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Accuracy of visual inspection of flood defences

W. J. Klerka,b , W. Kanninga,b , M. Koka , J. Bronsveldc and A. R. M. Wolferta

aFaculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands; bDeltares, Delft, The Netherlands;
cWaterschap Rivierenland, Tiel, The Netherlands

ABSTRACT
Prioritisation of flood defence maintenance is typically based on visual inspection. However, literature
shows that the Probability of Detection (PoD) of visual inspection can vary significantly. Here we inves-
tigate the PoD for visual inspections of flood defence structures, the consistency of damage classifica-
tion, and the influence of different variables on the PoD, such as past experience. Four flood defence
sections were inspected by 22 different inspectors for a variety of damage types, such as animal bur-
rowing and damage to block revetments. It is found that the PoD varies significantly both per damage
type and inspector. Additionally, the estimated severity of damages varies significantly in comparison
to the reference situation: over half of the registered damages is assigned a different severity com-
pared to the reference, which potentially leads to incorrect maintenance measures. A likely explan-
ation for the variation in results is the complexity of inspection guidelines and task definitions.
Therefore it is advised to simplify inspection guidelines and use more focussed inspections for the
most important types of damage. This likely leads to both a reduction of the number of false nega-
tives associated with an increase in flood risk, and better risk-based asset management and mainten-
ance prioritisation in general.
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1. Introduction

Earthen flood defences along rivers, lakes and coasts are one
of the main measures for mitigating risks of flooding. Due
to long term temporal developments such as socio-economic
changes and climate change flood defences require
reinforcement, typically every 20 to 50 years (Jonkman,
Voortman, Klerk, & van Vuren, 2018). In between these
reinforcements, flood defence asset managers have to main-
tain flood defences in the required condition. Such mainten-
ance is for a large part aimed at the revetment, the outer
protection layer that protects the flood defence from erosion
through waves and currents. Examples of maintenance are
repair of drought cracks, resowing grass revetments, repair
works on pattern-placed revetments, and repair of damage
from animal burrowing. Many of such damages are found
to have a significant impact on flood defence safety (van
Bergeijk, Verdonk, Warmink, & Hulscher, 2021).

The most important method for detecting such damage
is visual inspection, which is typically carried out at differ-
ent times throughout the year. In such an inspection flood
defence inspectors walk or drive along a flood defence and
register all relevant anomalies and defects resulting in a con-
dition report. This condition report is then used as basis for
maintenance planning. The International Levee Handbook
(ILH) lists a variety of inspection types (CIRIA, 2013). The

most important types for the countries considered in the
ILH are: general inspections to determine the condition of a
flood defence and/or whether maintenance works have been
conducted properly, inspections before, during or after flood
conditions, and special inspections aimed at detection of a
specific type of damage (e.g. drought cracks). This paper
focuses on general condition inspections.

From past research in other applications, it is found that
the detection rate of visual inspection displays significant
variation among different applications and inspection types.
In general terms, Drury and Fox (1975) report an error rate
of 20–30%, but these values vary significantly among differ-
ent applications and specific situations. For instance
Graybeal, Phares, Rolander, Moore, and Washer (2002) car-
ried out a field test to investigate the performance of high-
way bridge inspectors. This test included 49 inspectors who
fulfilled 10 different inspection tasks at 7 different bridges.
For general condition assessment it was found that 68% of
condition ratings varies within 1 point from the assigned
reference rating (10-point scale). Several potentially import-
ant variables were identified, such as visual acuity, the
extent to which inspectors were rushed, and the perceptions
of aspects such as the complexity of the structure and
worker safety during inspection. Aside from routine inspec-
tions also in-depth visual inspections were carried out. It
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was found that these inspections were not likely to detect
the types of defects such inspections are aimed at. Also a
large variation in detection rates was observed, ranging
from a detection rate of approximately 4% for some weld
cracks to 100% for defects to the paint system (Moore,
Phares, Graybeal, Rolander, & Washer, 2001). Again inspec-
tors who spent more time, were more comfortable during
inspection, and perceived the structures to be more com-
plex, performed better overall. However, what stands out is
the large variability in defect detection rates in such general
in-depth inspections.

Spencer (1996) and Drury, Spencer and Schurman (1997)
performed similar investigations to determine the accuracy
of crack detection for airplanes. Here a detection rate of
68% was found. This is significantly higher than the weld
crack detection in the research reported by Graybeal et al.
(2002). Although obviously the type of cracks and type of
structure differs, this might also be explained by the fact
that the complexity of objects correlates with lower inspec-
tion performance (Harris, 1966). Additionally Harris (1966)
found that giving more time for inspection of a complex
structure does not increase the detection rate, suggesting
that there is an upper limit for a given inspection type.
Another explanatory factor might be that the number of
fault types to be considered, and thus the complexity of the
inspection task itself, strongly correlates with the error rate
in inspections (Dalton & Drury, 2004; Gallwey & Drury,
1986). This is supported by findings from research on the
accuracy of visual inspection of sewer systems (Dirksen
et al., 2013; van der Steen, Dirksen, & Clemens, 2014). Here
a clear relation between the number of False Negatives and
the complexity of the used coding systems was found, with
more complexity leading to lower inspection performance
(van der Steen et al., 2014). These examples emphasise the
variety of variables that influence inspector performance, of
which See (2012) provides a structured overview. Here dis-
tinction is made between a.o. variables related to the formu-
lation and scope of the task, the individual characteristics,
and the environmental conditions and social circumstances
in which inspections have to be carried out. An important
example of the latter was identified by Wiener (1984), who
found that both complex procedures for rejection and peer
pressure to accept products, led to an increase in flinching,
resulting in defect products being accepted.

Currently most risk-based assessments of flood defence
safety assume that the flood defence is in good condition, and
do not include the possibility of undetected defects and their
potential effect on flood defence safety. While for instance
the International Levee Handbook does note that inspections
are not perfect, this is not translated to consequences for
flood risk assessments (CIRIA, 2013). Assuming that existing
(visual) inspection policies give a complete overview of
defects will thus lead to an underestimation of actual flood
risk. For instance, if the erosion resistance of a grass revet-
ment is overestimated due to undetected damage, the actual
flood risk might be higher than is estimated in typical flood
risk assessments. As, based on the literature, it is likely that at
least a part of the damaged areas remains undetected for

some time, including such factors in risk assessments will
improve risk estimates. Insight in the accuracy of visual flood
defence inspection, and identifying factors that cause dam-
ages to remain undetected, can aid in defining targeted
actions to improve inspection quality. Examples are improv-
ing task definitions, targeted training of inspectors, and
improvement of inspection guidelines (See, Drury, Speed,
Williams, & Khalandi, 2017). Such insights can help improve
both assessment of existing and prediction of future perform-
ance (e.g. Quirk, Matos, Murphy, & Pakrashi, 2017; Ter Berg,
Leontaris, van den Boomen, Spaan, & Wolfert, 2019).
Obtaining estimates of flood defence inspection accuracy can
therefore provide a basis for further improvement of such
inspections, improve flood risk estimates, and improve flood
protection performance.

This paper presents the results of a field experiment con-
ducted in March 2020. In this experiment 4 different flood
defence sections along the Dutch Rhine river were inspected
14 times by 22 different inspectors. The goal was to answer
three main questions with regards to the quality of visual
condition inspections of flood defences:

1. What percentage of defects is detected in a typical con-
dition inspection?

2. What is the consistency with which defects are classified?
3. Can influential factors that impact inspector perform-

ance be identified?

Answers to these questions can be used to identify pos-
sible improvements for inspection of flood defences. Section
2 presents relevant background on the current practice of
flood defence inspections, both internationally and in the
Netherlands. Section 3 presents the methods and setup of
the field test, as well as a description of the field test loca-
tion. Results of the field test are presented in Section 4, after
which Section 5 provides a discussion on findings.
Conclusions are summarised in Section 6.

2. Practice of flood defence inspections

2.1. Approaches for flood defence inspections in
different countries

Crespo M�arquez (2007) defines inspection as a ‘check for con-
formity by measuring, observing, testing and gauging the rele-
vant characteristics of an item’. For the process of translating
inspection findings to maintenance actions, Bakkenist, van
Dam, van der Nat, Thijs, and Vries (2012) distinguish 4 steps:

� Observation: observing a defect, anomaly or condition.
� Diagnosis: assessing the nature and type of a defect or

the condition, as well as the severity, based on relevant
(predefined) characteristics (Crespo M�arquez, 2007).

� Prognosis: assessing whether the severity of the defect or
the general condition will change in the future.

� Operationalization: defining appropriate actions to deal
with the observed defect, such as repair, overhaul or
doing nothing (Crespo M�arquez, 2007).

2 W. J. KLERK ET AL.



In many countries the basic principles for flood defence
inspection are in line with those outlined in the International
Levee Handbook (CIRIA, 2013). Generally inspections focus on
the first three steps, and always at least combine observations
and diagnosis: defects or conditions are classified using different
parameters and severity classes. In some cases inspections are
aimed at observing and diagnosing defects, in some cases at
observing the general condition of a structure. Inspections aimed
at observing defects (e.g. animal burrows, rutting and corrosion)
are our main focus here. Inspections at assigning condition rat-
ings to flood defence sections are not further considered here,
although it should be noted that such ratings are sometimes
achieved by translating observed defects into condition ratings
(CIRIA, 2013). E.g. the US Army Corps of Engineers translates
ratings for 125 specific items considered in the inspection to
‘acceptable’, ‘minimally acceptable’ and ‘unacceptable’ ratings.

In the UK a similar approach is used, but additionally the
condition grade (scale 1–5) established from visual and other
types of inspection is used to predict remaining life using
deterioration curves (Flikweert & Simm, 2008). As such, the
condition grades are directly translated into a prognosis of the
future condition. However, defects that determine the condi-
tion grade might often be caused by shock-based processes
rather than continuous degradation processes (Sanchez-Silva,
Klutke, & Rosowsky, 2011). It was demonstrated in Klerk and
Adhi (2021) that the condition of a certain flood defence sec-
tion can vary significantly over time, indicating that the use of
standardised deterioration curves might not correctly reflect
the actual degradation behaviour.

Several factors for high quality flood defence inspections are
mentioned in literature. Specific focus is often on training, and
in the UK new inspectors first have to gain in-field experience
under supervision of a more experienced inspector. Compared
to the factors mentioned by See (2012), being able to evaluate
flood risks based on an understanding of the failure mecha-
nisms, experience with inspections and computer literacy are
some of the factors mentioned that ensure consistent, efficient
and thorough inspections (CIRIA, 2013). Long, Mawdesley,
and Simm (2006) describe a blueprint of an ‘ideal condition
indexing’ process. This mostly concerns more extensive use of
information from other sources, adding other types of meas-
urements, and increasing the range of condition values to
enable greater gradation of asset condition. While such efforts
can indeed lead to a better overall estimate of flood defence
condition, it is doubtful whether the condition estimates from
visual inspection itself would improve, as the task complexity
will increase, which typically results in lower defect detection
and less consistency in classification of defects as was shown by
a.o. van der Steen et al. (2014), Gallwey and Drury (1986) and
Dalton and Drury (2004).

2.2. Routine condition inspections of flood defences in
The Netherlands

As the field test reported here was carried out using the gen-
eral approach used in the Netherlands, this is described in
more detail in this section. The main focus of the field test
was to mimic a spring inspection, usually carried out in

March, after the winter season, i.e. the period between
October and March during which most storms and flood
waves occur. The goal of the spring inspection is to identify
defects and anomalies at all dike sections such that, if
required, repair or overhaul works can be carried out before
the next winter season. While other inspections are also of
importance, the spring inspection is the backbone of main-
taining the overall condition, as most of the repair and main-
tenance works are based in the spring inspection results.

Spring inspections are typically carried out using the
Digigids guideline (Het Waterschapshuis, 2016). The Digigids
is a comprehensive guideline with many different types of dam-
age for different types of flood defence elements. Inspectors
have to classify defects/damages in three variables: the flood
defence element (e.g. grass revetment), the damage parameter
(e.g. animal burrowing or bare spots) and the severity, which is
a classification on a 4 point scale: good, reasonable, mediocre
and bad. The Digigids provides descriptions for each category,
as well as reference photos of damages. Figure 1 illustrates this
for bare spots. The definitions for severity are not explicitly
related to failure behaviour or failure mechanisms, although
these can be related to the sod quality of the grass revetment,
which is an important input parameter in reliability assess-
ments (Klerk & Adhi, 2021). In principle however, the Digigids
is aimed at inspecting the condition of the revetment and not
at assessing the risk of failure.

Although the Digigids does facilitate registering using
severity estimation ‘good’, in practice this is not done and
only points with severity ‘reasonable’ or worse are regis-
tered. For spring inspections some prioritization is made in
terms of the parameters to be inspected. For instance, most
water authorities do not register flotsam on slopes, and bur-
rowing by moles and mice is typically also not registered as
it is dealt with in routine maintenance.

Despite some differences in rating systems, interpretation
of results, and specific prioritizations, the approaches towards
inspections are fairly similar in other countries. In most coun-
tries (e.g. France, UK, USA, and Ireland) also a system of 3 to
5 condition grades is used for diagnosis of the severity
(CIRIA, 2013). Additionally similar types of defects are con-
sidered, for instance: unwanted (woody) vegetation, bare
spots in the grass cover, deformations, erosion, cracks and
animal burrows. Inspections are typically carried out by 2
inspectors, both to ensure worker safety and to ensure com-
pleteness of the data. In most countries registrations are made
including photographs and GPS coordinates. Data is reported
to the flood defence asset manager and stored for
future analysis.

3. Methods

3.1. Quantifying the accuracy of inspection

Results from an inspection can be classified in 4 different
categories (Keprate & Chandima Ratnayake, 2015):

� True Positive (TP): a defect exists and is detected.
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� False Positive (FP): a defect does not exist, but
is detected.

� True Negative (TN): a defect does not exist, and is
not detected.

� False Negative (FN): a defect exists, but is not detected.

The effectiveness of non-destructive evaluation techni-
ques such as visual inspection is typically quantified using
the Probability of Detection (PoD). The PoD can be com-
puted using:

PoD ¼ TP
TP þ FN

: (1)

It should be noted that in some fields (e.g. pattern recog-
nition) this parameter is named ‘recall’. The other way
around, the probability that a registered defect does not

exist can be quantified using the Probability of False Alarm
(PFA):

PFA ¼ FP
TN þ FP

: (2)

As hardly any false positives are registered in the field
test, the PFA will not be considered any further in the ana-
lysis of the results.

Another important point is the distinction between clas-
sification and detection errors. Practically, any defect that
has not been registered can be considered a False Negative.
However, in some cases an inspector might detect a damage
(with for instance severity ‘mediocre’), but classify its sever-
ity as good. As points with severity ‘good’ are not registered
in spring inspections, such a case might be incorrectly
judged as a detection error, while it is in fact a classification

Figure 1. Example of Digigids classification for bare spots. panes a-d show increasing severity (good, reasonable, mediocre, bad). Captions for subfigures give
description of category. All descriptions apply to an area of 25 square metres. All figures originate from Het Waterschapshuis (2016). (a) Good: no bare spots. (b)
Reasonable: at most 5 spots with a diameter <0.2 m where vegetation is gone. (c) Mediocre: at most 5 spots with 0.2 m< diameter < 0.3 m where vegetation is
gone. (d) Bad: > 6 spots with diameter > 0.2 m, or 1 spot with diameter > 0.3 m where vegetation is gone.
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error. Hence, the data would suggest it is a False Negative,
whereas it is in fact a True Positive, with an error in the
classification of severity. Therefore all PoD-values computed
for the field test are lower limits. It has to be noted that the
practical effect of such classification errors is that the dam-
age remains unknown to the asset manager.

3.2. General set up of field test

The goal of the field test was to answer the three main
research questions outlined in Section 1. Therefore it was
set up to mimic the actual spring inspection for flood defen-
ces using the typical guidelines in the Netherlands as closely
as possible. Figure 2 shows the general setup of the test.
Different dike sections (3 are displayed here) were inspected
by different (teams of) inspectors. During the field test
inspectors registered defects on their smartphone or tablet.
This was done using a cloned version of the ESRI
Survey123 application they normally use during inspections,
in order to avoid issues in registering defects. Inspectors
always had to register the coordinates, parameter, severity,
dimensions, other remarks, and add a detail and overview
picture of the defect. The database from these registrations
enables analysis of the detection accuracy, as well as the
consistency of classification using parameter and severity in
accordance with the Digigids. To enable the analysis of
detection accuracy and classification consistency all consid-
ered dike sections were pre-inspected in order to map all
defects and determine the reference classifications.

To facilitate the analysis of influential variables, several
questionnaires were presented to the inspectors at different
times. Before the test, an extensive questionnaire on a.o.
several personal characteristics, training, experience and

their common inspection approach was filled in by the par-
ticipants. Additionally throughout the experiment inspectors
were inquired about a.o. their feeling during the day, their
experiences during the test and whether they thought the
field test was representative for their normal inspections. All
questions to individual inspectors have been listed in Table
A1 in Appendix A. Answers to questions have several cate-
gories: numerical values, yes/no answers, multiple choice
questions and questions on a 1 to 5 rating (very bad-very
good or disagree-agree). In the analysis of influential varia-
bles only those of which an effect on inspection perform-
ance could be expected have been included. All considered
variables including the questions they originate from are
listed in Table A2 in Appendix A and will be further dis-
cussed in Section 4.3. Before and after inspection rounds,
the inspectors involved were inquired (as a pair) about the
difficulty of that round, and whether they experienced any
time pressure. This was only the case for a few inspection
rounds, and these questions have not been analysed further.

During the test a supervisor was present at each dike sec-
tion. These supervisors posed questions before and after
inspection rounds, gave participants general instructions and
observed the general behaviour of participants during the
test. Supervisors were given smartphone applications to log
important events during the inspection, and general remarks
on participant behaviour. Examples are people passing by,
the walking routes of inspectors, and remarks about the col-
laboration between participants.

Supervisors ensured that inspection rounds lasted no lon-
ger than 25minutes. This time frame was determined based
on the typical time used for spring inspections and was
chosen such that no additional time pressure was imposed,
as was confirmed from the questions posed to the

Figure 2. General approach to the field test. Inspectors inspect several dike sections as by their normal practice. This results in an inspection report for each inspec-
tion round where for each damage present it is indicated whether it was detected and how it was classified. This enables analysis of the detection accuracy and
classification consistency based on the predefined reference situation.
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inspectors. Also, nearly all inspections were finished within
the given time frame.

An important working agreement for spring inspections
is that defects with severity ‘good’ are not registered. This
means that based on the registered points, it is impossible
to determine whether a damage was not detected, or
whether it was detected but classified with severity ‘good’.
The logging of the supervisors was used to gather evidence
on points that were detected but not registered in the
Survey123 database. Such points where added to the data-
base with classification ‘good’. Thus the database consists of
two parts: the registrations in Survey123, and additional
damage registrations based on the logging. These datasets
contain all required information for determining the
Probability of Detection for damage points and section
damages, and analysing the classification consistency. It
should be noted that, as the supervisor logging is not
entirely complete, the computed PoD-values are still
lower bounds.

3.3. Damage classes considered

In the analysis two damage classes are considered. The first
class are the damage points, which are specific damage spots
such as a specific animal burrow. As in some cases the over-
all damage to a flood defence section is a better measure for
the state of the flood defence, section damages are also con-
sidered. If for instance a certain dike section contains 3 ani-
mal burrows, this yields 3 individual damage points and a
section damage ‘burrowing’ that encompasses all three bur-
rows for that specific section. Whether section damage
‘burrowing’ has been detected is computed as:

IðburrowingÞ ¼ maxðIburrow1, Iburrow2, Iburrow3Þ, (3)

where Ið::Þ is an indicator function that indicates whether a
damage is detected (Ið::Þ ¼ 1) or not. Logically the PoD for
section damages will always be equal or larger than for the
damage points it encompasses. Determining the PoD for
section damages is relevant, as the maintenance of some
damage types is carried out at a section level, meaning that
all individual damages at a certain section will be repaired.
Based on the severity of a damage, and its potential conse-
quences for failure distinction can be made between essen-
tial and non-essential section damages and damage points.
Essential damages are those that should not be missed in an
inspection as these likely have a direct impact on flood
defence safety. To summarise: a single damage point (e.g. a
specific animal burrow) is part of the subset that forms a
section damage ‘burrowing’ and both the damage point and
main damage are categorised as (non-)essential. Note that
non-essential damages could develop into essential damage
over time. Whether damages are essential has been based
upon an expert assessment of their potential consequences
for the strength of the flood defence. A description of the
damages at the different sections is given in Section 3.5.

3.4. Approach for analysis of influential variables

The influential variables based on the questionnaires are of
two main types: categorical variables typically consisting of
2 or 3 categories, and variables based on questions that
were answered using a 5-point scale or using numerical val-
ues (such as years of experience).

For the analysis Bayesian Parameter Estimation as out-
lined by Kruschke (2013) is used. Using data from the
experiment, prior assumptions on uncertain parameters are
updated to obtain posterior distributions of for instance dif-
ferent categories. Based on these distributions the difference
between groups or the influence of a numerical variable can
be assessed. This estimation of the posterior distribution is
done by generating multiple samples using Markov chain
Monte Carlo.

The advantage of Bayesian Parameter Estimation over for
instance null hypothesis significance testing is that it pro-
vides richer information, for instance with regard to the
influence of uncertainty on the differences between groups.
As sample sizes are relatively small, this provides more
insight in the influence of different variables, rather than a
simple acceptation/rejection of the null hypothesis of, for
instance, two groups originating from the same distribution.
Nevertheless, given the relatively small sample sizes, all
results should be interpreted as an exploration of what
parameters might influence flood defence inspection per-
formance, rather than statistical evidence of the importance
of a certain parameter.

For categorical variables estimates of distribution parame-
ters of a three-parameter Student-t distribution of the num-
ber of detected damage points d for both groups are
obtained (e.g. whether inspectors used a tablet or smart-
phone for registration). For numerical variables the parame-
ters of a linear regression between the number of damage
points detected d and a numerical variable y (e.g. inspector
age) are estimated, such that d ¼ aþ b � yþ �: More details
on the precise formulations and prior assumptions are given
in Appendix B.

In line with Kruschke (2013) the 95% Highest Density
Interval (HDI) for all parameters is computed. This is the
interval that contains 95% of the posterior density of the
distribution with estimated parameters. For categorical vari-
ables the main indicator is the effect size, which is defined
as: ðl1�l2Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr21 þ r22Þ=2

p
for groups 1 and 2. If the HDI

is (almost) entirely negative or positive, this means that it is
highly likely that there is a difference between the catego-
ries. For numerical variables the main indicator is the HDI
for slope b. If the HDI for b is (almost) entirely positive or
negative, this indicates a relation between the detected dam-
age points d and the considered variable y. Note that only
influential variables for damage points are analysed, not for
section damages.

3.5. Description of field test location

The field test was conducted at 4 dike sections near the city
of Tiel, along the Waal river in the Netherlands. Pictures of
the 4 sections are shown in Figure 3. The sections were
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chosen as these are representative for the flood defences in
the considered area. For each dike section a set of reference
damage points and section damages was derived based on
the pre-assessment and field test. An overview of all refer-
ence damages is provided in Table 1.

Section 1 is approximately 185 metres long. Here the
inner slope, which consists of a grass revetment, was
inspected. Several small damages are present to the grass
cover, both burrows and other types of damage.
Additionally the slope is deformed locally. Both the presence
of burrowing at a section level, and the slope deformation
are essential damages in an inspection of this section.

Section 2 is 200 metres long, and here the outer slope was
inspected. The general shape of the grass revetment is good
except for a few spots with weeds. However, there is a significant
number of animal burrows, mostly caused by dogs who enlarged
smaller pre-existing mice or rabbit burrows. It has to be noted
that damage point 2_6 developed during the field test and could
therefore only be observed in 5 of 14 rounds. This is the only
damage that developed in the period the field test was executed.
Although there was high water during the test, the water level
did not influence the inspectability at this dike section.

Section 3 is 200 metres long, and the outer slope was
inspected. The lower two-third of the slope is covered with
a block revetment (consisting of pattern-placed basalt), and
the upper third is covered with grass. The block revetment

is in a relatively bad shape: there are several loose and miss-
ing blocks, the joint fill material has washed out and there
are tree trunks that penetrated the revetment and displaced
the blocks. Many of the damage points at this section are
therefore classified as essential. The grass at the higher part
of the slope is also not in good shape. It has to be noted
that at section 3 the influence of the high water level condi-
tions influenced the outcome of the test, as it was impos-
sible to walk on the maintenance path at the lower part of
the revetment. During some test sessions the inspectability
was lowered as the revetment was wet due to rainfall and
therefore difficult to access.

Section 4 is approximately 80 metres long, but here both
inner and outer slope as well as the crest and the inlet struc-
ture had to be inspected. In general there is a significant
amount of rough vegetation at this section, and the transi-
tion between revetment and structure is an important point
of attention. Some parts of the outer slope contain a con-
crete lawn grid which is deformed in 1 location. The high
water conditions had no influence on inspectability. Figure
4 provides an example of the results from the Survey123
database for dike section 4. Here both registrations from the
pre-assessment and the field test are shown for each damage
point. All registrations have been manually coupled to the
registrations, based on the attached photographs, description
and location.

Figure 3. Impression of the 4 sections. Photos for sections 1, 2 and 3 were taken by inspectors during the test. Photo 4 was taken by one of the supervisors.
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3.6. Conditions during the field test

During the field test the river water levels were relatively
high. Several inspectors indicated that this impacted their
performance and approach, especially at dike section 3. At
the 3rd of March, water levels were lower than at the 6th of
March. Weather conditions differed slightly between the two
dates: the 3rd of March was dry, and mostly sunny, at the
6th of March rainfall in the night before caused wetter
slopes. Especially at section 3 this had influence on the
accessibility of the block revetment.

All inspectors received a time schedule for their inspec-
tions. Time schedules were generated based on a rando-
mised algorithm to ensure each section was inspected once,
and inspectors always inspected with a different partner. In
a few occasions inspectors arrived slightly late or were
rescheduled to a different time slot. Nevertheless, except for
1 inspector who did not inspect section 3, all inspectors
inspected all sections, each time with a different partner.

Due to absence of 6 of the total 28 scheduled inspectors
not all inspections were done by a pair of inspectors. 25 out
of 56 inspection rounds were carried out by 1 inspector (7
at section 3, 6 at the other sections) and each participant
inspected 0 to 2 rounds on their own. From the results it is
demonstrated that this had no influence on scores at

sections 1, 2 and 4, but at section 3 single inspections are
found to result in lower detection rates.

An important remark with regards to the supervisors at
different sections is that each used a slightly different
approach to log events during the test. In some cases super-
visors recorded many voice messages, others took plenty of
photos. This might have influenced the number of damage
registrations that were added based on the logging.
Additionally, at the 6th of March inspectors were given spe-
cific instructions to pay attention to damage points that
were detected but not registered in Survey123. In total 29
damage registrations were added based on the supervisor
logging, of which 14 concerned the 5 inspection rounds at
the 6th of March, and 15 registrations the 9 rounds on the
3rd of March.

4. Results

4.1. Accuracy of flood defence inspections

First the overall Probability of Detection (PoD) for damage
points and section damages is analysed. Figure 5 shows the
PoD for all damage points per section. Grey bars indicate
registrations based on the supervisor logging, and hatched
bars denote damage points that were marked as essential in

Table 1. Overview of reference damages for all sections.

Damage point Section damage Reference classification

ID Description ID Description Parameter Severity Remarks

Section 1 1_1 Large burrow 1 1_B Burrowing Burrowing large Bad
1_2 Small burrow 1 1_B Burrowing Burrowing small Bad
1_3 Weeds 1_A Grass cover Weeds Reasonable
1_4 Cover & bare spots 1_A Grass cover Bare spots/Coverage Mediocre
1_5 Slope deformation 1_C Deformation Slope deformation Bad
1_6 Small burrow 2 1_B Burrowing – – Not in pre-assessment
1_7 Small burrow 3 1_B Burrowing – – Not in pre-assessment

Section 2 2_1 Burrow 1 2_A Burrowing Burrowing large Bad
2_2 Burrow 2 2_A Burrowing Burrowing large Bad
2_3 Crack 2_B Grass cover Cracks Mediocre
2_4 Burrow 4 2_A Burrowing Burrowing large Bad
2_5 Weeds 2_B Grass cover Weeds Reasonable
2_6 Burrow 5 2_A Burrowing Burrowing large – Developed during field test
2_7 Burrow 6 2_A Burrowing Burrowing large Bad
2_8 Other burrows 2_A Burrowing Burrowing large Bad Not in pre-assessment

Section 3 3_1 Bare spots 3_A Grass cover Bare spots Bad
3_2 Washed out joint fill 3_B Loss of clamping force Joint fill washout –
3_3 Tree trunks 3_C Woody vegetation Woody vegetation Bad
3_4 Displaced block 3_B Loss of clamping force – – Not in pre-assessment
3_5 Loose block 1 3_D Loose or missing blocks Loose blocks Bad Not in pre-assessment
3_6 Loose block 2 3_D Loose or missing blocks Loose blocks Bad Not in pre-assessment
3_7 Missing block 3_D Loose or missing blocks Holes Bad
3_8 Loose block 3 3_D Loose or missing blocks Loose blocks Bad Not in pre-assessment
3_9 Loose block 4 3_D Loose or missing blocks Loose blocks Bad
3_10 Small burrow 3_A Grass cover – – Not in pre-assessment

Section 4 4_1 Woody vegetation 1 4_A Rough and woody vegetation Woody vegetation Bad
4_2 Woody vegetation 2 4_A Rough and woody vegetation Rough vegetation Bad
4_3 Transition 1 4_B Transition with structure – –
4_4 Transition 2 4_B Transition with structure – –
4_5 Lawn grid deformed 4_C Grass cover – –
4_6 Tree growth 4_A Rough and woody vegetation Woody vegetation Reasonable
4_7 Rough slope 4_A Rough and woody vegetation Woody vegetation Bad
4_8 Small burrow 4_C Grass cover Burrowing small Bad
4_9 Weeds 4_C Grass cover – – Not in pre-assessment

Notes. Descriptions of damages marked as non-essential are displayed in italics. Both damage points and corresponding section damages are given, as well as
reference classification. Not in all cases a reference classification is given as this could not be determined because damage points were not in the pre-assess-
ment or the classification was ambiguous.
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the reference. Overall, the PoD varies significantly, ranging
from 0 to almost 0.9 per damage point. Most of the registra-
tions added based on the logging concern smaller issues,
such as small burrowing and the quality of the grass cover.
Also note that there is no clear difference in the PoD for
essential and non-essential damages, except for section 4
where the two essential damage points were registered by
the majority of the inspectors.

The PoD is lowest for issues with the block revetment at
section 3. Here the loose and missing blocks have been
sparsely or not detected during the test. There are several
explanations for this: first of all, the high water conditions
hampered inspectors (which was also indicated in the ques-
tionnaires). Secondly, it should be noted that only damage
point 3_9 (Loose block 4) was detected during the pre-
assessment, when conditions were much more favourable. A
second explanation is therefore that inspecting block revet-
ments is generally more difficult as it is harder to see and
process all the details. This especially holds for blocks that
are loose, but still in their place. This could also explain
why the missing block was detected more often, even
though its proximity to some of the loose blocks.

At sections 1 and 2, there were multiple burrows for which
the PoD varies significantly. The question is whether the
main reason is failure to detect, as inspectors indicated that
in many cases they do not register all the burrows at a sec-
tion. This reduces the work load during inspection, and com-
mon maintenance works to deal with it will be done at a
section level anyway, so all burrows will be repaired together.

From that perspective, it is more relevant to look at bur-
rowing as a section damage. Figure 6 shows the PoD for all
section damages. By definition these are higher than for
individual points (see Equation (3)). It can be seen that at
section 2 most inspectors (PoD ¼ 0.86) registered at least
1 burrow.

Nearly half of the inspection rounds was done by a single
inspector instead of a pair. For most damage points and sec-
tion damages this caused no major differences in the

estimated PoD, except for section damages 3_B (loss of
clamping force) and 3_D (Loose or missing block), and the
corresponding damage points. For these damages individual
inspectors scored much lower: for 3_B the PoD for a pair
and individual were found to be 0.86 versus 0.14, for 3_D
the PoD was 0.71 versus 0.29. Figures for all damage points
and section damages for individual/pairs of inspectors can
be found in Appendix C.

An important aspect in the context of risk-based inspec-
tion is not only the average PoD, but also the variation
among different inspectors. Figure 7 shows the variation
among inspectors for both damage points and section dam-
ages, and subsets of the essential damages. For damage
points, the PoD ranges between approximately 0.25 and
0.55, with a bit more variation for the essential damages.
Note that this is strongly influenced by the low detection
percentages of the various loose blocks at section 3. The
PoD for section damages ranges between 0.5 and 0.9. The
variation is similar to that of damage points, but the average
is significantly higher.

4.2. Consistency of classification of flood
defence defects

Based on the database of inspection registrations it can be
determined how consistently damages were classified in the
database. Consistency is here defined as the agreement
between inspection reports of different inspectors. This is
determined both by whether the damage was detected, and
what parameter and severity they assigned. Theoretically,
each damage point should have 1 correct parameter,
although in some cases multiple parameters of the Digigids
might be applicable. For instance, in many places overgrown
vegetation consists of both weeds, woody vegetation and
generally rough vegetation. Henceforth, when looking at
consistency between parameters it is not analysed how
many inspectors chose the ‘correct’ parameter, but rather at
how many different parameters were used for the same
damage point. To that end, a consistency index is defined:

C ¼ ðN=NparÞ
N

, (4)

where N is the number of records in the database, and Npar

denotes the number of unique parameters (e.g. weeds, small
burrowing, large burrowing) in the damage registrations by
inspectors. Higher values for C mean that inspectors were
more consistent in their parameter choice.

Figure 8 shows the consistency index for all damage
points with N> 3. Damage point 1_4 was not included as
this encompasses 2 damage parameters (bare spots and
cover). It is found that especially for the damage to the tran-
sition (4_3 and 4_4) the registrations are very inconsistent:
4_3 was registered 11 times with 7 different parameters, 4_4
5 times with 3 different parameters. This indicates that there
is no clear parameter to define damage to a transition. Note
that in this case many of the parameters used by the inspec-
tors are actually visible, as is shown in Figure 9. Here it can
be clearly seen that there is rough vegetation, weeds, a bare

Figure 4. Results for dike section 4 obtained from the Survey123 database.
Dots are registrations during the test, crosses indicate registrations during the
pre-assessment.
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spot, and possibly also burrowing. All these parameters were
used by different inspectors and are at least partially repre-
sentative for the situation.

For burrowing the consistency is 0.5 in many cases, as
inspectors used both small and large burrowing as parame-
ters. This indicates that distinguishing these in practice is
difficult. Other cases with low consistency (e.g. 2_3, 3_1 and

4_7) are also typically damage points where multiple dam-
age types are present. In practice asset managers always use
the photographs to review the actual situation (or do a field
visit) before deciding what maintenance is to be done. This
procedure likely ensures that, even though the parameters
might be inconsistent or incorrect, at least the correct main-
tenance action is taken.

Figure 5. Probability of Detection for all damage points per section. Hatched bars denote damage points that were categorised as essential damages. Green indi-
cates registrations in Survey123, whereas grey includes registrations added based on the supervisor logging. Note that Burrow 5 at section 2 was only present in
the last field test session and was therefore only observable during 5 inspection rounds.
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However, it has to be noted that the reported severity
does play an important role in an asset managers decision
to review a registered damage, as they mainly focus on

reviewing with severity ‘bad’. Figure 10 shows the fraction
of records that was categorised in the different severity cate-
gories, including the fraction of inspections where a damage
was not registered. The latter consists of damage points
where inspectors failed to detect a damage, or where they
found it not severe enough to register. For damage points
with severity ‘bad’, more than half of the inspectors that
registered such a damage classified it as less severe. For
damage points with reference mediocre or reasonable, there
is also a large variation in reported severity. It should be
noted that this figure is based on the entire database,
including points added based on the supervisor logging. If
the same figure is made just for the points registered in
Survey123, the fraction classified as ‘good’ is 0 in most
cases, which emphasises that the grey bars contain many
detected damage points classified as good.

4.3. Influential variables for flood defence
inspection accuracy

As was mentioned in Section 3, the overall number of sam-
ples in this test limits the extent to which conclusions can
be drawn with regard to influential variables. However, a
Bayesian Parameter Estimation can give some directions for
future research. In general there are two main types of vari-
ables: categorical variables that are split into 2 to 4 catego-
ries, and numerical variables that are either numerical
variables (such as age) or answers given on a 1 to 5 scale.
The majority of the analysed variables are based on the
questionnaires in Table A1. All variables are listed in Table
A2, including the origin of the data (question or other data)
and whether these have been included in the analysis or
not. The influence of variables on inspection performance
was estimated using Bayesian Parameter Estimation as
described in Section 3.4.

Figure 11 displays the Highest Density Intervals (HDI)
for all numerical variables (green), and all categorical varia-
bles (orange) where each group consists of 5 or more partic-
ipants. The HDI indicates that 95% of the probability
density of the posterior distribution falls within this range
(grey bar). For numerical variables the HDI for the slope of
the regression line is shown. A negative slope means that
higher values for the numerical variable relate to less
detected damage points. To compare variables with different
ranges all values have been rescaled to a 1 to 5 scale based
on the minimal and maximal values in the dataset. For cat-
egorical variables the HDI for the effect size is given. If the
value is positive it means that the listed category performs
better. E.g. inspectors who are also asset manager perform
slightly better than those who are not. If the HDI is (almost)
entirely negative or positive, this indicates that a variable
has effect on inspection performance (number of damage
points detected). Additionally the coloured lines (orange for
categorical, green for numerical variables) indicate the mean
and interval l6r:

The variables are grouped in 3 categories. Experience &
training variables are often related: in practice asset manag-
ers are involved in maintenance planning and execution,

Figure 6. Probability of Detection for all section damages (numbers at horizon-
tal axis denote the section). Hatched bars denote section damages that were
categorised as essential. Green indicates registrations by inspectors in
Survey123, whereas grey includes registrations added based on the super-
visor logging.

Figure 7. Probability of Detection (PoD) for individual inspectors. Grey shaded
areas provide a density estimate capped at the highest and lowest PoD
encountered in the test. Coloured dots provide results for individual inspectors
for (essential) section damages and damage points.
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and both daily and emergency inspection. All these variables
are found to relate to a somewhat better inspection per-
formance, although in none of the cases the HDI is entirely
positive or negative. Logically, more experience in years also
relates to better performance. For personal characteristics no
clear relations are found. For the test circumstances and
approach, it is found that the (negative) effect of inspecting
solo at section 3 is relatively large.

5. Discussion

This paper presents a field test where the accuracy and con-
sistency of visual flood defence inspections is investigated.
The goal of this field test is to answer three main questions.

The first main question concerns the Probability of
Detection (PoD) of flood defence inspections. The field test
shows that there is a large variation in the PoD, both

between inspectors as well as between different (types of)
damage points. The variation between inspectors cannot be
explained by the parameters elicited in the various question-
naires, and is likely due to the nature of visual inspection
(of flood defences) itself, and the general method used in
the field test. This is in line with findings from literature
(e.g. Dirksen et al., 2013; Graybeal et al., 2002), where also
large variations between inspectors and damage points was
found. It should be noted that damage points with severity
‘good’ were not registered: therefore some of the non-detec-
tions might have been detected but classified too leniently.
However, most of the cases where this was observed con-
cerned minor damages, and there is a general agreement
among inspectors that essential damages (e.g. loose blocks
and slope deformations) should be registered.

Figure 8. Consistency index of different damage points with more than 3 registrations in the database. Colours indicate the reference classification parameter (see
Table 1) except for ‘Transition’ where no reference parameter could be determined, and burrowing where small and large burrows are combined.

Figure 9. Example of the presence of multiple damage parameters at a single
damage point (4_3). At least bare spots, weeds and rough vegetation could be
applicable here, while the cause of the bare spot (just right of the reference
marker) could be burrowing.

Figure 10. Fraction of records in the Survey123 database for different severity
classifications compared to the reference. N denotes the number of possible
registrations for each category.
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The results clearly indicate that the block revetment at
section 3 was more difficult to inspect. Although circum-
stances during the field test were difficult due to the high
water levels, the fact that multiple damage points were also
not detected in the pre-assessment emphasises the difficulty
of detecting flaws in block revetments. For other types of
damage points, such as animal burrows, the PoD varies sig-
nificantly per damage point. In some cases this is due to the
method of registration: for instance at section 2, there is a
large number of burrows and it is time-consuming for

inspectors to register all individual burrows. Inspectors indi-
cated that they often register only 1 or 2 burrows, as the
commonly applied maintenance method will ensure that all
burrows over a longer section are repaired. This might
explain the variance between the PoD for different burrows
at this section. It should be noted that in this particular case
a more consistent method of registering damage would be
to assess the number of burrows at a section level, rather
than at individual points. To improve consistency it is
therefore recommended to align the spatial level (section or
point) of the damage registration with that of the commonly
applied maintenance measure.

The second goal of this field test was to investigate the
consistency of damage registrations. Here it is found that
the parameter registrations for damage are generally quite
consistent except for transitions, where a parameter is lack-
ing, and for animal burrowing where the distinction
between small and large burrowing is hard to make in prac-
tice. As it is found from overflow tests (Aguilar-L�opez,
Warmink, Bomers, Schielen, & Hulscher, 2018; Steendam,
Van Hoven, Van der Meer, & Hoffmans, 2014) that transi-
tions between structures are often places where erosion ini-
tiates, a specific parameter for transitions between
revetment types and/or structures will be a valuable addition
for risk-based inspections. In line with the aforementioned
variation in PoD for animal burrowing, it is questionable
whether distinguishing burrows with two parameters adds
any value.

In general the number of parameters in the applied
inspection guidelines is large, while literature shows that
inspections with less parameters are generally more reliable
(see e.g. Dalton & Drury, 2004; Dirksen et al., 2013; Gallwey
& Drury, 1986; van der Steen et al., 2014). Given the con-
siderable overlap between parameters, a valuable improve-
ment towards improving both accuracy and consistency of
inspections would be to reduce the number of parameters in
the inspection guidelines. However, it has to be noted that,
as asset managers typically check the severe damage points
themselves, in many cases a suboptimal parameter choice
will not have a major impact on maintenance. Asset manag-
ers do however consider the reported severity in prioritising
damage points for maintenance. In that sense, the inconsist-
ency in severity encountered in the field test is more worri-
some: for damage points with reference severity ’bad’, only
18% of inspectors registers such a point as ’bad’, while
approximately 22% registers such points as mediocre or rea-
sonable, and 60% of the inspectors fails to register the point
at all (either due to underestimating the severity, or failure
to detect the damage point at all). Practically such inconsis-
tencies lead to inadequate maintenance.

The third goal of this field test is to identify potentially
important factors for higher or lower inspection accuracy.
Due to the relatively limited sample size (22 inspectors)
drawing any major conclusions on this is not possible.
Using Bayesian Parameter Estimation (BPE) some parame-
ters were identified that might have influence on inspection
performance. In general, most of the factors that relate to
the work of flood defence asset managers relate to higher

Figure 11. Results of Bayesian Parameter Estimation for categorical (orange)
and numerical (green) variables. For categorical variables the effect size is
given, for numerical variables the estimated slope of the linear regression.
Diamonds and circles indicate mean values, coloured lines indicate the interval
l6r: Grey lines indicate the 95% Highest Density Interval. Note that the slope
has been rescaled to the interval 1–5 to make numerical variables with different
ranges comparable.
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inspection performance. A possible explanation is that such
inspectors have more practical experience with inspection
and maintenance as a whole, which enables them to better
assess different types of damage points and their potential
consequences. Another major finding from the BPE is that
there was a significant difference between inspectors who
inspected section 3 as a pair, versus those who had to do it
alone. Initially all inspection rounds were planned to be
done by pairs of inspectors, but as some inspectors were not
present during the field test it was decided to maximise the
number of inspection rounds for each section, rather than
reschedule such that there would only be pair inspections
(but less inspections overall). For future tests it would be
better to have all inspections done by the same number of
inspectors to ensure consistency of the data. Additionally,
from literature it is found that vigilance and tiredness can
also be factors that influence inspection accuracy and con-
sistency. Due to the relatively short inspection times, these
factors could not be investigated in this experiment, but
might be relevant for future tests.

6. Conclusions

In the field test described in this paper 4 dike sections of
200 metres have been inspected by 22 inspectors in order to
estimate the accuracy and consistency of visual flood
defence inspections. Approximately half of the inspections
was done by a single inspector, the other half by a pair of
inspectors. The inspected sections are different, but repre-
sentative for the variety of flood defences encountered in
practice. Three of the sections inspected consist of grass
revetments, 1 of the sections contains a block revetment.
Each section contains approximately 8 damage points that
should be detected by inspectors.

The Probability of Detection (PoD) differs significantly
for different damage points as well as between inspectors.
For different damage points the PoD in the field test ranges
between 0 and 0.9. The PoD for damage to the block revet-
ment is found to be lower, both because block revetments
are generally more difficult to inspect, and as high water
levels during the test reduced accessibility. For section dam-
ages, which are subsets of similar damage points at the
same dike section (e.g. all burrows at a certain section), the
PoD ranges between 0.3 and 1. There is significant variabil-
ity between inspectors: for damage points the average PoD
of different inspectors ranges between 0.25 and 0.6, while
for section damages it ranges between 0.45 and 1.
Combined with the large variation between different damage
points it can be concluded that defining a single PoD for
flood defence inspections is difficult.

It should be noted that the estimated PoD is a lower
bound, as in some cases inspectors might have detected a
damage but decided not to register a damage point, espe-
cially for smaller and less important damages. The registra-
tions by inspectors have therefore been supplemented by
observations from supervisors during the test. In future tests
it is advised to try and distinguish more clearly between
non-detections and non-registrations. It should however be

noted that the practical implication is the same: a damaged
spot remains unknown to the flood defence asset manager.

The consistency of damage registrations was evaluated
based on the registered damage parameter and severity.
Although there is some inconsistency in damage parameters,
the encountered inconsistency in damage severity is of more
importance for risk-based maintenance. For damage points
with the highest severity (bad), only 18% registered such
damage as bad, while 22% registered it as less severe. 60%
did not register the point at all, either due to not detecting
it, or due to not classifying it as damage. As asset managers
often use the reported severity for maintenance prioritisa-
tion, this can have significant influence on the effectiveness
of risk-based maintenance. Hence, improving the consist-
ency of severity classification should be an important point
of future attention.

A variety of variables that could influence inspection
accuracy has been investigated using Bayesian Parameter
Estimation. Some indication is found that inspectors who
are also asset manager, participate in other types of inspec-
tions, and are involved in maintenance tasks, perform
slightly better. The fact that none of the investigated varia-
bles explains the large variability indicates that variability
originates from other sources. Some likely ones are the
structure of the currently used inspection guidelines, and
general variability among different dike sections. Based on
literature (Dalton & Drury, 2004; van der Steen et al., 2014,
e.g.), it is likely that simplifying inspection guidelines and
tasks will lead to more consistent and more accurate inspec-
tions. Concrete improvements based on this test are to
reduce the number of (sometimes overlapping) parameters,
introducing a consistent parameter for transitions between
structures and different revetments, and carrying out spe-
cific inspections for damage types with potentially high con-
sequences, such as damage to block revetments or large
animal burrowing. Other types of flood defence inspections
(e.g. after high water) can likely be improved in a similar
way, although their current PoD might be different.

In general terms, the average PoD found from this field
test is in line with the PoD reported in literature on other
types of infrastructure inspections such as sewers and
bridges. Given the stringent reliability requirements for
flood defences in most countries, it is doubtful whether it is
sufficiently high to ensure these requirements are met. This
is something that should be further considered jointly with
knowledge on the influence of damage on flood defence
reliability. Irrespective of the precise influence of damage on
reliability, improving inspection accuracy and consistency
leads to better maintenance planning, and is thus likely an
effective means to decrease overall flood risk.
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