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1  INTRODUCTION 
 
Globally thousands of kilometres quay wall are situ-
ated along inland waterways, in city centres, in 
commercial port areas and even in flood defence 
systems. The reliability level of quay walls is gener-
ally determined in accordance with a certain design 
code or standard, such as ISO2394 (2015), EN1990 
(2011) and JCSS (2001). In the Netherlands the reli-
ability differentiation of EN1990 is directly applied 
to the design of quay walls (Gijt & Broeken, 2013). 

 

Figure 1. Typical quay walls in the port of Rotterdam (Gijt & 
Broeken, 2013) copyright Port of Rotterdam Authority. 

 
Modern design codes define the probability of fail-
ure Pf	 =	 P(Z	 0) by a limit state function (JCSS, 
2001). The target reliability index and target proba-
bility of failure are then related as follows: 

 tP ;f
1

t  
   (1) 

 
In practice, target reliability indices are often de-
rived by calibrating with previous design methods in 
order to maintain an existing reliability level 
(Böckmann & Grünberg, 2009). It should be noted 
that target reliability indices were mainly developed 
for buildings (Vrouwenvelder, 2001) and bridges 
(Steenbergen, & Vrouwenvelder, 2010) assuming 
fully time-variant reliability problems (Holický, 
2011). However, the source of aleatory and epistem-
ic uncertainty as well as consequences of failure 
could be very different for quay walls situated in 
port areas (Roubos et al, 2018). Another method 
used establishes target reliability indices on the basis 
of economic optimisation by minimising costs. 
Rackwitz (2000) showed that the reliability optimum 
is largely influenced by marginal costs of safety 
measures and consequences of failure and formed 
the basis for the recommended target reliability indi-
ces in ISO 2394. However, target reliability indices 
derived on the basis of economic optimisation might 
not be acceptable with regard to requirements con-
cerning human safety. When many people are at 
risk, safety requirements, often expressed by annual 
failure rates, will determine the acceptable reliability 
level (Steenbergen, et al, 2015). Detailed overviews 
of available methods for quantitative risk measures 
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of loss of live and accompanying thresholds are giv-
en by Jonkman et al. (2003) and Bhattacharya et al. 
(2001). Minimum annual reliability indices for ulti-
mate limit states on the basis of the LQI criterion 
were derived by Fischer et al. (2012) and are imple-
mented in ISO 2394 (2015), the standard describing 
the general principles on reliability for structures. 
ISO 2394 recommends to employ the LQI ac-
ceptance criterion and provides information with re-
gard to the Social Willingness To Pay (SWTP) cor-
responding to the amount of money which should be 
invested into saving one additional life. In Fischer et 
al. (2012) the LQI acceptance criterion is defined in 
terms of the acceptable reliability: 
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where C1 = marginal costs associated with a consid-
ered safety measure; SWTP =Social willingness to 
pay; γs = Societal discount rate; ω = annual rate of 
obsolescence (lifetime buy vs design refresh); NF|f = 
expected number of fatalities given failure. 
 
For assessing existing structures ISO 13822 and 
NEN 8700  specify other acceptable reliability indi-
ces recommending specific target reliabilities for 
‘renewal’, ‘repair’ and minimum values for ‘disap-
proval’. The recommendations of NEN 8700 were 
adopted in the handbook ‘Urban quay walls’ (Rou-
bos & Grotegoed, 2014).  
 

1.1 Objective 

This study aims to provide guidance to code devel-
opers and engineers on deriving target reliability in-
dices for assessing existing quay walls using the LQI 
acceptance criterion. The reliability optimum associ-
ated with ‘repair works’ was examined by economic 
optimisation on the basis of cost-minimisation. Sub-
sequently, the reliability index for ‘disapproval’ of 
an existing quay wall was derived by an risk-based 
assessment using the LQI criterion. In quay wall de-
sign the dominant stochastic design variables are 
largely time-independent, such as retaining height, 
soil strength and material properties, which influ-
ence the annual failure rate. Hence, a detailed Monte 
Carlo analysis was performed in combination with 
the analytical method of Blum (1930) to determine 
the development of the annual probability of failure. 
The minimum requirements concerning human safe-
ty were examined on the basis of the LQI acceptance 
criterion. A sensitivity analysis was performed in 
order to derive insight into the parameters that influ-
ence the target reliability index, such as discount 
rates, remaining lifetime, marginal costs for safety 
investments and degree of damage in terms of mone-
tary units or number of fatalities. 

2 METHODS 

2.1 Introduction 

This section briefly discusses the methods used to 
establish reliability indices for existing structures us-
ing the LQI acceptance criterion. Firstly the reliabil-
ity optimum and minimum threshold for ‘repair’ 
(Fig. 2A) were derived by using the same principles 
as for ‘renewal’. The target reliability index 	β*repair	
is generally slightly lower than the reliability target 
for ‘renewal’, because the marginal safety costs are 
generally higher in case of repairing an existing 
structure. The optimal reliability indices - expressed 
by β* - were obtained by minimising the sum of in-
vestments in safety measures and the accompanying 
capitalised risk. The reliability minimum for ‘repair’ 
- denoted as βacc;repair - was derived on the basis of 
the LQI acceptance criterion (Fig. 2B).  

 
In this paper the reliability minimum below which 
the structural member is insufficiently safe and 
should be upgraded is denoted as ‘βdisapproval’ 
(Sýkora et al, 2017). The reliability level for ‘disap-
proval’ can be determined on the basis of economic 
optimisation as well as on minimum requirements 
concerning human safety. If the total costs for a re-
pair – sum of capitalized risk and investments in 
safety measures of the repair works (Fig. 2A) – are 
equal to the actual residual capitalised risk of the 
scenario ‘doing nothing’ (Fig. 2B) the reliability 
threshold for assessing the existing structure can be 
found. The reliability thresholds derived on the basis 
of economic optimisation and the LQI criterion are 
denoted as β*disapproval	and βLQI;disapproval, respectively. 
The main difference is that in the latter criterion the 
‘societal’ costs were taken into consideration (Fig. 
2B). This is further explained in Section 2.4. 

 
Figure 1: Comparison of the residual risk of the existing struc-
ture (right) with the total costs – summation construction costs 
and associated capitalized risk - after repairing the existing 
structure (left).  

2.2 Failure mode 

The reliability indices were ascribed to failure 
modes of structural components in accordance with 
modern design codes assuming that progressive 
damage is mitigated. Due to this assumption the 



failure probability of the majority of mutual depend-
ent failure modes will become very small and their 
contribution in an overall fault tree analysis will 
hence be negligible or in other words the reliability 
level of a structural component is generally domi-
nated by one specific failure mode. In this study one 
simplified ultimate limit state was considered as a 
reasonable first approach. 
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where, ZSTR	 = structural limit state function; fy	 = 
yield strength of retaining wall; Mwall  =bending 
moment in retaining wall; Ntube  = normal force in 
tube; Wwall  = section modules of retaining wall; 
Atube = section area of tube. 

 
The ultimate limit state for structural failure rep-

resents the stresses in the outer fibre of the soil-
retaining wall. The limit state function was evaluat-
ed by coupling the Monte Carlo method to the ana-
lytical method of Blum.  

If no system of kathodic protection is installed the 
quay wall is subject to a certain corrosion environ-
ment. The port of Rotterdam authority developed 
their own corrosion curves ‒ which are based on de-
tailed measurement campaigns ‒ in order to assess 
the reliability of the quay walls in the port. It should 
be noted that different corrosion zones are distin-
guished over the height of the soil-retaining wall. In 
this study the ‘Permanent immersion’ zone was of 
interest, because the stresses in the outer fibre are 
fairly high just above the harbour bottom.  

 
The stochastic model parameters considered in 

this study are listed in Table 1. For detailed infor-
mation about the distribution types the reader is re-
ferred to Allaix et al (2017) and Roubos et al. 
(2018).  

 
Table 1: Input variables probability analysis 
Design parameter Symbol Distribution CoV 
Unit weight of soil уsat	 Normal 0.05 
Soil strength  Φ	 Normal 0.10 
Yield strength fy	 Lognormal 0.07
Tube diameter D	 Normal 0.01 
Wall-thickness T	 Uniform 0.05 
Live load Q		 Gumbel 0.20 
  

In this study 2D-Blum calculations were per-
formed. However, those calculations represent only 
a certain distance along a quay wall due to spatial 
uncertainty in resistance and loads (Roubos et al, 
2018). Hence, the length of a quay wall was there-
fore subdivided into equivalent sections for which 
failure events are independent. The associated pro-
portional change in marginal safety costs  and failure 
consequences (Section 2.4) was taken into account 
for an ´equivalent length’ Leq along a quay wall. An 

inventory of past failures in Rotterdam (Allaix et al, 
2017) showed that the failure length of the two limit 
states under consideration was approximately 25-
50m. In the calculations performed in this study Leq 
was assumed to be equal to 40m. 

2.3 Modelling time-variant reliability 

The risk profile of a quay wall evolves over time. 
This section discusses the method used to model the 
marginal increase of the probability of failure over 
time in order to determine the present value of future 
potential failure costs. Assuming that no failure has 
occurred in the previous years the annual failure rate 
of a quay wall equipped with a system of kathodic 
protection will decrease during the first period of 
service. A system of kathodic protection prevents 
deterioration of the steel construction components. 
Due to corrosion induced degradation the annual 
probability of failure tends to increase (Fig. 3). 

Figure 3: Development probability of failure over time for 
different scenarios. 

 

Figure 4: Development annual reliability index over time for a 
quay wall equipped and without a system of kathodic 
protection (KP) 
 



Fig. 4 shows that if a quay wall has survived a 
certain time period, the annual probability of failure 
will decrease with time if a system of kathodic pro-
tection is installed. However, if no measures are tak-
en the annual failure rate will increase with time, 
due to corrosion. The development of the annual 
failure probability was examined for different sce-
narios using the analytical method developed by 
Blum. The probability of failure of year i was de-
fined as the probability that failure occurs during 
year i, given that the structure survived the previous 
period tsurvive. 

 121iiyear f; F....FF|FP= P  i   (4) 

where: Fi	= the event of failure during year i; (F1, F2, 
.. Fi‐1) = the events of no failure in individual years 
until year i. 
 

The probability of failure was estimated using the 
Monte Carlo method and performing 10x106 sam-
ples for each year. Hence, in total approximately 1.5 
milliard samples were taken. In each simulation, the 
soil properties are generated once, while a sample of 
the live load Q is generated for each year of the life-
time.  

2.4 Cost minimisation   

This section concerns the method used to determine 
target reliability indices using the principles of cost 
minimisation in accordance with the recommenda-
tions in literature (Rackwitz, 2000), (Sýkora, & 
Holicky, 2011), (Sýkora et al., 2017). The reliability 
indices for new structures β*

new and repair works of 
existing structures β*repair were derived minimising 
the following ‘total cost’ function: 

} C+C= min{C dRiskCapitalise sInvestmentTotal   (5) 

in which, 
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where: CInvestments = investments in safety measures 
; CCapitalisedRisk = present value of future failure 
costs; β = reliability index/ decision parameter; β* 
= optimal reliability index; C0= initial construction 
costs independent of the reliability index; Cm	= mar-
ginal construction cost dependent on the reliability 
index;	 tremaining	= remaining lifetime;  Pf;n = annual 
probability of failure; r	= real discount rate.  

 
The investments in safety measures were divided 

into initial construction cost C0 and marginal con-
struction costs Cm. The initial construction costs C0 
often dominate structural investments (Gijt, 2010), 
but unlike Cm do not influence the reliability opti-
mum for ‘renewal’ or ‘repair works’ (Rackwitz, 

2000). However, it should be noted that for as-
sessing the reliability minimum – or in other words 
the ‘disapproval’ level – of a quay wall this is exact-
ly the opposite: C0 influence the target reliability in-
dex and Cm does not (see Fig 5). 

As explained in Section 2.1 the length of a quay 
wall was subdivided into equivalent sections for 
which failure events are independent. The associated 
proportional change in marginal safety costs was 
found by multiplying the ´equivalent length’ to the 
fraction ∆C/∆β representing the safety investments 
per metre: 

 
  L=)( C eqm x

xC
x


 	  (8) 

where, x = a vector representing changes in structur-
al dimensions; Leq = equivalent length along a quay 
wall for which failure events are independent; ∆C= 
change in construction costs; ∆β = change in relia-
bility index. 
 

The fraction ∆C/∆β assumed was in the range of 
5% to 10% of the construction costs of structural 
components, which was in accordance with the 
study of Schweckendiek et al. (2007) and Roubos et 
al. (2018).  
 
Table 2: Initial and marginal construction costs for Leq =40m 
Scenario C0 Cm 
Renewal  €360k €60k 
I) Do nothing n.a. n.a. 
II) Prevention of corrosion (KP) €50k n.a. 
III) Repair works €100k €120k 
IV) Repair works & prevention (KP) €150k €120k 
 
It should be noted that even if adequate safety 
measures are implemented there will always be a re-
sidual capitalised risk. The capitalised risk repre-
sents the present value of future costs and was estab-
lished by assuming a real discount rate r (Sykora, & 
Holický, 2011), (Rackwitz, 2006). Fischer et al. 
(2013) showed that different discount rates could be 
used for private and social decision makers. Detailed 
information about the direct and indirect costs asso-
ciated with failure can be found in Allaix et al. 
(2017) and Roubos et al. (2018). The economic con-
sequences of a structural failure (ZSTR<0) are in the 
range of €1-5m.  
 
Studying the background documents of the LQI tar-
get reliabilities (Fischer, 2012) showed that this cri-
terion can also be evaluated by applying the princi-
ples of costs minimisation if the capitalized 
‘societal’ risk is taken into consideration (Roubos et 
al., 2018). The corresponding present value of socie-
tal losses, denoted by Cf;Societal, then depends on the 
SWTP and the expected number of fatalities NF|f and 
is used in Eq. (7). In this study a conservative esti-
mate NF|f  = 1 was taken into consideration.  



 
 

SWTP N=C f|FSocietalf;   (9) 

where, Cf;Societal  = societal failure cost;  
 
The monetary value of a human life can be deter-
mined on the basis of the Societal Willingness To 
Pay (ISO 2394, 2015). However to assign a mone-
tary value to human life, on whatever basis, is a very 
controversial issue (Vrijling & Gelder, 2000). Ac-
cording to Rackwitz (2008) a monetary value of life 
does not exist.’’...the value of human life is infinite 
and beyond measure ...’’. In this study a SWTP  of 
2-5M$ was assumed for the evaluation of the mar-
ginal life saving costs principle / LQI criterion.  

3 RESULTS 

3.1 Structural limit state 

This section presents the reliability indices obtained 
by economic optimisation and assessing the LQI ac-
ceptance criterion, which are related to the structural 
limit state function ZSTR. Not only the target reliabil-
ity indices for ‘repair’ or ‘disapproval’ were derived, 
but also the reliability indices for ‘new’ quay walls 
in order to evaluate and interpret the results found.   

 
Table 3: Optimal reliability indices for ZSTR with tref=50, r=3%, 
Leq =40m, Cf =€5m, Cf;societal=€3m; C0 =€360k;  Cm =€120k.  

Renewal β*
new βLQI;new 

Annual in year 1 3.4 3.3 
Annual in year 50 4.1 4.0 
Reference period 2.8 2.6 

 
Table 3 shows that reliability indices in accord-

ance with the LQI acceptance criterion are a little 
lower than the target reliability indices derived by 
economic optimization. 

If we assume that the quay wall survived a certain 
time period ‒ being constantly subjected to corrosion 
‒ different strategies can be considered, such as in-
stalling a system of kathodic protection (scenario II) 
whether or not in combination with repair works 
(scenario III and IV). In this section it was assumed 
that a quay wall had already survived 50 years and 
was subjected to corrosion. The total service life was 
estimated at 75 years, and hence the reliability indi-
ces found are representative for a reference period of 
25 years. Table 4 shows that the total costs – or in 
other words the capitalized risk ‒ of the scenario ‘Do 
nothing’ (I) are lower than the total costs of repair 
works (III and IV). This indicates that repair works 
are not feasible from an economical perspective. The 
total costs of installing a system of kathodic protec-
tion without repair works (II) seems an interesting 
risk measure. However, scenario I and II can only be 

taken into consideration if the remaining probability 
of failure is acceptable.  

 
Table 4: Reliability indices and associated total costs for differ-
rent scenrios: I) Do nothing; II) Install KP; III) Repair works; 
IV) Repair works and KP. 
 Scenario 
 I) II) III) IV) 
Annual in year 50 3.0 3.0 3.5 3.3 
Annual in year 75 2.8 3.1 3.3 3.4 
Reference period  1.7 1.9 2.3 2.4 
Total costs € 155k € 150k € 190k € 220k 

 
If one still considers repairing the quay wall, the 

best repair strategy is: repairing the quay wall with-
out installing a system of kathodic protection (III). 
The reliability indices for disapproval depend on the 
total costs associated with the intended repair works 
and are listed in Table 5. Similar to the results ob-
tained for ‘renewal’ the acceptable reliability indices 
according to the LQI acceptance criterion are again a 
little lower than the target reliability indices derived 
by economic optimisation. The influence of the in-
put variables on the reliability indices is further dis-
cussed in the following section. 

 
Table 5: Reliability indices and total costs of scenarios 
  β*

repair βLQI;repair β
*
disapporval βLQI;disapproval

Annual in year 50 3.5 3.3 3.3 3.2 
Annual in year 75 3.3 3.1 3.4 3.2 
Reference period  2.3 2.1 2.4 2.1 

3.2 Sensitivity analysis 

The sensitivity analysis performed in this study aims 
to provide insight into the extent to which target re-
liability indices related to ‘repair works’ or ‘disap-
proval’ of a quay wall are influenced by input varia-
bles, such as the discount rate, the construction 
costs, the failure costs and  the remaining lifetime 
(Fig. 5). The curves representing the annual and life-
time target reliability indices show generally a simi-
lar trend. It should be noted that the annual reliabil-
ity indices presented represent the probability of 
failure in the final year of the reference period, be-
cause due to corrosion these indices are governing. 
The reference period equals 25 years except for the 
analysis in Fig. 5E in which the reference period is 
equal to the remaining lifetime. In contrast to the 
target reliability indices for ‘repair’, the target relia-
bility indices for ‘disapproval’ are slightly influ-
enced by the initial construction costs C0 of the in-
tended repair works (Fig. 5A), but are not influenced 
by the marginal safety investments Cm of these re-
pair works (Fig. 5B). In the case of a high risk pro-
file, expressed in terms of high discount rates, there 
is less willingness to invest in safety measures, and 
hence lower target reliability indices were found 
(Fig. 5C). The absolute value of the failure costs Cf 
significantly influence the target reliability indices 



(Fig. 5D). Low failure costs (Cf ≤ €10m) as well as a 
short remaining lifetime (tremaining ≤ 5 years) resulted 
in an exponential decrease in the target reliability 
index.  

 

Figure 5: Sensitivity analysis ‘repair’and ‘upgrade’ for ZSTR of 
scenario III. The reference calculation is based on: tref=25; tsur-

vive=50; r=3%; Leq =40m; C0 =€100k;  Cm =€120k; Cf =€5m. 
 
 

4 DISCUSSION 
The results of this study show that target reliability 
indices for commercial quay walls determined by 
economic optimisation are a little higher, and hence 
governing compared to reliability indices derived us-
ing the LQI acceptance criterion (Table 6). Howev-
er, it should be noted that not all risk-acceptance cri-
teria with respect to human safety – such as 
individual risk and societal risk – are taken into con-
sideration in this study. 
 
Table 6: Overview risk-based optimal and acceptable reliability 
indices for ZSTR in case of new commercial quay walls, repair 
works and disapproval 
 New Repair Disapproval 
 β1year βtref β1year βtref β1year βtref 
β* 3.41 2.8 3.32 2.3 2.72 1.6 
βLQI 3.31 2.6 3.12 2.1 2.62 1.3 
1) This reliability index is related to the first year of the refer-
ence period.  
2) Due to scenario III this reliability index is related to the final 
year of the reference period.  
 

The influence of the parameters used, such as dis-
count rate, marginal safety investments, failure con-
sequences, was evaluated by a sensitivity analysis 
(Section 3.2). The target reliability indices derived 
from economic optimisation and the LQI criterion 
were determined for different consequences of fail-
ure, in order to compare the results with the recom-
mendations in codes and standards. Economic opti-
misation was found to be the governing criterion for 
consequence class A, B and C (Table 7 and Table 8). 
However, it should be noted that the marginal live 
saving cost principle was taken into account in the 
determination of total failure costs. Hence, the socie-
tal costs will become dominant in case of class C 
and D explaining the fairly small differences in reli-
ability indices found. Table 7 also shows that the 
recommended annual target reliability indices for 
new quay walls are in the range of the guidance of 
ISO2394 (2015) and seem to correspond with ‘me-
dium’ relative costs of safety measures, whereas Ta-
ble 8 shows that the associated lifetime reliability 
indices for ‘repair works’ as well as in case of ‘dis-
approval’ are well in line with the recommended 
values of NEN 8700 (2012). It is worth noting that 
the recommended target reliability indices are as-
signed to limit states of structural components and 
that the target reliability indices found are only valid 
if progressive failure is mitigated (Janssen, 2012), 
(Gijt & Broeken, 2013). It seems that reliability in-
dices in accordance with the LQI acceptance criteri-
on are a little lower than the target reliability indices 
derived by economic optimization for most of the 
commercial quay walls in class A and B. 

 
 
 
 



Table 7: Annual target reliability indices for different conse-
quences classes of quay walls. 
Criterion Consequence class 
 A B C D 
 Low Some Cons. High 
NF|f <1 <5 <50 <500 
Cf  <€8m <€50m <€200m <€1500m 
ISO2394     
Large 1  - 3.1 3.3 3.7 
Medium 1 - 3.7 4.2 4.4 
Small 1 - 4.2 4.4 4.7 
New2     
β* 3.4 3.8 4.1 4.5 
β LQI 3.2 3.6 4.1 4.5 
Repair3      
β* 3.3 3.8 4.1 4.6 
β LQI 2.9 3.4 4.0 4.6 
Disapproval4      
β* 2.7 3.2 3.6 4.1 
β LQI 2.4 2.9 3.5 4.1 
1) Relative costs of safety measures  
2) Input variables tsurvive=0, tref=50, Leq=40, C0=€600k, 
Cm=€100k and STWP=3M€ (Roubos et al, 2018) 
3) Input variables for repair works tsurvive=50, tref= tremaining=25, 
C0=€200k, Cm=€200k €, and STWP=3M€ 
4) It should be noted that other criterions, such as the IR criteri-
on and SR criterion could lead to higher reliability indices.    
 
Table 8: Remaining lifetime target reliability indices for differ-
ent consequences classes of quay walls. 
Criterion Consequence class 
 A B C D 
 Low Some Cons. High 
 500> 50> 5> 1>  ܎|ࡲࡺ
Cf  <€8m <€50m <€200m <€1500m 
EN 1990/ NEN 8700    
Renewal - 3.3 3.8 4.3 
Repair - 2.8 3.3 3.8 
Disapproval - 1.8 2.5 3.3 
New1     
β* 2.8 3.3 3.7 4.2 
β LQI 2.4 3.0 3.6 4.2 
Repair2     
β* 2.3 3.0 3.4 3.9 
β LQI 1.9 2.6 3.3 3.9 
Disapproval3     
β* 1.5 2.3 2.8 3.4 
β LQI 1.0 1.8 2.7 3.4 
1) Input variables tsurvive=0, tref=50,Leq=40,C0=€600k, Cm=€100k 
and STWP=3M€ (Roubos et al, 2018) 
2) Input variables for repair works tsurvive=50, tref= tremaining=25, 
C0=€200k, Cm=€200k €, and STWP=3M€  
3) It should be noted that other criterions, such as the IR criteri-
on and SR criterion could lead to higher reliability indices.    

5 CONCLUSIONS 

The results of this study provided guidance on relia-
bility differentiation for assessing limit states of ex-
isting commercial quay walls. The most important 
findings of this study are: 
• The target reliability indices derived by assessing 
the LQI acceptance criterion were slightly lower 
than the targets found by economic optimisation. 
Hence, target reliability indices can be derived on 
the basis of economic optimisation by accounting for 
societal failure costs using the marginal lifesaving 
cost principle. 
• The target reliability indices of the structural limit 
state function seem to be largely influenced by the 
failure costs as well as the remaining service life. In 
case of a quay wall equipped with a system of ka-
thodic protection ‒ preventing degradation of steel ‒ 
the first year of the remaining service life determines 
the annual target reliability index, whereas in case of 
a quay wall subjected to corrosion the final year of 
the reference period is of interest. The annual target 
reliability index found for ‘repair’ was approximate-
ly 3.3 and for ‘disapproval’ approximately 2.7. The 
associated remaining lifetime target reliability indi-
ces for ‘repair’ and ‘disapproval’ with a remaining 
lifetime of 25 years were approximately 2.3 and 1.6, 
respectively.  
• The annual and lifetime reliability indices found 
are in the range of the guidance in ISO 2394, 
EN1990 and NEN 8700. 

6 ACKNOWLEDGEMENTS 

On behalf of Delft University of Technology, 
Port of Rotterdam, TNO and Matrisk the authors 
would like to thank all companies involved for their 
support, funding and hospitality.  

7 REFERENCES 

Allaix, D.L., Steenbergen, R.D.J.M. & Wessels, J.F.M., (2017). 
Target reliability levels for the design of quay walls. TNO. 
Delft, The Netherlands. 

Bhattacharya, B., Basu, R. & Ma, K., (2001). Developing tar-
get reliability for novel structures: the case of the Mobile 
Offshore Base. Marine structures, 14, pp 37-58 

Böckmann, J. & Grünberg, J., (2009). Determination of safety 
levels for quay wall structures. Proceedings of the 7th In-
ternational Probabilistic Workshop, pp 327-341 

Blum, H., (1931). Einspannungsverha¨ltnisse bei Bohlwerken, 
W. Ernst und Sohn, Berlin, Germany. 

Calle, E.O.F. & Spierenburg, S.E.J., (1991). Veiligheid van 
damwandconstructies – Onderzoeksrapportage deel 1, for 
CUR-committee C69. Delft, The Netherlands. Deltares re-
port CO-31690/12 

Diamantidis, D., (2017). A Critical View on Environmental 
and Human Risk Acceptance Criteria. International Journal 
of Environmental Science and Development, Vol. 8, No. 1, 
pp. 62-68 



Fischer, K., Barnardo-Viljoen, C., Faber, M.H., (2012). Deriv-
ing target reliabilities from the LQI. LQI Symposium in 
Kgs. Lyngby, Denmark. 

Fischer, K. & Faber, M.H., (2012). The LQI acceptance criteri-
on and human compensation costs for monetary optimiza-
tion – A discussion note. LQI Symposium in Kgs. Lyngby, 
Denmark. 

Fischer, K., Virguez, E., Sánchez-Silva, M. & Faber, M.H., 
(2013). On the assessment of marginal life saving costs for 
risk acceptance criteria. Structural safety, 44, pp. 37-46. 

Gijt de, J.G., (2010). A history of quay walls. The Hague, The 
Netherlands. ISBN: 9789059810327 

Gijt de, J.G., & Broeken, M.L., (2013). CUR 211 Quay walls 
2nd edition. SBRCURnet. Leiden, The Netherlands, ISBN: 
987-1-138-00023-0. 

Holický, M., (2011). The target reliability and design working 
life. Safety and security engineering, IV, pp.161-169  

ISO 2394, (2015). General principles on reliability for struc-
tures. International organization for standardization. Gene-
va, Switzerland. 

ISO 13822 (2010). Bases of design of structures – assessment 
of existing structures. International Organization for Stand-
ardization. Geneva, Switzerland.  

Janssen, H.L., (2012). CUR 166 Sheet pile walls 6th edition. 
SBRCURnet. Gouda, The Netherlands ISBN: 90-3760-036-
8 

JCSS, (2001). Probabilistic model code. Part 1. Joint Commit-
tee on Structural Safety. www.jcss.byg.dtu.dk 

Jonkman, S.N., Gelder van P.H.A.J.M. & Vrijling J.K., (2003). 
An overview of quantitative risk measures for loss of life 
and economic damage, Elsevier, Journal of Hazardous Ma-
terials, A99, pp. 1-30 

NEN-EN 1990, (2011). Eurocode – Basis of structural design. 
European Committee for standardization. Brussels, Bel-
gium.  

Rackwitz, R., (2000). Optimization – the basis of code making 
and reliability verification. Structural Safety. 22. pp. 27–60. 

Rackwitz, R., (2006). The effect of discounting, different mor-
tality reduction schemes and predictive cohort life tables on 
risk acceptability criteria. Reliability Engineering & System 
Safety, 91, pp. 469–484. 

Rackwitz, R., (2008). The Philosophy Behind the Life Quality 
Index and Empirical Verification. Joint Committee of 
Structural Safety.  

Roubos, A.A. & Grotegoed, D., (2014). Urban Quay walls. 
SBRCURnet. Delft, Netherlands. ISBN: 978-1138-00023-0  

Roubos, A.A., Steenbergen, R. D. J. M., Schweckendiek, T. & 
S.N., Jonkman, (2018). Risk-based target reliability indices 
of quay walls. Structural Safety.  

Schweckendiek, T., Courage, W.M.G., Gelder van P.H.A.J.M., 
(2007). Reliability of sheet pile walls and the influence of 
corrosion – structural reliability analysis with finite ele-
ments. Stavanger, Norway. Proceedings of the European 
Safety and Reliability Conference 2007 (ESREL 2007), 
pp.1791-1799. 

Steenbergen, R.D.J.M. & Vrouwenvelder, A.C.W.M., (2010). 
Safety philosophy for existing structures and partial factors 
for traffic loads on bridges. Heron, 55, pp.123–139.68 

Steenbergen, R. D. J. M., Sýkora, M., Diamantidis, D., Ho-
lický, M. & Vrouwenvelder, A. C. W. M., (2015). Econom-
ic and human safety reliability levels for existing structures. 
Structural Concrete, 16, pp. 323–332.  

Sykora, M. & Holický M., (2011). Target reliability levels for 
the assessment of existing structures. Proc.ICASPII, pp. 
1048-1056  

Sýkora, M., Diamantidis, D., Holicky, M. & Jung, K. (2017). 
Target reliability for existing structures considering eco-
nomic and societal aspects. Structure and Infrastructure En-
gineering, 13-1, pp. 181–194 

Vrouwenvelder, A.C.W.M. & Scholten, N., (2010). Assesment 
Criteria for Existing Structures. Structural Engineering In-
ternational, 20, pp. 62-65 

Vrouwenvelder, A.C.W.M., (2001). The fundamentals of 
Structural Building Codes. Cape Town, South Africa. Pro-
ceedings of the International Conference on Structural En-
gineering, Mechanics and Computation, Volume 1, pp. 183-
193. ISBN: 0-08 -043948-9. 

Vrijling, J.K. & Gelder van, P.H.A.J.M., (2000). An analysis of 
the valuation of a human life. Proceedings of ESREL 2000, 
SARS and SRA-Europe annual conference. pp. 197-200. 

View publication statsView publication stats

https://www.researchgate.net/publication/329125380


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


