliability
Basic performance measures are frequently expressed as an allow-

able probability of failure on the basis of a limit state function [31].
International organisations, such as the International Organization for

Standardization (ISO) and the Joint Committee on Structural Safety
(JCSS), support reliability-based design and assessments of structures.
ISO provided an international standard, ISO 2934 [40], in order to
develop a more uniform and harmonised design approach regarding
resistance, serviceability and durability. ISO 2394 formed the founda-
tion for many design codes and standards, such as all guidelines com-
plying with the Eurocodes [10,11,25,29,30,63,76] and technical stan-
dards and commentaries for port and harbour facilities in Japan [65].
Modern design codes define the probability of failure P = P(Z < 0) by
a limit state function [43]. The target reliability index and target
probability of failure are then related as follows:

B =@M (Prr) ®
in which:

B: — Target reliability index [-]

Pp, — Target probability of failure[-]

@~ 1 _ Inverse of the standard normal cumulative distribution
function [-]

Target reliability indices are always related to a reference period of,
for example, one year or fifty years, as presented in Table 1.1. Eq. (2) is

Fig. 1. Typical quay walls equipped with a relieving platform in the Port of Rotterdam [29]. Used by permission of the Port of Rotterdam Authority.
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often used to transform annual into lifetime probabilities of failure
[53]. However, this equation is valid only if reliability problems are
largely time-variant [93], and hence should be used carefully [102] in
the case of dominant time-independent stochastic design variables of
quay walls.

Py = 1_(1_Pf;t1)n”f R Ppy Nyt 2

in which:

Pryy = Probability of failure in the interval (0, t..p) [-]
Pr;, — Probability of failure over the interval (0, ¢;) [-]
n.s — Number of year in the reference period ty. [-]

t; — Reference period of one year [year]

2.2. Reliability differentiation in literature

In practice, reliability indices are often derived by calibrating
against previous design methods in order to maintain an existing re-
liability level [7,8]. However, target reliability indices can also be de-
rived on the basis of economic optimisation by minimising costs. The
associated reliability optimum is largely influenced by marginal costs of
safety measures, distribution type and coefficient of variation of sto-
chastic design variables [53,68].

In civil engineering, the required reliability level is generally de-
fined in terms of certain safety classes, such as occupancy, reliability or
consequence classes. An overview of safety classes and the accom-
panying annual and lifetime target reliabilities in literature is presented
in Tables 1.3 and 1.4. It should be noted that recommendations for the
assessment of existing structures, such as ISO 13,822 [41] and NEN
8700 [100] are not included.

The recommendations for reliability differentiation in literature
initially seemed inconsistent and quite different [7,92]. However, when
all the assessment criteria and associated target indices were subse-
quently ordered in accordance with the framework of ISO 2394 [40],
reliability differentiation in literature appeared to be quite consistent
and uniform. The classes A, B, C, D and E corresponding to ISO 2394
and the associated assessment criteria are further discussed in Section
6.2.

The Det Norske Veritas (DNV) [18] differentiates the required re-
liability level of marine structures in terms of structural redundancy
and warning signals. The American Society of Civil Engineers distin-
guishes four occupancy categories in ASCE 7-10 [6] representing the
number of people at risk by failure. The acceptable safety and the as-
sociated target reliability index are further differentiated for situations
when failure is sudden or not sudden and does or does not lead to

Table 1.3
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widespread progression of damage. When many people are at risk,
safety requirements, often expressed as annual failure rates, will de-
termine the acceptable reliability level [100,86]. Detailed overviews of
available methods for quantitative risk measures of loss of life and ac-
companying thresholds are given by Jonkman et al. [48] and Bhatta-
charya et al. [7]. The minimum annual reliability indices for ultimate
limit states derived by Fischer et al. [21] — namely 3.1, 3.7 and 4.2 for
high, medium and low relative life-saving costs, respectively — are im-
plemented in ISO 2394.

3. Method for deriving target reliability indices for quay walls
3.1. Introduction

This section briefly highlights the information required and
methods used to establish reliability indices.

Fig. 2 shows that reliability indices are influenced by the efficiency
of safety investments (Section 3.4) and the consequences of failure
(Section 3.5). The optimal reliability index ° can be obtained by
minimising the sum of investments in safety measures and the accom-
panying capitalised risk (Section 3.6). It is important to understand
both the quay wall system (Section 3.2) and the influence of time-de-
pendent uncertainty (Section 3.2). The target reliability indices derived
on the basis of economic optimisation might not be acceptable with
regard to requirements concerning human safety [40]. These reliability
indices are denoted as f8,... The safety criteria are further explained in
Section 4.

3.2. System decomposition and relevant failure modes

During the design of a quay wall several failure modes have to be
evaluated. Numerous design guidelines implemented comprehensive
fault trees including relevant failure modes [29,42], for example
yielding of the retaining wall, failure of the anchor strut and geo-
technical failure modes (Fig. 3). It should be noted that not all failure
modes have been considered in this study. In literature it is often not
very clear whether target reliability indices of failure modes are as-
signed to the structure as a whole or to structural components [54,96].
In this study, the reliability indices were ascribed to failure modes of
structural components in accordance with modern design codes
[5,43,53,60], assuming that progressive damage is mitigated
[25,29,42]. Quay walls are generally designed in such a way that brittle
failure is prevented and adequate warning is given by large deforma-
tions [25,29]. Consequently, the reliability level of a structural com-
ponent is generally dominated by one specific failure mode. The

Overview of annual target reliability indices in literature for the ultimate limit state (ULS).

Codes & Standards Application Consequence classes
A B C D E
Low Some Considerable High Very high
1SO 2394 (2015)" [40] All Class 1 Class 2 Class 3 Class 4 Class 5
4.2 4.4 4.7
JCSS (2001)" [43] All Minor Moderate Large
4.2 4.4 4.7
Structural concrete (2012)" [88] Concrete Small Some Moderate Great
3.5 4.1 4.7 5.1
EN 1990 (2002) [60] All RC1 RC2 RC3
4.2 4.7 5.2
Rackwitz (2000)" [68] Bridges Insignificant Normal Large
3.7 4.3 4.7
DNV (1992) [18] Marine Type I Type I & II Type II & IIT Type III
3.09 3.71 4.26 4.75
USACE (1997) [106] Geotechnical Average Good High
2.5/3.0 4.0 5.0

! Reliability indices are derived by assuming low relative costs of safety measures.
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Table 1.4

Overview of lifetime target reliability indices in literature for the ultimate limit state (ULS).

Structural Safety 75 (2018) 89-109

Codes & Standards Application Consequence classes
A B C D E
Low Some Considerable High Very high
I1SO 2394 (1998)" [39] All Small Some Moderate Great
2.3 3.1 3.8 4.3
ISO 23822 (2010)" [41] All Small Some Moderate Great
2.3 3.1 3.8 4.3
EN 1990 (2002) [60] All RC1 RC2 RC3
3.3 3.8 4.3
SANS 10160 (2010) [80] All RC1 RC2 RC3 RC4
2.5 3.0 3.5 4.0
NEN 6700 (2005) [61] All Class 1 Class 2 Class 3
3.2 3.4 3.6
ASCE (2010)* [6] All I IF, 1I1° & I Ve, 1P & 1° i IV, I, &IV ©
2.5 3.0/3.25/3.0 3.5/3.5/3.5 3.75 4.0/4.0/4.25/4.5
NBCC (2010) [20] Buildings Low Typical High
3.1 3.5 3.7
CDHBDC (2014) [20] Bridges Low Typical High
3.1 3.5 3.7
STOWA (2011) [87] Hydraulic QCI QCII, QC III QC 1V QCVv
2.3 2.7/3.1 3.4 3.7
TAW (2003) [94] Hydraulic River dike Sea dike
3.8 4.3
ROM 0.5-05 (2008) [78] Geotechnical Minor Low High/very high
2.33 3.09 3.72
CUR 166 (2012) [42] Sheet piles Class I Class II Class II
2.5 3.4 4.2
OCDI (2009) [65] Marine NR® IR? HR®
2.19/2.67 2.67 3.65
CUR 211 (2003) [28] Quay walls Class 1 Class 2 Class 3
3.2 3.4 3.6
CUR 211 (2013) [29] Quay walls RC1 RC2 RC3
3.3 3.8 4.3

! Reliability indices are derived by assuming low relative costs of safety measures.
2 Not sudden, not widespread (a), sudden or widespread (b), sudden and widespread (c).

3 Normal, intermediate and high seismic performance verification [56].

Costs

»

Total cost

- - - - Safety investments

Reliability index f§ = ®~1(Py)

Fig. 2. Principles of cost minimisation, reliability optimum g~ and reliability minimum Bycc.

following two simplified ultimate limit states were considered as a

reasonable first approach (Fig. 3):

Mwall (Z) + Mube (Z))

Zstr(2) = —max(
Y Wwall Atube

¢’ + gytan(¢’)
’

ZGEO = 1—2MSf= 1
Creduced T Untan(%’eduwd)

in which:

Zsrr — Limit state representing structural failure [N/mm?]
2 — Depth [m]

3

4

92

— - — - Capitalised risk

f, — Yield strength of retaining wall [N/mm?]
M, — Bending moment in retaining wall [Nmm]

Nupe — Normal force in pile [N]

Woan — Section modules of retaining wall [mm?®]

Aumpe — Section area of pile [mm?]

Zgro — Limit state representing structural geotechnical failure [-]
ZMsf Global stability ratio related to ¢-c reduction. The friction
angle ¢’ and cohesion ¢’ are successively decreased until geo-

technical failure occurs [-]

The ultimate limit state for structural failure represents the stresses
in the outer fibre of the soil-retaining wall and largely influences safety
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A) Failure of retaining wall B) Failure of passive soil wedge C) Failure of anchor system D) Macro instability

¥

ZSTR

Y

ZGEO

Fig. 3. Impression of some of the structural (Zsrr) and geotechnical failure modes (Zggo).

investments, whereas the global stability ratio takes account of the
mutual dependency of all geotechnical failure modes simultaneously.
Both limit states were evaluated by coupling the probabilistic package,
OpenTURNS [3], to the finite element hardening soil model of the firm
Plaxis, in order to model the soil-structure interaction as realistically as
possible. The correlation between soil properties was taken into con-
sideration in order to preclude unrealistically high reliability indices.
Typical coefficients of correlation between Esp.rer@0’reps Ysar® rep and
Eso;refYsae are 0.25, 0.5 and 0.5, respectively [97,107]. The distribution
types and coefficients of variation used are listed in Appendix B.

In this study, 2D-Plaxis calculations were performed to gain insight
into the extent to which a reliability problem is time-variant (Section
3.3) and into the efficiency of safety measures (Section 3.4), but they
represent only a certain distance along a quay wall due to spatial un-
certainty concerning resistance and local loads [13,32]. It is worth
noting that it is theoretically impossible for a single metre of quay wall
to fail. The length of a quay wall was therefore subdivided into
equivalent sections for which failure events are assumed to be largely
independent. In this study the ‘equivalent length’ L., was assumed to be
40m [2]. This length is representative for the variability of the soil
along a quay wall, but also corresponds to the section length of a quay
wall that is on the one hand based on construction aspects and on the
other hand provides sufficient flexural rigidity to redistribute local
operational loads. Independent failure events are also observed in
practice. An inventory of failure modes in Rotterdam, Spain and the
United Kingdom [1,2] showed that the failure length of the limit sates
under consideration was approximately 25-50 m. Consequently, the
associated proportional change in marginal safety costs (Section 3.4)
and failure consequences (Section 3.5) was taken into account for L,
along a quay wall.

3.3. Modelling time-variant reliability

3.3.1. Introduction
The risk profile of a quay wall evolves over time and influences the

A) Time-independent design variables

B) Combination of time-dependent and

capitalised risk, and hence the reliability optimum of a quay wall. This
section discusses the method used to model the marginal increase in the
probability of failure over time in order to determine the present value
of future potential failure costs. The annual failure rate will generally
decrease during the first period of the service life if no failure has oc-
curred in previous years (Fig. 4). Close to the end of the service life,
failure due to deterioration is more likely and results in an increase in
the annual failure rate. Fig. 4-A represents a limit state dominated by
time-independent epistemic uncertainty [57] in stochastic design vari-
ables, for example a ‘dam’. Many dam failures occur at the first filling of
the reservoir because of unforeseen soil conditions. In contrast to a
dam, the annual failure rate of buildings and bridges (Fig. 4-C) is often
assumed to be constant, because uncertainty is dominated by time-de-
pendent stochastic design variables and deterioration [93]. In quay wall
design, uncertainty is largely time-independent [81,107]. However,
quay walls may show some degradation and are subjected to random
loads, such as operational or ship loads and water head differences
[90]. The reliability of quay walls is influenced by both time-in-
dependent variables (mainly soil properties) and random loads and will
typically be in between Fig. 4-A and -C.

3.3.2. Development probability of failure during the lifetime

The usual approach to time-variant reliability problems is based on
the computation of the outcrossing rate of the limit state [69,89,90].
However, here the probability of failure Py, in time interval (¢, t + At)
was modelled assuming two blocks, with one block being largely time-
independent Pg, and the other being fully time-dependent Y, AP,
(Fig. 5).

Py, = Pro + Z Py, 5)
%
Pf;t of = Pf;O + Pf;in
“ s 6)

in which:

C) Time-dependent design variables

(e.g. a dam) time-independent design variables (e.g. a building)
(e.g. a quay wall)
A Iy A
2R Peto ) )
< ~ =
1 2} [
g E = e
E -_— = =
< y < > < >
0 Time t, 0 Time 0 Time

ref

Annual failure rate given no failure in previous years

Fig. 4. Conceptual bathtub curves for time-independent (A), a combination of time-independent and time-dependent (B), and time-dependent (C) uncertainty in

design variables.
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A) Marginal change per year AP¢
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B) Cumulative development Pg¢

an+b

g APg, ol P
iP f;0 i 3
01 n 50 01 n 50
—_ —
t; t;
—_— ————
tn-l tn-l
———y
tn trEf tn tref
Pey, . [y T APy, Annual failure rate — Pge,

Fig. 5. Development of cumulative probability of failure (A) and the associated marginal increase per year (B) for a largely time-dependent limit state function.

Py, — Probability of failure in time interval [0, n) [-]

Pry — Time-independent probability of failure [-]

APy, — Marginal change in probability of failure in time interval
(n—1,n) [-]

Prpy = Probability of failure in the interval [0, ts) [-]

nys — Number of years during the reference period [year]

ts — Reference period [year]

n - Individual year of the reference period [-]

t, — Period of n years in the reference period [year]

In this study, it was assumed that risks related to human errors —
such as design and construction errors — are taken into account by
means of, for example, quality control procedures and inspection
[58,40,98]. Deterioration was not taken into consideration, because
new quay walls are equipped with a system of cathodic protection that
prevents degradation [29]. Although soil conditions could be influ-
enced by time - such as variability in soil pressure, liquefaction, set-
tlements and compaction [20] — the time effect on soil strength was
assumed to be negligible. The time-dependent part of the probability of
failure was taken into consideration by modelling variable loads, such
as water head differences and live loads, in accordance with extreme
value theory.

3.3.3. Derivation of equivalent time period t.q

Largely time-dependent limit state functions indicate that failure
events are to some extent correlated. Sykora et al. [93] suggest using a
‘basic’ period in order to account for dependency of failure events,
which in this study is denoted as t.q; in other words, the ‘equivalent’
period for which failure events are assumed to be independent in sub-
sequent years. The cumulative lifetime probability of failure was de-
termined by transforming Eq. (2) into the following equations, which
formed the basis for the method used (see also Appendix A):

A) Time-invariant [neqz 1,tq=50)

B) Time-variant (n,=2,t,,=25)

Prp = 1_(1_Pf;t1)neq @
By = D@ (B, )] ®
tre :
neg =
leg (C)]
in which:

Prts = Probability of failure in the interval [0, t.p) [-]

Py, — Probability of failure in the interval [0, t;] [-]

neq — Number of equivalent periods during the reference period [-]
5tmf — Reliability index of reference period t.s [-]

B;, — Reliability index of a one-year reference period [-]

4 Reference period of one year [year]

t,q Equivalent period for which failure events are independent in
subsequent years [year]

The equivalent period t,, was determined using extreme value
theory. Although other reference periods could have been considered, it
appeared to be fairly practical to perform two probabilistic assessments
using t; and tsp, representing the annual and lifetime probability of
failure, respectively. The output of the probabilistic assessment was
hence twofold: a reliability index for a reference period of one year
B, = @ '(Ps;,) and of fifty years ﬁtref = By = D' (Prsp)- The results of
the probabilistic analysis were used to determine the equivalent period
t.q by transforming Eq. (8) into Eq. (10). Fig. 6 shows the application of
equivalent period t, in a time-variant reliability problem. When
dominant stochastic design variables of a limit state are time-in-
dependent n., = 1, but if dominant stochastic design variables are time-
dependent n.q = Ny

C) Time-variant (n,y= 50, t,=1)

(e.g. a dam) (e.g. a quay wall) (e.g. live load dominated members
Y Prt, =1-(1-Pge)t 4 " A ofa building)
— /o
l:; Pf;tref *_-f
o — Pg, =4.8x10(B=3.3) a
Pg, =2.4x10"* ($=3.5)
n [years] n [years) n [years]
O Pritp =4.8x10(p=3.3)

Fig. 6. Principle differences between development of failure probability for time-invariant (A), time-variant (B) and completely time variant (C) reliability problems.
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_ tref
SN . N—
10845, ) [ (B,

Le

= treflogcp(ﬁtmf)[q)(ﬁtl)] ( )
10

3.4. Marginal construction costs

The uncertainty in design variables influences not only the extent to
which a reliability problem is time-variant, but also the efficiency of
safety investments [68,84]. As explained in Section 3.2, the length of a
quay wall was subdivided into equivalent sections for which failure
events are independent. The associated proportional change in mar-
ginal safety investments (Fig. 2) was found by the following equation:

AC (x)

Cp(x) = Leqm

1D

in which:

C,, — Marginal costs of safety measures [€]

x — A vector representing changes in structural dimensions [..]

L.y — Equivalent length along a quay wall for which failure events
are independent [m]

AC - Change in construction costs [€/m]

AB - Change in reliability index [-]

The costs AC(x) associated with a change in structural dimensions
were derived in consultation with senior costs experts of the Port of
Rotterdam Authority, and the associated change in reliability index AS
was derived by performing four probabilistic assessments, two for each
limit state. The changes in structural dimensions of the retaining wall,
such as the section modules W,,q; (Dupes tupe) and the sectional area
Appe (Dupe tupe), Were applied to the structural limit state function
(Zstr), and changes in length of the retaining wall L,q; and the grout
body of the anchors Lgychor Were applied to the geotechnical limit state
function (Zggo). The fraction AC/AB found was 5-10%, which is in
accordance with the study by Schweckendiek et al. [81]. The marginal
safety investments to prevent structural failure were assumed to be
higher compared to geotechnically induced failure (Table 1.5).

3.5. Consequences of failure

As indicated, the consequences of failure can take various forms,
and hence can be measured in monetary units C; or number of fatalities
Ngi¢ [14]. Some information about failure costs C; was found in the
background documents of port authorities and terminals [55,12], as
well as in some design guidelines [15,87]. The little available in-
formation was extended by administering a questionnaire that asked
experts to give both a qualitative and a quantitative estimate of the
consequences of failure on the basis of the recommendations of ISO
2394 [40] and JCSS [43].

Terminal and business managers largely agree that significant eco-
nomic repercussions are not very likely in large ports, because it is often
possible to mitigate damage within the overcapacity of a terminal or
port cluster (Fig. 7A and C). Substantial economic damage is more
likely for terminals without redundancy (Fig. 7B and D). The business

Table 1.5

Initial construction costs C, being independent of § and marginal costs of safety
measures Cp, for a quay wall with Aretaining = 20 m, Leq = 40 m and construction
costs equal to €1 m for § = 3.8.

Failure modes x Co Cp (X)

All failure modes All structural dimensions €0.60m €0.10m

Yielding of the combi-wall Wivat Deubes tube); Awbe €0.36m €0.06m
(Zstr < 0) (Dubes trube)

Geotechnical failure Luyait: Lanchor €0.12m €0.02m
(Zgro < 0)
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managers also stated that it is important to prevent permanent damage
to the image and reputation of a port. In reality, if a terminal has had
some functional redundancy, the failure costs were estimated to be
fairly close to the direct failure costs. The experts largely agreed that
the failure costs associated with the equivalent length along a com-
mercial quay wall are in the range of €1-5 m and €1-15 m for structural
failure (Zsrr) and geotechnical failure (Zggo), respectively. The influ-
ence of the failure costs on the optimal reliability index was taken into
consideration in the sensitivity analysis presented in Section 5.2.

In this study, the expected number of fatalities was determined in
accordance with Eq. (12). Little information is as yet available about
the number of people at risk due to their nearness to quay walls, and
hence a fairly conservative estimate was made assuming Npsr = 5
along 40 m of quay wall. The successful escape of people largely de-
pends on type of failure, escape path, perception of danger and re-
cognition of provided warning signals [52]. The probability of a suc-
cessful escape influences the conditional probability that an individual
will die given failure. In Table 1.6 indicative estimates of Np; are
presented for the two failure modes under consideration.

Npie = NPAR(I_PEscape)Pd\f (12)

in which:

Nri¢ — Expected number of fatalities given failure [-]

Npar — Number of people at risk [-]

Pgseape — Probability of a successful escape [-]

Pys — Conditional probability a random human being present will die
given failure [-]

The monetary value of a human life can be determined on the basis
of societal willingness to pay (SWTP) [40]. However, assigning a
monetary value to human life, on whatever basis, is a very controversial
issue [105]. According to Rackwitz [74], a monetary value of life does
not exist: ‘...the value of human life is infinite and beyond measure ...".
In this study, a monetary value of €3m, which is in line with the
$2m-4 m presented in ISO 2394 [40], was used only in the evaluation
of the marginal life-saving cost principle (Section 5.3).

3.6. Risk-based optimisation of structural components

This section concerns the method used to determine target relia-
bility indices using the principles of cost minimisation in accordance
with the recommendations in literature [68,91,93]. The following ob-
jective function was considered:

f(B) = B-(, (ﬁ)_C” i .—Cop (ﬁ)_CCapitalisedRisk (ﬁ)
(13)
LA _
max{f (8)} o 0 (14)
in which:

f - Objective function [-]

B - Benefits related to the investments [€]

Crnvestments — Investments in safety measures [€]

Chaintenace — Cost of maintenance, repairs and inspections [€]
Cobsolescense — Cost related to a structure becoming obsolete after
some time because it is not able to fulfil its originally intended
purpose [€]

Ccapitalisedrisk — Present value of future failure costs [€]

B — Decision parameter, reliability index [-]

B - Optimal reliability index [-]

It should be noted that the benefits and maintenance costs were
considered to be independent of decision parameter . The maintenance
costs related to structural deterioration were not taken into account,
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Fig. 7. Impression of failure consequences for commercial quay walls with (A) & (C) and without (B) & (D) functional redundancy.

Table 1.6

Expected number of fatalities for commercial quay walls.
Type of structural failure Npar' PEmPe2 Pug® Npig*
Structural failure (Zszg) 5 0.70 0.10 0.15
Geotechnical failure (Zggo) 5 0.30 0.20 0.70

! Conservative estimate, derived by counting the number of people who are
near to a quay wall. Catastrophic accidents and situations with lots of people
near to a quay wall were not taken into consideration.

2 Conservative value derived by administering a questionnaire.

3 Values are based on a best estimate, and therefore a sensitivity analysis is
included in Section 4.4.

4 Values lower than 1 are only used in the LQI criterion.

because corrosion is so aggressive that it is much more efficient to in-
vest in a system of cathodic protection [29]. Costs of financing projects
(e.g. interest rates) and costs related to obsolescence (lifetime buy vs
design refresh) were not taken into account. Obsolescence costs are
generally activated in the business case of a future design refresh. In
this study, the failure costs were related to the design lifetime of the
structure. If one assumes that the objective function is positive, the
optimum reliability index 8* can be established by minimising the total
costs and solving the associated derivative.

min{CTotal (ﬁ) = Cluvestments (ﬁ) + CCapitalisedRisk (ﬁ)} (15)
aCTolal(ﬁ*) =0
9B 16)

The investments in safety measures were divided into initial con-
struction costs Cyp and marginal construction costs C,, (Section 3.4). The
initial construction costs C, often dominate structural investments
[26,27], but unlike C,, do not influence the reliability optimum [68].

Crnvestments (Bv x) = Co+ Cp (X)ﬁ a7

in which:

Co - Initial construction costs independent of the reliability index
[€]

C,, — Marginal construction cost dependent on the reliability index
[€]

x — Vector representing the changes in design parameters, e.g.
structural dimensions [-]

It should be noted that even if adequate safety measures are im-
plemented, there will always be a residual capitalised risk. In this study,
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the method of Holicky [35] was extended by distinguishing Py, and
> AP, representing the blocks of the probability of failure over a
certain time interval being time-independent and time-dependent, re-
spectively (Section 3.3):

Nref

Ccapitatisedrisk (8) = C¢Pro(B) + Cy: Z

n=1

AP, fitn (ﬁ)

Aty forn € (1, nyyp)

18)

The capitalised risk represents the present value of future costs and
was established by assuming a real discount rate r (nominal rate of
interest after correction for inflation) [91,73]. The minimum discount
rate is equal to the time-averaged economic growth rate per capita
[74]. Fischer et al. [23] showed that different discount rates could be
used for private and social decision makers. The summation of direct
and indirect economic consequences of failure was expressed by Cg
(Section 5).

Eq. (20) presents an analytical formula of the objective function and
was used to derive insight into the influencing factors of the reliability
optimum. The reader is referred to Appendix A for the full derivation
and explanation of the total costs function and associated derivative.

CTDtal (ﬁtl) = CInves[ments (ﬁtl) + CCapi[alisedesk (ﬁtl) (19)
1—(c®%)"ref
— b b 1
Croat(B,,) = Co + Cpyy + Cr(1—P7) + CfC(q’l—q’l)W (20)
c=1/1+7r) 2n
in which:

@, = ®(B,) = F(,) - Cumulative distribution function F(g8) of
normal distribution [-]

4. Risk-acceptance criteria

The optimal reliability indices derived on the basis of cost mini-
misation have to be higher than the thresholds of acceptance. This
section presents the evaluation of four risk-acceptance criteria, namely
the individual risk (IR) criterion, the societal risk (SR) criterion, the life
quality index (LQI) acceptance criterion, and the social and environ-
mental repercussion index (SERI).

4.1. Individual risk criterion
The individual risk (IR) is often defined as the individual risk per

annum (IRPA) or the localised individual risk per annum (LIRA)
[44,66]. IRPA is generally used to assess work-related risks faced by
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particularly exposed individuals [64,83] and is frequently used in de-
cision-making processes, whereas LIRA represents the individual risk at
a specific geographical location [44]. LIRA is mainly used in spatial
planning and assessing external safety contours in the vicinity of ha-
zardous installations or in the design of flood defence systems
[46,48,103,104]. It should be noted that LIRA does not change even if
no people are present, and hence the main difference between IRPA and
LIRA is the probability that an individual is present:

IRPA = Pfll Phresent (1_PEscape)Bilf (22)

LIRA = Py, (1—Pgcape) Pt @3

in which:

IRPA — Annual probability that a specific individual or hypothetical
group member will die due to exposure to hazardous events [75] [-]
LIRA - Annual probability that an unprotected, permanently present
individual will die due to an accident at a hazardous site [45] [-]
Ppresens — Probability that a specific individual will be present [-]
Pgyeqpe — Probability of a successful escape [-]

Pys — Conditional probability that an individual being present will
die given failure [-]

The probability that a hypothetical crane driver is present was based
on the following assumptions: cranes are used for 60% of the time; the
domain of a crane along a quay was assumed to correspond to 3 times
Leg; a crane driver generally works on multiple types of cranes, 8h a
day, 220 days a year. If a crane driver works on three different cranes
during a year, the probability that an individual crane driver is present
at L., along a quay wall is approximately 1.5% of the time (0.6/3/
3*(220/365)/3 = 1.34%).

According to various recommendations in literature, the risk level
(IRPA) related to involuntary work activities corresponds to an annual
risk level of 10~ ° and is generally considered to be ‘broadly acceptable’
[24,33,34,39]. Individual risk levels higher than 10~ * corresponding to
the annual probability of dying as a result of a traffic accident are de-
fined as ‘intolerable’ in well-developed countries [85,95]. An annual
fatality rate of 10 ~° representing LIRA is generally defined as ‘tolerable’
and was incorporated into the Dutch design code for flood defence
systems [9,47,96]. The acceptable reliability index in accordance with
IRPA and LIRA was derived using:

IRPA
By > —0 1 (Pry) = —07| — N4
accity Z acsty Prresent (1—Pgscape) Paie 24
LIRA
Bucety 2 =07 Pry) = =071 |
acc;ty acety (I—PExcapg)Pdlf (25

where

Bucey, = Annual threshold of acceptance [-]
Pt,..,, = Acceptable annual probability of failure [-]

4.2. Societal risk criterion

Although the number of people present near commercial quay walls
is usually limited, the societal risk criterion was also evaluated [98]
using the F-N curves. The influence of the expected number of fatalities
given failure was examined on the basis of the upper bound (A = 0.01
and k = 2) and lower bound (A = 0.1 and k = 1) of the F-N curves in
Section 5.4.

Pfacc;tl = q)(_ﬁacc;n) < ANI;IIE (26)

Bueetr Z =P (Prypy) = P (AN 27)

where
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Nps = Expected number of fatalities [-]
A = Acceptable risk for one fatality [-]
k = Slope factor of the F-N curve [-]

4.3. Life quality index criterion

ISO 2394 [40] recommends employing the LQI acceptance criterion
and provides information with regard to the social willingness to pay
(SWTP), which corresponds to the amount of money that should be
invested in saving one additional life [73,74]. In a similar way the
willingness to prevent an injury could be taken into consideration.
Studying the background documents of the LQI criterion [21,22] re-
vealed that this criterion can be evaluated by applying the principles of
cost minimisation if the capitalised ‘societal’ risk is taken into con-
sideration. The corresponding present value of societal losses, denoted
by Ctsocietal, then depends on the SWTP and the expected number of

fatalities Nr. The associated annual threshold of acceptance S, was
found by solving the derivative of the societal costs function:
min {CSocletal(ﬁ) = CInvestments (B) + CCapitalisedRisk (5)}
7®)>0 (28)

tref

- P fitn (ﬁ)

CCapitaliscdRisk (B) = Cf;SocictaIP ;0 (ﬁ) + Cf;Socictal Z tin

o A+R) (29)
Cf;Societal = NF\fSWTP (30)
acSocie[al Cﬁacc;zl) >0

9B (31)

where

Csocietat = Total societal costs [€]
Ce:societal = Societal failure cost [€]

4.4. SERI criterion

The social and environmental repercussion index (SERI) of the
Spanish ROM represents the loss of human lives, damage to the en-
vironment and historical and cultural heritage, and the degree of social
disruption. The social repercussion index was derived by examining Eq.
(32) on the basis of the guidance in ROM 0.0 [76] and the accom-
panying lifetime target reliability index (Table 1.4) was established in
accordance with ROM 0.5 [78].

3
SERI = )’ SERI;

i=1

(32)

5. Results
5.1. Reliability optimum 8 on the basis of cost minimisation

This section presents the reliability indices obtained by economic
optimisation of the structural and geotechnical limit states described in
Section 3.2. The optimal annual and lifetime reliability indices for
structural failure found were approximately 2.8 and 2.5 (Fig. 8A),
whereas for geotechnical failure 3.5 and 3.3 (Fig. 8B) were found, re-
spectively. The steepness of the left side of the total costs function was
largely influenced by the absolute value of the capitalised risk and
explains the different shapes of the graphs. The steepness of the right
side was quite small due to the quite low absolute value of marginal
safety investments C,. The influencing parameters of the reliability
optimum are further examined by performing a sensitivity analysis in
the following section.
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B) Geotechnical failure Zg,

Lifetime reliability index [-]
Crotal [Eq (20)]

Cinvestments [Eq (1 7]]

2 3
Lifetime reliability index [-]

CCapitalisedRisk[Eq. (1 8)]

Fig. 8. A) Optimal lifetime reliability indices for structural failure teq = 20, r = 0.03, tyes = 50, Leq = 40, Co = €0.36 m, C,, = €0.06 m and C; = €5 m; B) Optimal
lifetime reliability indices for geotechnical failure teq = 30, r = 0.03, tyef = 50, Leq = 40, Co = €0.12m, C,, = €0.02m and C¢ = €15m.

5.2. Sensitivity analysis of reliability optimum f3*

The aim of the sensitivity analysis was to gain insight into the in-
fluence of the extent to which reliability problems are time-variant,
expressed by t.. The effect of discount rates, the marginal costs of
safety measures, failure costs and reference period were taken into
consideration. Fig. 9 shows the optimal target reliability indices for a
reference period of one year (left) and for the lifetime (right). It should
be noted that the optimal annual and lifetime reliability indices for
t.q = 50 or t..s (solid black lines) are identical, because the limit state
function was assumed to be time-independent.

Time-dependent limit state functions show relatively high annual
reliability indices, but the associated lifetime reliability indices are
fairly low compared to largely time-independent limit state functions.
In the case of a high risk profile, expressed in terms of high discount
rates, there is less willingness to invest in initial safety measures, and
hence a lower reliability optimum was found (Fig. 9A). As expected, the
effect of discount rates is stronger for time-dependent limit state func-
tions. The variance in optimal lifetime reliability indices caused by t.,
was much lower than the variance in annual reliability indices given
changes in C,, and C;. This was explained by analysing the effect of
discounting future costs. However, the absolute value of both C,, and C;
significantly influence the reliability optimum (Fig. 9B and C). Low
failure costs (C¢ < €10 m) result in an exponential decrease in the re-
liability optimum. A longer reference period will generally result in less
variability in the optimal annual reliability indices and seem to ap-
proach an asymptote. A longer reference period resulted in an en-
hancement of the cumulative probability of failure, and hence in a
lower lifetime reliability optimum (Fig. 9D). An important finding is
that if time-independent stochastic design variables dominate un-
certainty, the difference between annual and lifetime target reliability
indices becomes quite low.

5.3. Reliability minimum f,.. on the basis of human safety criteria

The minimum requirements concerning human safety were ex-
amined on the basis of the individual risk (IR) and the societal risk (SR)
criterion, the life quality index (LQI) and the social and environmental
repercussion index (SERI) criteria. Table 1.7 presents the results of all
safety criteria. The reader is referred to Section 3.5 for further back-
ground information with regard to the input variables used.

Table 1.7 shows that the SR criterion is not relevant for failure
modes of commercial quay walls, because the number of people at risk
is fairly low. The reliability minimum S, derived using the LQI cri-
terion led to lower reliability indices compared to the reliability
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optimum found by economic optimisation in Section 5.1. It was also
found that the optimal reliability indices are quite similar to the results
obtained by examining the IRPA criterion. However, LIRA within risk
contours 10> and 10~ ° resulted in higher reliability indices. The in-
fluence of the input variables on the reliability minimum S, is further
discussed in the following section.

5.4. Sensitivity analysis of reliability minimum .

Similar to the sensitivity analysis performed for economic optimi-
sation, the differentiating factors related to the requirements con-
cerning human safety were evaluated. Fig. 10 shows that the IR cri-
terion was largely influenced by the product of the conditional
probability that an individual will die given the failure of a quay wall
and the probability of not being able to escape in time. When this
product becomes fairly low (< 0.05), a significant decrease in the ac-
ceptable annual reliability index was found. Fig. 10A shows that the
probability that a hypothetical person, such as a crane driver, is present
influences the development of the IRPA. Fig. 11 shows that the SR
criterion and the LQI criterion were largely influenced by the expected
number of fatalities given the failure of a quay wall. It is worth noting
that the upper bound of the SR criterion will become relevant when the
expected number of fatalities is quite large. Similar to the insights de-
rived by economic optimisation, the LQI criterion is influenced by the
absolute value of marginal safety investments, social failure costs and
the extent to which the reliability of failure modes are time-variant. The
results of the sensitivity analysis are further discussed in Section 6.

6. Discussion
6.1. Target reliability indices for commercial quay walls

The results of this study showed that target reliability indices for
commercial quay walls can be determined by economic optimisation on
the basis of cost minimisation. The annual and lifetime target reliability
indices ascribed to limit states of structural components and geo-
technical failure modes of quay walls with a retaining height of 20 m
are in the range of 2.8-3.5 and 2.5-3.3, respectively. The acceptable
annual reliability index in accordance with the individual risk criterion
(IRPA = 1079) led to fairly similar reliability indices. Table 1.8 gives
an overview of the reliability indices for economic optimisation (8") and
acceptable regarding human safety (B,..). It should be noted that quay
walls with a fairly small retaining height and fairly high variable loads
could lead to higher differences between annual and lifetime target
reliability indices (t,, < 20).
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Fig. 9. Influence of discount rate (A), marginal safety investments (B), failure costs (C) and reference period (D) on the annual (left) and lifetime (right) reliability

optimum for tef = 50, Leq = 40, Co = €0.6m, Cy, = €0.1 m and C¢ = €5m.

Table 1.7

Reliability minimum f,.. in accordance with the IR criterion, SR criterion, LQI criterion and the SERI criteria.

Type of structural failure Input Annual reliability ft; Lifetime reliability ftso
teq Nrig SWTP ZSERI IRPA =10"° LIRA=10"° LIRA = 107> SR LQI; LQlLso” SERI®

Structural failure Zgrg 20 0.15 €3m 3 2.8 4.0 3.4 <23! 1.8 1.4 2.3

Geotechnical failure Zggo 30 0.70 €3m 15 3.3 4.3 3.8 < 23! 2.8 2.7 3.0

1 The expected value of the number of fatalities was assumed to be equal to 1.

2 1t should be noted that requirements concerning human safety are generally related to the annual and not to the lifetime reliability index.
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Fig. 10. Sensitivity analysis IR criterion: influence of conditional probability of failure (A); influence of a specific individual will be present (B).

It should be noted that the localised individual risk per annum
(LIRA) criterion is assumed to be inactive, because the failure of a quay
wall will generally not induce the failure of hazardous installations,
such as chemical plants. However, if the LIRA criterion is active the
acceptable annual reliability indices are in the range of 4.0-4.3. The
societal risk (SR) criterion is mostly not so relevant for assessing human
safety in relation to commercial quay walls, but should be taken into
account if a large number of people are at risk, for example when quay
walls are part of a cruise terminal or a flood defence system. It is always
recommended to account for the LQI criterion in order to verify whe-
ther the marginal life-saving costs principle is sufficiently covered. The
SERI criterion is fairly straightforward and seems to be quite efficient
for selecting a consequence class in accordance with the reliability
framework proposed in the following section.

6.2. Assessment criteria for classification

In Table 1.9 an assessment framework for reliability differentiation
is proposed that complies with the qualitative descriptions embedded in
many codes and standards in order to make reliability differentiation
for quay walls more accessible and interpretable. The reliability fra-
mework of ISO 2394 [40] provided a solid foundation, and hence was
further elaborated by implementing the recommendations of ASCE
7-10 [6] and DNV [18] for structural redundancy and progression of
failure. The social and environmental repercussion index (SERI) [76]
and the ratio between the direct costs of failure and construction costs
[43] were also incorporated. In reality, quay wall failure can have a
significant effect on accessibility as well as on the image and reputation
of a port. The service values of the Port of Rotterdam Authority, which
are in accordance with the values of other multinationals [55], were
therefore embedded in the new assessment framework. An upper limit
to the allowable degree of economic damage was defined for each
consequence class using the results of the sensitivity analysis and

6.0
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2.5 14
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ﬂacc;tlt [-]
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Dominant stochastic design variables:
Time-dependent (t,,= 1)

Largely time-dependent (¢,,= 10)
Slightly time-dependent (t,,= 20)

Dominant stochastic design variables:

Largely time-independent (.= 40)

Table 1.8
Overview risk-based optimal and acceptable reliability indices for commercial
quay walls.

Geotechnical failure
ZgEo (teg = 30)

Structural failure
ZsTR (teq = 20)

Risk-acceptance
criteria

Type of criterion

Blrycar Bso- [—”Lycar B s0-
years years
Economic Cost minimisation 2.8 2.5 3.5 3.3
optimisation 8”
Human safety Bacc Individual risk 2.8 - 3.3 -
(IRPA = 10°)
Societal risk (SR) <23 - <23 -
Life quality index 1.8 1.4 2.8 2.7
QD
Social and economic 2.3 - 3.0

repercussion index

(SERI)

assuming the equivalent length L., along a quay wall, for which failure
events are independent, to be in the range of 25-50 m. It is worth
noting that the row in Table 1.9 that shows the most onerous failure
consequence determines the required consequence class.

6.3. Compliance with codes and standards and proposal for classification

In engineering, reliability problems are often assumed to be fully
time-variant (Section 2.2). The results of this study, however, showed
that limit state functions of quay walls are to a certain extent time-
independent. Especially fairly dangerous geotechnical failure modes
seem to be dominated by time-independent uncertainty, indicating that
the associated failure rate is higher during the first years of service. This
theory is supported by the fact that quay wall failures not induced by

6.0

0 100 200 300 400 500 600 700 800 900 1.000
Expected number of fatalities [-]

SR criterion:

Slightly time-independent(t,,= 30) A=0.01 and k=2

A=0.1 and k=1

——— X ——-

Time-independent (t,,= 50)

Fig. 11. Sensitivity analysis SR and LQI criterion with t,ef = 50, Leq = 40, Co = €0.6 m, C;;, = €0.1 m and SWTP = €3 m.
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Table 1.10

Structural Safety 75 (2018) 89-109

Annual target reliability indices for consequence classes of largely time-independent limit state functions of quay walls.

Criterion Type Consequence class
A B C D E
Low Some Considerable High Very high
ISO 2394 [37] Large' - 3.1 3.3 3.7 -
Medium' - 3.7 4.2 4.4 -
Small’ - 4.2 4.4 4.7 -
Economic optimisation®® 2.8 3.4 3.8 4.2 excl.”
LQI criterion™” 2.5 3.0 3.7 4.2 excl.”
IR criterion IRPA = 10°° 2.8 3.3 3.7 n/a n/a
IRPA =107° 1.9 2.5 3.1 n/a n/a
LIRA = 10~° n/a n/a n/a 43" excl.”
LIRA = 107> n/a n/a n/a 3.4" excl.®
SR criterion A=001;k=2 n/a 3.4 4.5 5.4 excl.’
A=01k=1 n/a 2.1 2.9 35 excl.”
Recommendation for design codes (Neg K Myef OF toq = 20) 2.8 3.4 3.8° 4.2° excl. °

! Relative costs of safety measures.

2 Dominant design variables are considered to be time-independent (1n.q < 1, or t,q = 20) (Section 4).
3 Input variables tres = 50, Leg = 40, Cp = €0.6 m, C,, = €0.1 m and SWTP = €3 m.
4

This criterion is only active at a hazardous site/project location (Section 3).
5

6 Verify whether LIRA or SR criteria are active.

environmental disasters, were mostly identified directly upon con-
struction or in the first year after completion. In addition, no fatalities
of end users due to quay failure have been identified in the Port of
Rotterdam. The decrease in the failure rate during the useful life may
explain the relatively low failure frequency of geotechnical structures
compared to other civil engineering works [96].

The target reliability indices derived in this study were determined
from three risk-acceptance criteria: economic optimisation, the in-
dividual risk (IRPA) criterion and the life quality index (LQI) criterion.
The results were used to determine target reliability indices in ac-
cordance with the assessment criteria for structural robustness de-
scribed in Table 1.9. It should be noted that the description of the
failure consequences is related to the system as whole rather than to
individual structural components [40]. The recommended target re-
liability indices in Table 1.10 are ascribed to the limit state functions of
structural components and geotechnical failure modes, because the ef-
ficiency of safety measures as well as failure consequences differ per
limit state. It should be noted that the recommended target reliability
indices are only valid if progressive failure is mitigated [42,25,29]. The
sensitivity analysis showed that differences in annual target reliability
indices are fairly small for time-independent limit state functions. It is
therefore recommended to evaluate annual target reliabilities, rather
than lifetime reliability indices, and to implement annual reliability
indices in design codes, which is in accordance with the re-
commendations of ISO 2394 [37] and Rackwitz [68]. Economic opti-
misation was found to be the governing risk-criterion. However, the
societal costs will become fairly dominant in the case of class D. The
LIRA and SR criteria are only relevant for failures with consequences
that reach far beyond the quay wall site itself, for instance if installa-
tions with hazardous materials are affected. Therefore, they are not

1) 1)

It is not possible to provide general recommendations. A project-specific study is recommended (Section 3).

included in the recommended values, but should be considered sepa-
rately when applicable. Table 1.10 also shows that the recommended
annual target reliability indices are in the range of the guidance of ISO
2394 [37].

The failure consequences of quay walls in port areas (Fig. 12-I) with
and without functional redundancy differ (Section 3.5) and were clas-
sified as class A and class B, representing ‘low’ and ‘some’ damage,
respectively. The required reliability level of a commercial quay wall
also depends on the image and reputation of a port as a safe environ-
ment for investments and work (Section 3.5). Another aspect that needs
to be considered is the impact of failure on the availability and acces-
sibility of main sailing routes. After an earthquake in Japan, numerous
quay walls failed simultaneously [38], and hence multiple berths were
unavailable for recovery, leading to much more serious economic re-
percussions [65]. When quay wall failure could lead to an explosion in,
for instance, a chemical plant (Fig. 12-V) or to the breaking loose of a
cruise ship induced by the failure of bollards, many more people are at
risk. In these circumstances, a higher consequence class must be con-
sidered. The design of soil-retaining walls that are part of another
system, such as a preliminary flood defence system, should take account
of the length effect, and hence higher reliability indices have to be
taken into consideration [13,42,79,87,94]. Although undoubtedly not
all types of quay walls are covered, the examples listed in Table 1.11
will serve as a useful reference for categorising quay wall types for each
consequence class.

7. Conclusion and recommendations

The results of this study provided guidance on reliability differ-
entiation for commercial quay walls, but were also used to evaluate

17) V)

Fig. 12. Impression of different quay wall types: I) commercial quay wall; II) quay wall in urban area; III) quay wall that is part of a dangerous plant; IV) quay wall

that facilitates cruise ships; V) quay walls that facilitate main sailing routes.
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Table 1.11

Structural Safety 75 (2018) 89-109

Examples of quay wall types for the consequence classes described in Table 8 if and only if progressive failure is mitigated.

Examples of quay wall types

A B C

Negligible or low Some Considerable

D E
High Very high

Soil-retaining walls where the risk of
fatalities is negligible or very low;
quay walls are part of a terminal or
port with functional redundancy

Quay walls are part of a
terminal or port without
functional redundancy

Quay walls in
urban areas

Quay walls for which failure will lead to the
failure of other structures, such as chemical or
power plants; soil-retaining walls that are part
of secondary flood defence systems or dams;
quay walls needed for recovery after earthquake
damage or tsunamis; quay walls that facilitate
cruise ships

Soil-retaining walls that are part
of a primary flood defence
system, major dam or important
sailing route

reliability indices for other types of quay and soil-retaining walls. The
most important findings of this study are:

e In quay wall design, it is highly likely that dominant stochastic
design variables are largely time-independent. This influences both
the efficiency of safety measures and the present value of future
failure costs, and hence optimal annual and lifetime target reliability
indices.

® The extent to which limit state functions of quay walls are time-

dependent differs between failure modes.

Target reliability indices can be derived on the basis of economic

optimisation in combination with the marginal life-saving cost

principle. The annual and lifetime target reliability indices for
failure modes of commercial quay walls found were in the range of
2.8-3.5 and 2.5-3.3, respectively.

e The recommendations for reliability differentiation in literature
become more consistent and interpretable if the assessment frame-
work ISO 2394 (2015) is extended with detailed information about
type of failure, warning signals and the consequences of failure.

When defining target reliability indices for quay walls and other
geotechnical structures, one should be very careful using the general
guidance developed for buildings and bridges, because the degree and
source of aleatory and epistemic uncertainty differ, as do the con-
sequences of failure. It is strongly recommended to account for damage
to the reputation of a terminal or port, because marginal safety costs
appeared to be quite low compared to the total construction costs and
expected benefits. During this research it was noticed that many experts
find it difficult to make a quantitative estimate of the costs associated
with failure and that little information is available with regard to the
conditional probability to die given quay wall failure. Both aspects
require further research. A detailed study with regard to the influence
of time-independent design variables, failure costs and the efficiency of
safety measures for each failure mode is highly recommended if one

Appendix A. Derivation of analytical formulas

wants to improve quay wall design with respect to reliability and safety.
The failure rates of fairly dangerous geotechnical failure modes seem to
be much higher in the first period of service, indicating that if a quay
wall has already survived a certain period these failure modes are less
likely to occur [51]. It is therefore highly recommended to derive
specific recommendations for assessing the reliability and safety of
existing quay walls, and hence a quite different approach is foreseen
that includes the development of the probability of failure over time. It
is expected that the insight into the actual reliability level of soil-re-
taining walls will significantly increase if the uncertainty in the soil-
structure interaction is reduced by advanced monitoring, for instance
during the capital dredging works of the construction stage. The sug-
gestions for quantifying reliability levels developed in this study also
enable the determination of project-specific target reliability indices.

Acknowledgements

On behalf of Delft University of Technology, Port of Rotterdam,
TNO and Deltares the authors should like to thank all companies and
organisations involved for their support, funding and hospitality in
particular SmartPort. Special thanks go to the members of the Dutch
Port Infrastructure Committee, senior experts in the field of marine
structures, and port and terminal management of the Port of Rotterdam
Authority, who provided detailed insights into the economic con-
sequences of failure. Dr J.G. de Gijt, Dr D.J. Peters, Mr L. Groenewegen
and Dr D. Allaix are gratefully acknowledged for sharing their knowl-
edge and for reviewing this paper on behalf of TU Delft, RHDHV, DMC
and TNO, respectively. The support of Dr O. Morales Napoles and Mr
A.B.H. Roubos was of great help during the analytical derivation of the
objective function. The interpretation of the LQI criterion would not
have been possible without the help of Dr K. Fischer who, on behalf of
Matrisk, reviewed this paper. Finally, Ms A. Laera and Dr R. Brinkgreve
of the firm Plaxis are gratefully acknowledged for their contribution to
the development of the probabilistic module.

In this appendix analytical formulas of the objective function Cr,.y and the associated derivative have been derived to determine the discounted
future failure costs in each year of the reference period. The analytical formulas were also used in the sensitivity analyses (Sections 5.2 and 5.4). It
should be noted that the Hasofer-Lind reliability index S is the decision parameter.

min{Croa = Crmvestments (6) + CCapitalisedesk (ﬁ)}

aCTouzl (16*) —
9B

0

Nref APf;[,l
Crotal = Co + G + CtPryy + Ci- z m

n=1

in which:

Crnvestments — Investments in safety measures [€]
Ccapitalisedrisk — Present value of future failure costs [€]
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B — Decision parameter [-]

B’ - Optimal reliability index [-]

Cp — Initial construction costs independent of reliability level [€]

C,, — Marginal construction cost dependent on reliability level [€]

Cy - Summation of direct and indirect costs of failure [€]

Py, — Part of the probability of failure not influenced by time interval [0,t..p) [-]

AP; — Reference period dependent increase in cumulative probability of failure in the nth year
n — Number of years [-]

nys — Number of years in the reference period [-]

r — Real annual discount rate [-]

The failure probability was determined on the basis of a standard normal distribution. Hence, the following equations were used:

$B) =f(B) = ——e 37

NG (36)
B
2@ =F@) = [ e tPar= LEELEN) -

B
Erf(8) = F(B) = % [ et
0

(38)

in which:

¢ (B) — Probability density function of normal distribution [-]

®(B) — Cumulative distribution function of normal distribution [-]

Erf(B) — Error function [-]

In this appendix the following properties of the standard normal distribution were used:
O(—p) = 1-9(B) for € R (39
@~!(p) = —@~'(1—p) for p € (0, ) (40)
®(0) = 0.5 41)
00 _ _ 1 i
A )
97(p) _ (aw) ) _

dp dp e 43)

The mathematical notation of time-variant reliability problems is well described by Sudret [89,90] and Rackwitz [69]. In addition to the
formulation of the limit state function (Section 3.2), aleatory uncertainty such as deterioration or due to variable loads must also be taken into
account. The failure probability in the time interval (¢, t + At) is defined in accordance with the notation of Sudret and Rackwitz [89] as:

P(t,t+t)=P(3t[t, t +t]: Z < 0Q) (44)

When the time interval (¢, t + At) approaches zero, the point-in-time instantaneous probability of failure — or in other words the failure rate — can
be found [89]. The probability of failure at time-instant t is defined as:

P;i(t) =P(Z < 0) (45)
Eq. (46) shows the classical upper and lower bounds of the probability of failure in the time interval (¢, t + At) [69].

max Pfyi(tl‘) < Pf([, t+ A[) < Pf;() + E[N+([, t+ At)]
t(t,t+At)

(46)

in which:

P;(t, t + At) — Probability of failure in interval (¢, t + At) [-]

Py;(t;) — Probability of failure at time instant ¢; [-]

Py, — Part of the probability of failure being independent of time interval (¢, t + At) [-]
N* — Number of outcrossings of the limit state [-]

Z — State function [-]

The usual approach to a time-variant reliability problem is based on the computation of the outcrossing rate E [N* (¢, t + At)] of the limit state

under consideration [89]. However, in this study the upper and lower bounds were not used. Instead, the probability of failure in time interval
Pe(t, t + At) was defined by subdividing Py, into a block that is largely time-independent Py, and a block that is fully time-dependent EA Py, (Fig. 5).

Py, =Py + ), APy, (47)
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Nyef
Pty = Pro + 2 APy,

ne1 (48)

The main difference between a time-invariant and a time-variant reliability problem is that in the latter case one does not know when a failure

occurs [90]. When t, is determined, the marginal change in probability of failure in each year can be established by subtracting the cumulative
probability of failure in the intervals [0, t,] and [0, t, ;] using Eq. (49). This equation is a function of the probability of failure during a reference
period of one year Py, (Fig. 6). The cumulative failure probability in the time interval [0, t,] was derived by transforming Eq. (7) into Eq. (50) and
the time-independent part using Eq. (51). The equations are illustrated in Fig. 6. When Py, teq and t.rare known P, and AP, can be derived by the
following equations.

A‘Pﬁfﬂ = Pfifn_Pf;fn—] (49)
Py, = 1=(1=Pg, )™+ (50)
Pyy = 1-(1-Pgy, ) 1)
Nl
nref_l (52)
b= Nyef—Neq
nref_1 (53)

The probability of failure over a certain time interval (t, t + At) can be described using the cumulative distribution function F ().

P(X >x)=1-F(B) 549

Py =P(X > x)=1-F(f) = ®(—,) (55)

1-Pg, = ®(B,) (56)
The above transformation was applied to Eq. (50).

Py, = 1—(43(5[1))‘1"” (57)

Py = 1—(¢(ﬁt1))a("_1)+b (58)

APy, = Pry—Py, , = A=(@(B,) ) *)-a—(@(B,) )*@=0+b) (59)
If one implements the following denotation:

o(B,) = P (60)
AP; is defined as:

AP; = —®"®Y 4+ OUDTDD (61)

AP; = I"OTIDL I DY (62)

AP = &"®7(P7~1) (63)

Consequently, the following formula of Ccapiratisedrisk Was found:

Iref an gb (pH—a
DI PH(DT9—1)
Capitatisearisk = Ct ), ———————=forn € [0, Ny
) 64)

Nyef (I)a n
Ceapitatisearisk = Cr @} (@1°—1) ) ( ! )
n=0

1+r (65)
Ceapitatisearisk = Ct (@)™~ ®}) % ( o )"
apitalisedRisk —
“ \1+r (66)

If one separates the part Py, — being not influenced by a change in reference period - from the part ZA Py, — which dependents on the reference
period - the following equation is obtained:

Mref P9
1

Ceapitalisedrisk = CrPro + Cp (@5 ~*—@P) (——)"orn € [1, nyy)
Z:l 1+r (67)

Now the following transformation rule is used:

Nref

. —_ nrngrl
Z Axi = Al X
i=0 1=x (68)
and thus,
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Ryof Ref Nref—1 Npef—1

. . . . 1—x"ref
DN Ad =AY A=A+ Y At = A0 4 Y Axix = AxO 4 Ax-
i=0 i=1 i=0 i=0 1=x (69)
where,
X = 1 (in fact this an adjusted grow rate)
“1+r Justecs (70)
A = Cr(@7-9)) ")
Consequently, the following formula of Ccapitatisedrisk Was found:
]__(x)”ref
Ceapitalisedrisk = CtPro + A(X)T(x) 72)
1 ( of \mrer
_ ok 1+
Ceapitalisedrisk = CtPro + C (@7 a—‘l’f)( ! ) ra
1+r) 4 @f
1+r (73)

@0 \Mref
@izt (i)

Ceapitatisedrisk = CrPro + Ct "
1+r 1_( @f )

(74)

of \ref
(@' —)) 1‘(1”)
1+r 1_(‘1’71")
75)
The analytical formula of the objective function now becomes:

1—(cdyres
1—c®? (76)

CCapitalisedRisk = Cf(l_cpll)) + Ct

F(B) = Co+ Cpyy + C(1—-@Y) + Cre()—dy)
in which:
D, = (I)(ﬁn) — Standard normal cumulative distribution function [-]

The derivative of the objective function was used to determine the optimal reliability index 8 and to derive insight into the sensitivity of the
input variables, such as the discount rate r, the absolute value C¢ and marginal costs of safety measures C, and the reference period t..s.

aClnvestments(ﬁ*) + aCCapitalisedRisk(ﬁ*) _

0
Oy Oy 77)
Cm + aCCapita\liseclRisk (ﬁ*) -0
a[l (78)
aCCapitalisedRisk (Bx) - _C
Ay " (79)

The formula of Ccapitaiisedrisk Was rearranged as follows:
c=1/1+r) (80)
1—(c®Y)rref
Ceapitatisedrisk = Cr(1—®%) + Cre(®P—d) ——2=—
CapitalisedRisk f( 1) f ( 1 1) 1—C<I)111 (81)

1—(c®; (x)*)"ref
CeapitalisedRisk = C(¢1(X)b—¢1(x))%

1—c®,(x)* (82)
(@0 =P () (A= (e Py (X)) )
CCapltahsed Risk = 1—c<1>1(x)" (83)

_ ¢((0.5 + 0.5erf (x/~/2))? —(0.5 + 0.5erf (x//2)))(1—(c (0.5 + 0.5erf (x/~/2))% ) )
B 1—c(0.5 + 0.5erf (x//2))? (84)

The derivative of Ccgpitaiisedrisk Was derived using a derivative calculator [108].

aCCapitalisedRisk _ —Cfb¢1¢?_l +C C(b¢1®?‘1_¢1)(1_(C@f)”rqf) + a(:2¢1 (l—qJ?)(l(I—ECCD‘IZ)"rzf)_[lCI’lref¢1((Df‘l_al)(cq’%)nref
o 1—c®f (A—c}) (1—cd}) (85)
in which:

¢, = ¢,(B,) — Standard normal probability density function [-]
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@, = ®(B,)) - Standard normal cumulative distribution function [-]

The derivative of Cpyesiments iS presented in Eq. (87).

Structural Safety 75 (2018) 89-109

CInvestmems (ﬁh) = CO + Cmq (86)
aclnvestments (ﬁtl) _
all (87)
The solution to the optimisation problem was found using the following equations:
min {CTotal (ﬁtl)} = {CInvestments (ﬁpl) + CCapitalisedRisk (ﬁfl)} (88)
aclnvestments(ﬁ[l) 4 aCCapitalisedRisk (Bll) —0 = b
On
aCCapitalisedRisk (ﬁ*) _
at1 (89)
— - b—1
Crbgp @1 + C c(bg, @' =¢) (1—(c®)") + ac’p, (1= (A—(c®{)™) achye ¢, (V7™ —1)(cP7)"f
—L 0P f
(1—cof) (90)
Appendix B. Probability distribution functions
See Table 1.12
Table 1.12
Type of distribution and variation coefficient (CoV) of important model parameters.
Design parameter Soil layer SI n Distribution CoV
Unit weight of soil Backfill! kN/m* 20 Normal 0.05%
Ysat
Reclamation kN/m?® 20 Normal 0.05>
sand’
Holocene sand’ kN/m* 20 Normal 0.05%
Clay layer’ kN/m? 19 Normal 0.05>
Pleistocene sand’ kN/m® 20 Normal 0.05%
Friction angle @', Backfill' 39 Normal 0.10%*
Reclamation 36 Normal 0.10>*
sand’
Holocene sand’ 36 Normal 0.10%*
Clay layer” 27 Normal 0.10*3
Pleistocene sand’ 39 Normal 0.10>?
Cohesion ¢’ Clay layer’ kpa 7 Lognormal 0.20%
Soil stiffness Esgyref Backfill* Mpa 50 Lognormal 0.20%
Reclamation Mpa 30 Lognormal 0.20°
sand’
Holocene sand’ Mpa 30 Lognormal 0.20%
Clay layer’ Mpa 5 Lognormal 0.20%
Pleistocene sand’ Mpa 60 Lognormal 0.20°
Yield strength f, N/mm?* 510° Lognormal 0.07*
Tube diameter Diype m 1.62° Normal 0.01
Wall thickness ty, m 0.23° Uniform 0.05
Annual live loads kN/m* 26° Gumbel 0.20
Qﬂ i
Lifetime live loads kN/m” 42° Gumbel 0.10

Qis0

1 Top levels backfill sand, reclamation sand, Holocene sand, clay layer and Pleistocene sand are MSL + 5.0 m, MSL-0.0 m, MS-8.0 m, MSL-20.0 m and MSL-21.0 m,
respectively. Where, MSL = Mean Sea Level.

2 Value is based on soil investigation in accordance with Eurocode 7.

Value represents the average variability of the soil layer and is verified by the research of Huijzer [36,37].
Value is based on Peters et al. [67] and the probabilistic model code [43].
Value is based on a quay wall situated in Rotterdam; Maasvlakte.
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