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A B S T R A C T

This study focuses on measuring the influence of critical Human and Organizational Factors (HOFs) on human
error occurrence in structural design and construction tasks within the context of the Dutch construction
industry. The primary research question addressed in this paper concerns the extent of HOFs’ contribution to
human error occurrence. To answer this question, the Classical Model for Structured Expert Judgement (SEJ)
is employed, enabling experts to provide their judgments on task Human Error Probability (HEP) influenced
by different HOFs, which are subsequently aggregated mathematically. SEJ is chosen as a suitable approach
due to the limited availability of applicable data in the construction sector. As a result, the impacts of HOFs
are quantified as multipliers, representing the ratio between the observed or evaluated task HEP and its
baseline value. These multipliers are then compared with corresponding multipliers from existing Human
Reliability Analysis methods and studies. The findings reveal that fitness-for-duty, organizational characteristics
and fragmentation exhibit the most pronounced negative effects, whereas complexity, attitude and fitness-for-duty
demonstrate the most significant positive impacts on task performance. These results offer valuable insights
that can be applied to enhance structural safety assurance practices.
1. Introduction

While structural safety has long been viewed and treated with great
importance, it remains a fundamental and critical issue in the construc-
tion industry. This is attributed to the often severe consequences in
the economic, environmental, and life losses given the occurrence of a
structural collapse, even though the possibility of such an event is low.
In this regard, continuous research has been performed to assist and
guide the engineering practice in the construction industry to prevent
structural failures and enhance structural safety. It is acknowledged
by numerous studies that the leading cause for structural failures is
unintended human error [1–4], rather than technical problems. Fur-
thermore, researchers have pointed out that human errors occurred
in the structural design and construction process are most critical and
have thus contributed to the largest number of structural defects and
failures [1,5,6]. Therefore, it is pivotal to gain a better understanding
of how human errors in these two phases come to be so that effective
quality assurance measures and safety barriers can be strategically
placed to prevent and reduce the occurrence of these errors.

∗ Correspondence to: PO Box 5015, 2600 GA, Delft, The Netherlands.
E-mail address: x.ren@tudelft.nl (X. Ren).

As the understanding of human error grows, a new system approach
towards human error has been brought to light [7–9]. In this new
view, human error is no longer considered the cause of the system
failure; instead, as a symptom of improper system design, organization,
or other troublesome issues embedded inside the system. Considering
this, the system should be designed in such a way that human errors
do not propagate. Moreover, the system approach views humans as
an inseparable part of the socio-technical system. Given that, human
error is the outcome that arises from the coherent system environment
created by local factors like tools and workplace environment, as well
as upstream factors such as organizational structure and task design.
This system environment contains latent conditions that can turn into
error-provoking conditions at a specific time and space, which will
result in errors [7]. For example, inappropriate project planning may
cause time stress and consequently trigger people to make errors when
there is no sufficient time to finish the task with the requirements being
fully met.

As pointed out by Elms [10], in order to handle the current struc-
tural safety issues, it is important to be aware of the factors that
vailable online 24 January 2024
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lead to increased error proneness. Besides, a pioneering insight of ‘‘a
fundamental change in viewpoint from a narrower technical focus to
a broader systemic approach is in need’’ was concluded. The system
context and the underlying factors, which include the human perfor-
mance related factors such as physical and mental capabilities and
limitations of the personnel at the job, and organization related factors
that concern the organizational process and management strategies,
which can shape the performance of people at work and potentially
lead to the occurrence of human errors and system failures, are defined
as the Human and Organizational Factors (HOFs). HOFs are the latent
conditions in the building project system that play an important role
in structural safety [11]. Unlike other safety-critical industries such
as nuclear [12,13], maritime [14], and chemical processing [15,16],
which have well adopted the system human error perspective and re-
searched the error-provoking HOFs, the construction industry remains
underdeveloped in this regard. As has been suggested by Melchers [17],
human error and human intervention have not been studied extensively
in the structural reliability theory within the structural safety field.

The approach that has been widely applied in safety-critical in-
dustries for human performance assessment in complex systems or
processes is Human Reliability Analysis (HRA). It is a set of meth-
ods to evaluate human contributions to system reliability and risk
by identifying potential human errors, estimating the likelihood of
error occurrence, and assessing system degradation as a consequence
of human errors [18]. Embodying a combination of qualitative and
quantitative methods, HRA aims to provide a better understanding of
the latent conditions and context behind errors. This way, designated
proactive strategies can be developed to mitigate errors. Additionally,
safety barriers can be placed at the root cause to prevent accidents
and failures. As a result, the reliability performance of the systems is
enhanced.

An important component of HRA methods is the Performance Shap-
ing Factors (PSFs), which represent the system’s personal, situational,
and environmental characteristics that can affect human performance
in a positive or negative manner [19]. HRA methods qualitatively or
quantitatively consider the contribution of PSFs to the human error
potential and human influence on the system. In a quantitative HRA,
PSFs are quantified to measure their impacts on human performance
in tasks to provide Human Error Probability (HEP) estimation. HOFs
and PSFs are similar constructs given that they both depict the task
context for human performance. Thus in this study, they are treated
exchangeably. Several existing studies have identified HOFs that influ-
ence structural safety in the construction industry, such as [4,20–22].
However, how likely a human error is to occur under the influence of
HOFs remains absent knowledge. Therefore, a closer investigation into
the effects of HOFs on the task’s HEP, and furthermore on the safety of
the constructed structures, is in demand for the construction industry.

Thus, this study aims to contribute to quantitatively measuring the
impacts of the identified HOFs using collected expert data employ-
ing the Classical Model (CM) for Structured Expert Judgment (SEJ).
CM [23] is a mathematical model that validates and aggregates indi-
vidual uncertainty assessments. The research question to be answered
by the current study is:

How much do HOFs contribute to the human error occurrence in struc-
tural design and construction tasks?

This is the second step towards the development of an HRA method
that provides human performance assessment for structural safety in
the construction industry. Following its development, this HRA method
could be integrated into structural reliability analysis to provide a more
comprehensive failure risk assessment by accounting for the human and
organizational contributions in the structural design and construction
activities to the reliability of the constructed structures. It will take the
largely neglected ‘‘soft’’ personnel and managerial component’s influ-
ence on structural reliability into account when addressing the current
human error issue challenge within structural safety from a broader
2

socio-technical systems perspective. As a first step, HOFs recognized
to influence structural safety by existing studies are reviewed [24].
Subsequently, 14 HOFs from the review results have been identified as
critical for the Dutch construction industry [25]. These critical HOFs
(as shown in Fig. 2) will be adopted in this study.

In the following part of this paper, Section 2 elaborates on how
the impacts of HOFs are quantified by applying the SEJ method.
Consequently, the expert judgement elicitation results are presented in
Section 3. Furthermore, the quantified impacts of HOFs are calculated
and shown in Section 4. In addition, the quantification results are
compared with corresponding PSFs from existing HRA methods, as
shown in Section 5. Section 6 justifies the validity of using expert
judgement data and SEJ for the purpose of this study, and discusses
the choices made for the study design. In the end, Section 7 concludes
this study.

2. Methodology

2.1. Measuring the impacts of HOFs on HEP

In a quantitative HRA method, the influence of a PSF on the HEP of
a given task is manifested by the degree of alteration in the HEP value
resulting from the presence of the PSF, in comparison to the HEP value
observed in the absence of the PSF, while keeping all the other task-
related variables constant. In the context of a given task, a PSF can exert
a detrimental influence on human performance, leading to an elevation
in the associated HEP. Such a negative impact can be observed when
taking the PSF of experience and training accounted in the Standardized
Plant Analysis Risk-Human Reliability Analysis (SPAR-H) method as an
illustrative example. If the personnel at the job possess a lower than
required experience and training level, this can raise the likelihood of
erroneous actions to as high as 10 times [26]. However, it is noteworthy
that a PSF may also elicit a positive effect on the HEP. For example,
in the SPAR-H method, highly experienced and intensively trained
personnel tend to lower the probability of erroneous performance by
a factor of two [27].

The HEP is the probability that an error will occur in a given
task [18]. It is calculated as the proportion of the number of times an
error has occurred in the total number of opportunities for an error
to occur [28]. Another important concept in the HRA method is the
Nominal Human Error Probability (NHEP), which is the probability
that human error will occur without the influence of PSFs [18]. It
is the baseline probability of human error occurrence in a task and
the benchmark for evaluating the potential impact of PSFs on human
performance. Thus in this study, the negative or positive effect of a HOF
is quantified as a multiplier that increases or decreases the HEP value
of a given task based on its baseline NHEP.

Yet such task HEP and NHEP data are scarce [29,30]. There are
a few human error databases available in safety-critical industries [31,
32], especially in the nuclear industry [33–37]. However, such data are
missing in the construction industry. Four data sources for evaluating
the impacts of HOFs were discussed by Bea [38]. It was pointed out that
expert judgment is an important quantitative information source. Be-
sides, Bea [38] argued for expert judgement data having the ‘‘primary
and rightful place in making quantitative evaluations’’, particularly
when considering the deficiency of available data when evaluating a
specific situation. Therefore, expert judgement data are collected using
SEJ to quantitatively measure the impacts of HOFs on task HEP in
the Dutch construction industry. In this study, the Absolute Probability
Judgement (APJ) is performed to acquire a direct estimation of the HEP
value of a given task under the influence of each individual HOF under

consideration.
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2.2. The classical model for structured expert judgement

Developed by Prof. Cooke [23,39], the Classical Model or Cooke’s
method for SEJ is a well-known method for aggregating professional
judgement from multiple experts for uncertain quantity assessment
in situations where objective data are unavailable or incomplete. CM
provides a mathematically rigorous, performance-based approach for
eliciting and combining subjective uncertainty judgements to reach
rational consensus under empirical control. As a sensible and practical
method to pool expert knowledge to inform decision-making, CM has
experienced broad applications in various fields such as risk assess-
ment [40] for infrastructures [41] and medical device design [42]; en-
vironmental science and climate change [43–45]; policy analysis [46];
and more recently, COVID-19 studies [47].

In CM, instead of describing the entire distribution by specifying pa-
rameters, experts are expected to estimate several percentiles (e.g., the
5th, 50th and 95th percentile) of the probability distribution for the
variable under elicitation. Thus a minimal non-parametric distribution
can be derived from their assessments [48]. For empirical validation,
two types of questions are elicited: one is the Calibration question, or
Seed question, whose true value is known, or will be known post hoc
to the SEJ facilitator, but not known to the experts at the time of
elicitation; the Target question queries the uncertainty quantification of
the target variable. Experts’ uncertainty assessments are evaluated by
two metrics namely statistical accuracy and informativeness. Statistical
accuracy indicates how well the true values are captured by experts’
uncertainty assessments. Informativeness intuitively denotes how un-
certain experts’ assessments are. In the CM, the statistical accuracy is
measured by the calibration score that is calculated by comparing the
empirical to the theoretical probability vector of the true values rela-
tive to experts’ percentile assessments, using the Kullback–Leibler (KL)
divergence measure. The informativeness is assessed by an information
score computed from the expert’s percentile assessments relative to a
uniform background measure, using the KL divergence measure. The
product of these two scores results in a combined score, that, in turn,
leads to normalized weights used to aggregate experts’ distributions.
The ideal expert is both statistically accurate and informative, which
leads to a high combined score and normalized weight. It is worth
noting that in the CM, the weight is dominated by the calibration score
due to the fact that its variation across experts is more significant than
that of the information score. Therefore, the input from a statistically
highly accurate expert will heavily influence the aggregated result.

The outcome of the CM is a weighted average across the elicited
probability distribution of the target variable from all contributing
experts, called the Decision Maker (DM). Based on the way the expert
judgements are aggregated (performance-based or equal-weighted),
there are three main types of DM, namely the Global Weight DM (GL),
the Item Weight DM (IT), and the Equal Weight DM (EQ). While the GL
averages the expert’s information scores of all calibration questions, the
IT allows for different weights for different questions for one expert
based on the information score of each individual question. The EQ
equally involves every expert’s contribution to the result. Moreover,
there exists an optimized DM for GL and IT, termed GLopt and ITopt,
which possesses the highest combined score among GL and IT at any
possible significance level (𝛼). The significance level is a cut-off thresh-
old to exclude experts whose calibration scores are smaller than the
value of 𝛼. In CM, the significance level is often set as 0.05 (i.e., GL0.05
and IT0.05), which coincides with the classical hypothesis testing 𝑝-
value. For a comprehensive introduction to the CM, the readers are
referred to [39,48,49].

There are two existing data analysis tools for the CM. The earlier
software is Excalibur, which was developed by the Delft University
of Technology in the 1990s [48]. The latest developed tool is An-
duryl [50], an open-access Python application for data processing for
the CM. In this study, the data analysis is performed using the updated
3

Anduryl version 1.2.1 [51].
2.3. Designing and performing the SEJ

The SEJ was performed by inquiring experts in the Dutch construc-
tion industry for the estimated HEP of given tasks. Prior to carrying out
SEJ, the human research ethics of this study have been reviewed and
approved by the Human Research Ethics Committee (HREC) at the Delft
University of Technology. Afterwards, official invitation letters were
issued out to 24 experts and 15 responded positively to participation
in this study. The questionnaire and the SEJ procedure were tested by
two dry runs with two experts. The response from one expert contained
wrong data and therefore was discarded. Correct data were filled in
and accepted from the other dry run. In the end, the expert judgement
data from 14 experts were adopted in the CM analysis. Background
information of the 14 responding experts is shown in Fig. 1.

The SEJ was performed individually for each expert. There was
no exchange among the experts. Due to the COVID-19 restrictions at
the time of this study, all expert elicitation sessions were carried out
via scheduled online meetings. Each SEJ session lasted for 1.5 hours,
of which the first half an hour provided a project introduction and
some background knowledge, as well as showed example questions
with answers as training for experts. The SEJ was assisted with a
designed online questionnaire for expert uncertainty elicitation. The
questionnaire consisted of two sections. The first section contained
10 calibration questions whose answers are known to the researcher
of this study from the literature, but not known to the experts. The
second section presented the nine target questions that each query the
impacts of one factor. An overview of these questions is presented in
Table A.3 in the Appendix. The experts could not differentiate between
calibration questions and target questions. In this way, the confidence
level of an expert is expected to be maintained relatively consistently
when providing judgments.

The 14 experts were separated evenly into two panels, with a similar
distribution of expert backgrounds in each panel. Experts estimated the
5𝑡ℎ, 95𝑡ℎ, and 50𝑡ℎ percentile of the HEP value of a specified task under
the negative or positive influence of a given factor in this order. The
target HOFs were distributed to the two panels, with four overlapping
factors judged by both panels, as illustrated in Fig. 2. As a result, the
number of questions answered by each expert was reduced from 24 to
19, which greatly eased the mental demand for the experts during the
elicitation. In addition, the systematic difference in judgement between
the two expert panels can be investigated through the four commonly
elicited HOFs. Furthermore, this innovative design enables insights into
the robustness of the overall method, which can be observed from the
combined scores in Figs. A.9–A.11. Despite the variability in individual
expert performance, as captured by the combined score, the DMs’
performance remained stable throughout the two panels and for the
commonly elicited HOFs.

3. SEJ results

The results of the SEJ study are presented in this section. The
performance of experts’ assessments is first shown in Section 3.1.
Subsequently, the negative or positive impacts of HOFs on the HEP of a
given task are elicited through the target questions and the results are
presented and discussed in Section 3.2.

3.1. Expert performance revealed by the calibration questions

3.1.1. Experts’ and DMs’ performance scores
In this study, seven types of DMs have been synthesized based

on performance-based weight and equal weight, namely: the GL, the
optimized GL (GLopt), the GL with a significance level of 0.05 (GL0.05);
the IT, the optimized IT (ITopt), the IT with a significance level of
0.05 (IT0.05); and the EQ. The calibration score, information score,
combined score, and normalized weight for each expert under the

different DMs are calculated for the Panel 1 experts, the Panel 2
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Fig. 1. Background information of the 14 experts.
experts, and all experts of both panels (Panel 1&2). These results are
listed in Fig. A.9, Fig. A.10, and Fig. A.11 respectively in Appendix.
It can be observed that while the calibration scores vary considerably
across experts, the discrepancy in information scores among experts
is limited to the same order of magnitude. Therefore, the synthesized
DM is dominated by input from the expert with a high calibration
score. In this case, since Expert 3 from Panel 1 (EXP1-3) holds the
highest calibration score among all experts, the knowledge contributed
by EXP1-3 greatly constitutes the DMs of Panel 1 and Panel 1&2.
Similarly, the DMs of Panel 2 mainly comprise inputs from EXP2-2
and EXP2-7. Moreover, two types of information scores are calculated
to monitor the expert’s confidence level variation. One is computed
based on the informativeness of the answers provided to the calibration
questions, referred to as Information score-realization; the other type is
calculated based on the answers to all questions, called Information
score-total. Since the experts do not know whether they are responding
to the calibration questions or the target questions, the difference
between these two information scores is expected to be slim. Except
for expert 2 from Panel 2 (EXP2-2), the values of these two types
of information scores are similar, indicating a consistent confidence
level of most experts in judging both the calibration variables and the
target variables. EXP2-2 exhibits the lowest certainty in answers to
the calibration questions, but a noticeably higher confidence level in
providing judgements to target questions.

In addition, an overview of the calibration score and the information
score of each expert and DM from each panel is shown in Fig. 3. It
is evident that there is significant variation in the uncertainty quan-
tification performance of the experts within each panel, both in terms
of statistical accuracy and informativeness. Meanwhile, the calibration
scores of the DMs exhibit a low level of variance and consistently
surpass the scores of individual experts, with the exception of EXP1-
3, who attains the highest calibration score among all the experts and
non-optimized DMs.

An important observation from these scores is that the ITopt con-
sistently emerges as the best performing DM across all panels. This is
supported mathematically, as the DM with the highest combined score
is considered the optimal DM. Consequently, the optimized weight
DM consistently achieves the highest combined score and is therefore
4

deemed the best DM. Alongside the ITopt, the IT0.05 and IT also exhibit
strong performance according to the scores. Generally, the item weight
DM tends to outperform the global weight DM and equal weight DM.
This can be attributed to the item weight DM’s feature to highlight the
increased informativeness while preserving the same level of statistical
accuracy. Therefore, in the following discourse, the IT, ITopt and IT0.05
will be presented and discussed as the DM for all variables.

3.1.2. Elicited HEP vs. Realization
The ‘‘true value’’, also referred to as the realization of a calibra-

tion question is obtained from the survey studies conducted in the
Australian construction industry between 1982 to 1993 [52–54]. It is
compared with the elicited HEP estimates from this SEJ study for the
same question as an empirical measurement for expert performance.
The HEP results of the three item weight DMs from the three panels for
the 10 calibration questions are depicted in Fig. 4. The results indicated
that except for the ITopt from Panel 1 and Panel 1&2 of questions
Q1-9 and Q1-10, all the other DMs of the three expert panels were
able to capture the realization for every calibration question within
the given 90% confidence interval. Except Q1-4, the medians of the
DMs were found to be relatively close to the realization, indicating the
high accuracy performance of the synthesized DMs. It is noteworthy
that the experts in Panel 1 provided assessments which resulted in
informative and low uncertainty intervals, whereas the experts in Panel
2 showed a lower level of agreement. Overall, when considering both
statistical accuracy and informativeness, the best performance was
observed in Panels 1&2, which includes responses from all 14 experts
to the calibration questions. Furthermore, Fig. A.12 in Appendix shows
the performance of each expert as well as the synthesized DMs in
response to each calibration question.

3.2. HOFs’ influence revealed by the target questions

This subsection presents the outcomes of the target questions that
measure the impact of critical HOFs on human performance. The target
question evaluates the HEP under the influence of a specified factor,
using the NHEP value as a reference point. As an initial estimation,
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Fig. 2. SEJ design: questions and HOFs assigned to experts. (a) illustrates how the calibration questions and target questions are assigned to the expert panels. (b) shows how
the 14 HOFs are distributed to experts for elicitation.
considering the feasibility of this SEJ study, a HOF’s influence on var-
ious tasks in structural design and construction, such as defining load
combinations and placing rebars according to design specifications, is
assumed to be the same. Thus the impacts of each HOF are measured
against a specified checking task whose NHEP is known from [55] as
1.1 × 10−3. In addition, the HOFs are presumed to have both negative
and positive effects on human performance, resulting in an increase
or decrease in the HEP from the baseline NHEP, respectively. For
instance, when poor communication, a lack of necessary information,
or information overload is present in the task, the information flow
factor has a negative impact on task performance. Conversely, when
timely, effective communication and clear, high-quality information are
available, the information flow factor poses a positive impact on task
performance. The specific meaning of the negative or positive impact
of each factor on task performance can be found in the descriptions of
the surveyed target questions (TQ) as listed in Table A.3. The target
question results have been obtained by aggregating expert judgments
based on the CM using item-based weights.

3.2.1. Negative impacts
When a task is performed under the negative impact of a critical

HOF, the probability of human error occurrence increases, compared
to the NHEP. Fig. 5 illustrates the three item weight DMs of the
estimated HEP under the negative effect of the 10 HOFs that were
judged by Panel 1 and Panel 2 experts separately. As can be seen from
5

the median values in Fig. 5, the HOFs that have a stronger negative
impact on task HEP are fitness-for-duty, organizational characteristics, and
fragmentation. In contrast, working conditions and comprehensive abilities
are believed to have the least negative effect on task performance. It
can be seen that except for the ITopt of factor attitude, the results are
consistent among the three DMs in terms of median HEP estimates
and the quantified uncertainty. The aggregated median HEP estimates
of these 10 HOFs are all located within the range from 5 × 10−3 to
3 × 10−2. The noticeably larger HEP for attitude under the ITopt is due
to the inclusion of a single expert’s input (EXP1-3) in the ITopt. In
terms of the confidence intervals, these 10 HOFs vary considerably. In
general, the HOFs assessed by Panel 2 experts exhibit wider ranges
than HOFs assessed by Panel 1, except for the factor attitude which
has the widest uncertainty span under IT and IT0.05. This may be
attributed to that the experts find it challenging to judge people’s
attitudes or to relate an erroneous action to a bad working attitude. On
the other hand, the lowest uncertainty can be observed from the factor
comprehensive abilities, which the experts confidently consider posing a
limited negative impact on task performance. While the 5𝑡ℎ percentiles
of the DMs for these 10 HOFs are comparable, the 95𝑡ℎ percentile HEPs
show greater variance.

The corresponding DMs for the negative effect of the four HOFs
evaluated by all 14 experts are presented in Fig. 6. It appears that
the factor complexity has the highest negative impact among these
four HOFs on task HEP when taking all experts’ judgements into
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Fig. 3. The calibration score and information score of each expert and DM.
Fig. 4. Comparison between the elicited HEP and the realization of the calibration questions. The HEP estimates range from the 5th percentile (bottom) to the 95th percentile
(top), with the median indicated as a red dot. The HEP estimates were sketched using the logarithmic scale.
consideration (DMs of Panel 1&2). Moreover, in the absence of min-
imum acceptable professional competence (95𝑡ℎ percentile), errors are
considered almost certainly will occur. Similar consistent results are no-
ticeable among these four factors: the median HEP estimates for these
HOFs are close to 1 × 10−2, except for the ITopt of factor professional
competence elicited from Panel 1 and Panel 1&2. This high median
HEP is largely contributed by EXP1-3 who holds the highest weight in
these two panels and provided a large HEP estimation for professional
competence. Consequently, there is a noticeable disagreement regarding
the negative effects of professional competence between Panel 1 experts
and Panel 2 experts.
6

3.2.2. Positive impacts
The critical HOFs can also pose a positive impact on the task carrier

to enhance performance, leading to a decreased task HEP from the
NHEP. The positive effects of HOFs have been inquired through this
SEJ study and the results are presented in Figs. 7 and 8 respectively.

In Fig. 7, the median HEP estimates indicate that attitude and fitness-
for-duty can influence the task HEP positively to a large extent, whilst
the aggregated assessments of the five HOFs by Panel 2 indicate a
mildly positive impact on task performance. What is worth mentioning
is the absence in value for the ITopt of factor stress. This is due to the
fact that the ITopt in Panel 1 only includes the input from EXP1-3, who
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Fig. 5. Three DMs for the HEP estimation under the 10 HOFs’ negative effects judged separately by expert Panel 1 and Panel 2. The 90% confidence interval of the IT, ITopt
and IT0.05 are illustrated as vertical lines in log scale and the median value is denoted as a red dot.
Fig. 6. Three DMs for the HEP estimation under the 4 common HOFs’ negative effects judged by both expert panels. The 90% confidence interval of the IT, ITopt and IT0.05 are
aggregated for each expert panel and illustrated in differently colored log scale lines. The median of these DMs is denoted as a red dot.
considers stress to have no positive influence on task performance and
purposely leaves this question out. Additionally, note that while the
DMs of the factor equipment exhibit the largest uncertainty, the HOFs in
Panel 1 show higher uncertainty when compared with the other factors
7

in Panel 2. This indicates that the Panel 2 experts believe that providing
ideal tools and equipment for a given task can potentially lead to
the largest reduction in HEP (to the 5𝑡ℎ percentile) under extreme
conditions. Finally, it is observed from Fig. 7 that there is less variation
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Fig. 7. Three DMs for the HEP estimation under the 10 HOFs’ positive effects judged separately by expert Panel 1 and Panel 2. The DMs of these 10 HOFs are depicted in vertical
log scale lines with the median value marked as a red dot. The intervals denote the 5th and 95th percentiles of DMs’ distribution.
among the DMs’ median HEP estimates for HOFs judged by Panel 2
than that of factors assessed by Panel 1. This results from the experts
in Panel 2 receiving comparable weight allocation across various DMs.

The results for the positive effects of the four commonly elicited
HOFs are demonstrated in Fig. 8. It can be seen from the DMs’ median
HEPs in Fig. 8 that complexity holds the highest positive impact on task
performance, whilst the other three factors exhibit comparable positive
effects. In addition, there appears to be a clear distinction in the median
HEP estimates between the synthesized results from Panel 1 and Panel
2 for each factor. However, these medians all fall within the same order
of magnitude at around 7 × 10−4. Another observation is that the DMs’
median estimates of Panel 1&2 are predominantly influenced by the
inputs from the Panel 2 experts. Moreover, the 90% confidence interval
of DMs from Panel 1 is evidently larger than that of Panel 2, showing
less informativeness.

In general, the positive effects of critical HOFs on task HEP appear
to be less significant compared to their negative effects. While under
HOFs’ negative impacts, the task HEP can rise up to 25 times the
NHEP, it can only reduce to half of the NHEP under the HOFs’ positive
effects. Therefore, the results of this SEJ study suggest that great
efforts are required to tackle the negative impacts of the HOFs on task
performance.

Given the aforementioned findings and discussions, as well as the
performance of different DMs, the outcomes obtained through the IT
are accepted as the results for the CM. Consequently, the Cumula-
tive Distribution Function (CDF) for the experts’ estimates and the
aggregated IT under the negative or positive impact of each HOF are
presented in Figs. A.13–A.15 in the Appendix. These results are further
employed to quantify the impacts of each HOF in the following section.

4. Quantified HOFs for the construction industry

Based on the elicited HEP under the negative and positive effects
of the 14 critical HOFs through APJ in this SEJ study and the NHEP of
the given task, the negative or positive impacts of HOFs on human error
occurrence can be measured via a multiplier quantifying the change in
8

the HEP value relative to the baseline NHEP. Therefore, the multiplier
(denoted as M) for each factor can be obtained from the following
calculation:

𝑀 =
𝐻𝐸𝑃𝑡𝑎𝑠𝑘
𝑁𝐻𝐸𝑃𝑡𝑎𝑠𝑘

(1)

In this SEJ study, all HOFs impacts are measured against the same
checking task, whose NHEP is 1.1 × 10−3 [55]. Thus, the multipliers for
both the negative and the positive effect of each factor, denoted as 𝑀𝑛𝑒𝑔
and 𝑀𝑝𝑜𝑠, can be derived from the synthesized DM (IT). As a result,
the best estimates for 𝑀𝑛𝑒𝑔 and 𝑀𝑝𝑜𝑠, along with their uncertainties
are summarized in Table 1. These multipliers reveal that there are
greater variations in both the best estimates (M median) and the
uncertainty (90% confidence interval) for the 𝑀𝑛𝑒𝑔 than for the 𝑀𝑝𝑜𝑠.
Moreover, it is interesting to note that fitness-for-duty is considered
to have the highest negative effect with very low uncertainty, while
the experts express strong confidence in the limited negative impact of
comprehensive abilities on task performance. Furthermore, it is evident
that complexity has the most substantial positive impact on task HEP,
whereas engineering climate is regarded as providing minimal positive
assistance in diminishing the task HEP.

In this way, the HOFs’ impacts on human error occurrence are
quantified for the construction industry based on the SEJ from Dutch
experts. These multipliers provide essential parametric references for
task HEP estimation considering the different influences of HOFs, which
enables future human reliability assessment for the construction indus-
try.

5. Comparison of the results

The elicited multipliers for HOFs were further compared with multi-
pliers of corresponding PSFs from existing HRA methods and empirical
studies. A total of six widely acknowledged HRA methods [18,56–60]
and six PSFs’ effects and multipliers studies, which are based on record
or simulator data and expert judgment [61–66], have been reviewed.
The multiplier value intervals, ranging from positive effects (𝑀 < 1) to
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Fig. 8. Three DMs for the HEP estimation under the 4 common HOFs’ positive effects judged by both expert panels. The 90% confidence interval of the IT, ITopt and IT0.05 are
aggregated for each expert panel and illustrated in differently colored log scale lines. The median of these DMs is denoted as a red dot.
Table 1
The Multipliers of HOFs according to the item weight decision maker (IT). This table shows the 5𝑡ℎ, 50𝑡ℎ and 95𝑡ℎ percentiles of the negative
effect multiplier’s (𝑀𝑛𝑒𝑔) distribution and the positive effect multiplier’s (𝑀𝑛𝑒𝑔) distribution for each HOF.

HOFs Elicited by 𝑀𝑛𝑒𝑔 𝑀𝑝𝑜𝑠

5th 50th 95th 5th 50th 95th

Professional competence Panel 1&2 1.37 8.29 232.55 0.24 0.83 0.95
Information flow Panel 1&2 1.37 6.05 89.24 0.32 0.84 0.95
Complexity Panel 1&2 1.04 13.55 72.12 0.16 0.41 0.90
Quality control Panel 1&2 1.09 8.59 88.61 0.18 0.77 0.95
Stress Panel 1 1.01 12.05 49.53 0.43 0.74 0.91
Fitness-for-duty Panel 1 2.73 25.92 49.98 0.23 0.56 0.97
Attitude Panel 1 1.27 17.32 161.73 0.10 0.51 0.89
Trust Panel 1 1.09 9.76 24.77 0.24 0.66 0.91
Comprehensive abilities Panel 1 1.48 4.96 12.03 0.20 0.68 0.91
Engineering climate Panel 2 1.05 15.80 135.91 0.51 0.93 0.95
Fragmentation Panel 2 1.38 19.16 56.27 0.47 0.87 0.95
Organizational characteristics Panel 2 1.38 23.50 90.43 0.49 0.87 0.95
Equipment Panel 2 1.38 6.36 89.81 0.03 0.84 0.95
Working conditions Panel 2 1.38 4.65 86.09 0.63 0.82 0.91
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egative effects (𝑀 > 1), are summarized in Table 2. When a reviewed
ethod or study does not consider the positive effects of the PSFs,

he multiplier range begins from the nominal condition (𝑀 = 1). In
ddition, the last column of Table 2 lists the medians of the elicited
ultipliers for critical HOFs in the construction industry, as derived

rom this SEJ study. The range is formed from the median values of
𝑝𝑜𝑠 to that of 𝑀𝑛𝑒𝑔 for each factor from Table 1.
One observation from this review is a lack of agreement among

he multipliers of the PSFs used in the 12 existing HRA methods and
tudies. The main point of difference lies in the 𝑀𝑛𝑒𝑔 of each PSF. As
result, it appears that no consensus has been reached regarding the

mpacts of PSFs in HRA studies. There are several possible explanations
or this variation. One reason is that some of these methods are related
o one another or have evolved from one another. Consequently, the
ultipliers tend to be similar in these related studies. For example,
mproved SPAR-H [62] and Petro-HRA [60] exhibit similar multipli-
rs because they are related to each other. However, most of these
RA methods and studies are independent of each other and thus
9

v

ave varied multipliers for PSFs. Another reason for the difference in
SFs’ multipliers is the distinct industrial background within which
he method was developed. For instance, the multipliers differ largely
etween HEART [56] and Marine-specific EPC [61] due to the different
ndustries for which these PSFs are measured and applied, even though
he Marine-specific EPC was developed based on HEART. In addition,
he same PSF might be interpreted differently [67] or be perceived
ith a distinct level of impact among different industries. Moreover,

he contexts of applicability are different for these methods and studies.
he impacts of the PSFs on human performance are measured against
iverse types of tasks that involve various forms and levels of cognition,
ifferent system conditions (e.g., emergency operations), and distinct
rror modes (error of omission or error of commission) in different
ethods. For example, INTENT [57] was developed for decision-based
EP assessment, whilst most of the other methods and studies target
perational errors in tasks. Finally, the data sources for obtaining
he multipliers are different. While some studies derive the multiplier
alues from actual human performance records or simulator data, such



Reliability Engineering and System Safety 244 (2024) 109959X. Ren et al.

b

a
s
I

b
w
m
t
t
n
t
t
a
i

t
l
r
o
i
r
F
H
f

w
c
p
P
f
m
i

6

6

r
m
g
o
i
a

Table 2
Comparison of the HOFs’ multipliers with PSFs’ multipliers of existing HRA methods and studies.

HOFs HEART Marine- CREAM THERP SPAR-H Improved INTENT Petro- Korean Korean Korean China HOFs for
specific EPC SPAR-H HRA nuclear-I nuclear-II nuclear-III nuclear structural safety

References [56] [61] [58] [18] [59] [62] [57] [60] [63] [64] [65] [66] This study

Professional competence 2–17 2.88–17 0.5–5 1–2 0.5–10 0.1–50a 7–12 0.1–50a 1–2.57 1–45.4 0.5–10 0.83–8.29
Trust 0.66–9.76
Attitude 1.2–1.4 2.56–3 6–9 0.51–17.32
Fitness-for-duty 1.02–1.8 1.64–10.3b 1–5a 1–4 0.56–25.92
Comprehensive abilities 1–6 1–5.29 0.5–5 0.5–50 0.5–50 1–5 0.68–4.96
Information flow 1.2–10 2.64–14.45 0.5–5 5–13 1–12.4 1–5 0.84–6.05
Organizational characteristics 1–1.6 1–1.22 0.8–2 0.87–23.5
Quality control 1.4–5 2.74–12.55 0.5–5 1–50 0.5–50 0.5–50 6–13 0.5–50 0.58–5.53 1–6.3 3–15 1–10 0.77–8.59
Engineering climate 2–2.5 2.15–3.62 0.5–5 1–50 5–23 0.5–50 0.93–15.8
Complexity 1.05–6 2.63–14.45 0.1–5 0.1–5 0.1–50 0.1–50 1–36.7 1.5–10 1–20 0.41–13.55
Stress 1.3–11 1.59–14.01 0.5–5 0.01–10a 0.01–10a 0.1–50a 6–13 0.1–50a 0.34–1.24 1–24 2–7.5 0.5–12 0.74–12.05
Fragmentation 1.03–1.06 3.85–4.14 1–5 1–5 0.87–19.16
Equipment 1.4–1.6 4.35–5.69 0.5–5 1–50 0.5–50 0.5–50a 6–14 0.5–50a 0.39–1 1–10 0.84–6.36
Working conditions 1–1.15 1–9.9 0.8–2 1–10a 1–10a 1–5 0.82–4.65

a The multiplier value is ∞ under extreme condition level (e.g., extremely high negative effect, unfit, inadequate time), leading to the HEP value equal to 1.

The value 0.89 in this range is excluded according to [61].
s the three Korean nuclear studies [63–65], the multipliers from many
tudies are elicited from expert knowledge judgement, such as the
mproved SPAR-H [62] and the Chinese nuclear study [68].

In conclusion, the multiplier assigned to the same PSF tends to vary
etween different HRA methods. The same is true for the present study,
here the multipliers of HOFs differ from those found in the reviewed
ethods and studies. However, certain consistency can be observed in

he multiplier ranges of some HOFs elicited in this study and those of
he existing HRA methods and studies. These similarities are especially
oticeable in factors such as professional competence, comprehensive abili-
ies, quality control, complexity, stress, and equipment. On the other hand,
here are notable differences in the multipliers assigned to the factors of
ttitude, fitness-for-duty, organizational characteristics, and fragmentation
n construction, when compared to the reviewed methods and studies.

The dissimilar multipliers for attitude and organizational characteris-
ics in task HEP estimations may stem from their abstract nature and
ack of concrete reference points, making it difficult for experts to
elate tangible experiences to these two factors. Similarly, the factor
f trust lacks a multiplier reference in the reviewed methods and stud-
es. It seems that the estimated large negative effect of fragmentation
eflects the true belief of the experts from the construction industry.
ragmentation, though not commonly recognized as a PSF in existing
RA methods, is acknowledged as a crucial factor for causing structural

ailures in the construction industry [4]. The observed high 𝑀𝑛𝑒𝑔
in the factor of fitness-for-duty could be attributed to experts’ belief
that physical and mental health significantly impact the occurrence of
errors. Alternatively, experts may have confused the intention of this
factor with the ‘‘suitability for task’’ of personnel, which coincides with
professional competence and has a relatively high negative effect.

The comparison between the multiplier ranges of HOFs in this study
ith those of the reviewed methods and studies shows reasonably

onsistent results on the measured effects of the HOFs on human
erformance in the construction industry with the multipliers of the
SFs from existing HRA methods and studies. As a side result, this
inding provides empirical evidence for the viability of using HRA
ethods or data from a different field for human reliability assessment

n the construction industry.

. Discussion

.1. The validity of expert judgement data as scientific data

The ideal human reliability data should be derived from valid expe-
ience, records, or robust experiments [69]. However, such data are, in
ost cases, not available. The reasons for the difficulty of collecting and

enerating human error data have been detailed in [70]. The scarcity
f relevant data for human reliability quantification for the task of
nterest remains the most significant issue in the human reliability
nalysis field, as pointed out by Swain [71]. This is particularly the
10
case for the construction industry as a result of the lack of attention
and development of HRA in this industry.

The primary source of uncertainty in all HRA methods is the less-
than-adequate data, and it appears to be a challenge that cannot be
readily overcome in the immediate future [72]. Even in situations
where former data are available, it is questionable if and to what extent
such data remain applicable in the context of the specific problem at
hand [38,69,73]. Thus, in many circumstances, the only way to proceed
with human reliability quantification lies in expert judgement, which
is the data source for most, if not all, quantitative HRA methods [69].

Therefore, expert judgement data are used in this study due to
the lack of proper HEP data in the construction industry. A struc-
tured protocol was chosen to elicit, objectively evaluate and aggre-
gate expert data. Within the CM, expert knowledge is treated as
‘‘subjective but scientific’’ [74]. Cooke [23] proposed four principles
(Scrutability/accountability, Empirical control, Neutrality, Fairness) to be
satisfied by a structured elicitation method. The elicited expert judge-
ment data from an SEJ meet all these requirements and thus can be
treated as scientific data [75].

6.2. The concerns and proven benefits of the CM for SEJ

The CM for SEJ is employed to elicit and aggregate expert judge-
ment with uncertainty using performance-based weight in the current
study. The standout features of the CM include empirical control with
calibration variables and performance-based weighting for combining
expert opinions. Certain critiques and concerns have been raised related
to these features of the CM. Regarding the effectiveness of calibration
questions as empirical control, Hanea et al. [76] believed that it is
necessary to assess expert performance in uncertainty quantification
and the quality of their judgements in order to treat expert data as
scientific data. However, critics question the consistency as a property
in expert performance between judging the calibration variables and
the target variables [75]. That is, can the expert’s performance in
answering the target questions be reflected by the performance in
answering the calibration questions? Clemen [77] commented that "the
decision makers should care about a method’s performance on the
seed variables only to the extent that it accurately reflects performance
on the variables of interest". Hanea et al. [76] suggest from their
observations that "prior performance predicts future performance". Fur-
thermore, applying the Random Expert Hypothesis to simulate data from
49 SEJ studies, Cooke et al. [78] validated that the variations in expert
performance reflect the expert’s enduring characteristics rather than
random influences during elicitation. This clears the concern that the
expert’s performance is purely arbitrary and is not a persistent property
that propagates beyond the calibration questions.

Another important discussion concerns whether performance-based
weighting is better than equal weighting in expert judgement aggre-
gation. In fact, the performance-based weighting of the CM is found
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Fig. A.9. Scores and weights for Panel 1 experts.

Fig. A.10. Scores and weights for Panel 2 experts.

Fig. A.11. Scores and weights for all experts.
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Table A.3
SEJ questions.

ID Typea Panel Question

Q1–1 CQ Panel 1&2 When the task of deriving a value from a table is performed 100,000 times, how many times
contain an error of deriving the wrong value?

Q1–2 CQ Panel 1&2 When the task of comparing and ranking numbers is performed 100,000 times, how many times
contain an error of the wrong order?

Q1–3 CQ Panel 1&2 When the task of one-step calculation is performed 100,000 times, how many times contain an
error of incorrect result?

Q1–4 CQ Panel 1&2 When the task of interpreting code into design requirements is performed 100,000 times, how
many times contain an error of wrong interpretation?

Q1–5 CQ Panel 1&2 When the task of placing reinforcing bars is performed 100,000 times, how many times contain
an error resulting in reduced tensile steel area?

Q1–6 CQ Panel 1&2 When the task of placing reinforcing bars is performed 100,000 times, how many times contain
an error resulting in increased tensile steel area?

Q1–7 CQ Panel 1&2 When the task of placing reinforcing bars is performed 100,000 times, how many times contain
an error resulting in decreased effective depth to tensile steel?

Q1–8 CQ Panel 1&2 When the task of placing reinforcing bars is performed 100,000 times, how many times contain
an error resulting in increased effective depth to tensile steel?

Q1–9 CQ Panel 1&2 When the task of preparing (configuring, mixing) concrete mix is performed 100,000 times, how
many times contain an inadequate mix resulting in reduced concrete compressive strength after
28 days?

Q1–10 CQ Panel 1&2 When the task of removing framework or shoring is performed 100,000 times, how many times
contain an error of premature removal?

Q2–1–2 TQ Panel 1&2 When lack of or insufficient professional competence is present in this task (negative effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–1–3 TQ Panel 1&2 When above average, excellent professional competence is present in this task (positive effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–2–2 TQ Panel 1&2 When bad communication, necessary information being not available, information overload are
present in this task (negative effect on task performance), how many times will contain an error
if the considered task is performed 100,000 times?

Q2–2–3 TQ Panel 1&2 When good and in-time communication, clear and good quality information being available are
present in this task (positive effect on task performance), how many times will contain an error if
the considered task is performed 100,000 times?

Q2–3–2 TQ Panel 1&2 When high complexity is present in this task (negative effect on task performance), how many
times will contain an error if the considered task is performed 100,000 times?

Q2–3–3 TQ Panel 1&2 When low complexity is present in this task (positive effect on task performance), how many
times will contain an error if the considered task is performed 100,000 times?

Q2–4–2 TQ Panel 1&2 When lack of or insufficient checking, supervision and procedures are present in this task
(negative effect on task performance), how many times will contain an error if the considered
task is performed 100,000 times?

Q2–4–3 TQ Panel 1&2 When checking, supervision and procedures present and in good order are present in this task
(positive effect on task performance), how many times will contain an error if the considered task
is performed 100,000 times?

Q2–5–2 TQ Panel 1 When a high workload, tight or insufficient time and budget are present in this task (negative
effect on task performance), how many times will contain an error if the considered task is
performed 100,000 times?

Q2–5–3 TQ Panel 1 When a low workload, more than sufficient time and budget are present in this task (positive
effect on task performance), how many times will contain an error if the considered task is
performed 100,000 times?

Q2–6–2 TQ Panel 1 When fatigue, unfit, unstable mental/emotional condition are present in this task (negative effect
on task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–6–3 TQ Panel 1 When a fit, energetic, clear mind staff is present in this task (positive effect on task performance),
how many times will contain an error if the considered task is performed 100,000 times?

Q2–7–2 TQ Panel 1 When a bad attitude, intentional violation of rules are present in this task (negative effect on task
performance), how many times will contain an error if the considered task is performed 100,000
times?

Q2–7–3 TQ Panel 1 When a very motivated and committed to the job and rules attitude is present in this task
(positive effect on task performance), how many times will contain an error if the considered task
is performed 100,000 times?

(continued on next page)
12
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Table A.3 (continued).

ID Typea Panel Question

Q2–8–2 TQ Panel 1 When blind trust, overconfidence/over-reliance on others are present in this task (negative effect
on task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–8–3 TQ Panel 1 When trusting while still adhering to procedure/verifying is present in this task (positive effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–9–2 TQ Panel 1 When lack of or insufficient comprehensive abilities are present in this task (negative effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–9–3 TQ Panel 1 When above-average or excellent comprehensive abilities are present in this task (positive effect
on task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–5–2 TQ Panel 2 When unclear structural safety goals, structural safety goals not put to a prioritized position,
underdeveloped safety culture, a safety engineering climate not integrated into daily practice are
present in this task (negative effect on task performance), how many times will contain an error
if the considered task is performed 100,000 times?

Q2–5–3 TQ Panel 2 When clear and prioritized structural safety goals, mature safety culture well integrated into
practice and keep improved are present in this task (positive effect on task performance), how
many times will contain an error if the considered task is performed 100,000 times?

Q2–6–2 TQ Panel 2 When high fragmentation, frequent personnel change, lack of project overview and network
thinking, low planning and coordinating capability are present in this task (negative effect on task
performance), how many times will contain an error if the considered task is performed 100,000
times?

Q2–6–3 TQ Panel 2 When low fragmentation, seldom personnel change, possessing project overview and network
thinking, high planning and coordinating capability are present in this task (positive effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–7–2 TQ Panel 2 When chaotic and unstable organization, complex organizational structure, needed support from
the parent company not available, redundant team size, confusing allocation of responsibilities
are present in this task (negative effect on task performance), how many times will contain an
error if the considered task is performed 100,000 times?

Q2–7–3 TQ Panel 2 When clear, simple and stable organization, available support from the parent company, small
and effective team size, clear responsibility allocation are present in this task (positive effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

Q2–8–2 TQ Panel 2 When needed equipment being not available or in bad condition (cannot perform as designed),
equipment with bad ergonomics or misleading Human–Machine-Interface are present in this task
(negative effect on task performance), how many times will contain an error if the considered
task is performed 100,000 times?

Q2–8–3 TQ Panel 2 When the right equipment being available and in good condition, with good ergonomics are
present in this task (positive effect on task performance), how many times will contain an error if
the considered task is performed 100,000 times?

Q2–9–2 TQ Panel 2 When bad or disrupting working conditions are present in this task (negative effect on task
performance), how many times will contain an error if the considered task is performed 100,000
times?

Q2–9–3 TQ Panel 2 When very good and promoting working conditions are present in this task (positive effect on
task performance), how many times will contain an error if the considered task is performed
100,000 times?

a CQ denotes the Calibration question and TQ denotes the Target question.
o outperform equal weighting for most SEJ studies using in-sample
ata from the TU Delft database [75]. Bolger and Rowe [79] heated up
his debate by arguing that when aggregating expert opinions, unequal
eighting does not produce any obvious advantages over equal weight-

ng. They reason that on the one hand, it is challenging to develop
alid measurements for expert knowledge as the foundation for discrim-
nated weights; on the other hand, the extra cost associated with CM
utweighs the gained benefits, if any. In response to these comments,
ooke [80] justified the strength of CM by highlighting that while the
ean tends to be of no significant difference, the performance-based
eighting leads to improved informativeness in the aggregated result

ompared with equal weighting. Consequently, cross validation of the
M using data collected from continuously performed SEJ studies in
arious domains has been carried out using both in-sample and out-of-
ample validation. These cross validations concluded the performance
uperiority of the performance-based weight over equal weight [81,82].
13
In terms of point prediction, it is found that the aggregated median
using performance-based weight outperforms that using equal weight
regarding forecast accuracy [78]. Moreover, Marti et al. [83] tested
the Random Expert Hypothesis with data of 44 post-2006 SEJ studies
and verified that the statistical accuracy of real experts is considerably
better than simulated random experts. This finding supports the argu-
ment that expertise is a persistent property of an expert. Therefore, it is
reasonable that experts exhibiting different performances in providing
professional judgement should be discriminated against with unequal
weights instead of being equally weighted regardless of their distinct
performance.

Overall, the CM has been validated over the years in terms of
various performance measures. Besides, data from numerous studies
revealed an overall superior performance of this method. According
to Aspinall [84], the CM for SEJ is ‘‘the most effective when data are
sparse, unreliable or unobtainable’’, which is the case for the current
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Fig. A.12. Expert judgements and the aggregated DMs compared with the realizations for the calibration questions. In each sub-figure, the 𝑥-axis shows how many times contain
an error out of the 100,000 repetition of the task; the 𝑦-axis displays the experts and DMs. The horizontal segment lines exhibit the elicited 90% confidence intervals and the
dotes within the segments denote the best estimates. The vertical dash line shows the realization for each calibration question.
study. Additionally, the measured impacts of HOFs from this SEJ study
have been compared with the PSF multipliers of existing HRA methods
and studies, see Section 5. The results, in return, justified the soundness
of the CM for SEJ as the chosen method for this research.
14
6.3. The art of selecting experts and calibration variables

There is no set definition of what constitutes an expert. How-
ever, the general expectation of an expert involves mastering abundant
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Fig. A.13. The elicited CDFs of the expert’s estimates by Panel 1 experts and the aggregated IT.
knowledge and experience in one’s domain expertise. In expert elici-
tation studies, an expert can simply be ‘‘the person whose knowledge
we wish to elicit’’, or more sophisticated, ‘‘persons to whom society
and/or his peers attribute special knowledge about the matters be-
ing elicited’’ [85]. In this SEJ study, 11 out of 14 respondents have
more than 10 years of working experience in the Dutch construction
industry, as shown in Fig. 1. The remaining three experts comprised a
structural engineer holding a doctorate degree and two professionals
whose master theses specifically researched the human error issue
in the Dutch construction industry. Consequently, despite having less
practical expertise, these three were regarded as experts for the purpose
of this study due to their extensive expertise on this subject matter. In
terms of the number of experts needed for an adequate answer to the
target question, Aspinall [84] suggested 8-15 based on his experience,
claiming that the results change in an insignificant way with an in-
creased number of experts. Moreover, Quigley et al. [49] pointed out
that the common practice with SEJ involves 5–20 experts. In this study,
seven experts in each panel elicited five unique HOFs and together 14
experts elicited the four overlapping HOFs and calibration variables.
Thus, the number of experts in this SEJ study meets the recommended
practice.

The calibration variables are particularly critical to the CM as they
form the basis for calibrating the model that is used to aggregate
experts’ uncertainty assessments. It is essential for the calibration vari-
ables to share sufficient similarity with and exhibit a direct link to
the target variables, so as to activate similar judgment heuristics [49].
Quigley et al. [49] emphasized that ‘‘finding good seed variables is an
15
art’’. The calibration questions in this study query the HEP of several
commonly practised tasks in the structural design and construction
process. Whilst the target questions inquire about the HEP of one
specific task under the (negative or positive) influence of different
HOFs. The true values of the calibration variables are obtained from
the available studies [52–54], which makes the calibration variables
least desirable since they are both ‘‘adjacent’’ and ‘‘retrodiction’’ [48].
However, the ideal ‘‘domain-prediction’’ type of calibration variable
rarely exists in the CM practice [49]. Despite the potential doubts
regarding the suitability of these data considering their age and region
of origin, they still stand as the best possible calibration variables
relevant to the current target questions the authors can find.

There is no definitive number of calibration variables for adequate
application of the CM. While Quigley et al. [49] stated 8–20 is the
common practice, Hanea and Nane [48] proposed at least 15 when
the target variables are less than 35. However, Eggstaff et al. [81]
imply that a maximum number of calibration variables may exist
beyond which the CM no longer outperform the equal weight linear
aggregation. There are 10 calibration variables and nine target variables
for each expert panel in this study. Based on the studies used in the
analysis by Eggstaff et al. [81], when 10 calibration variables are used
in the CM, the performance measure ratio of the performance-based
weighting scheme to the equal weighting scheme was assessed to be
1.06. In addition, the combined score of the performance-based weight
reached 1.9 times that of the equal weight when there is one more
calibration variable than the target variable. The significance in the

performance of the performance-based weighting can also be observed
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Fig. A.14. The elicited CDFs of the expert’s estimates by Panel 2 experts and the aggregated IT.
in Panel 1 and Pane 1&2 in the current study, see Fig. 3. However,
while the item weight DMs receive slightly higher combined scores, the
performance of global weight DMs is inferior to that of EQ in Panel 2.

7. Conclusion

Human error in structural design and construction plays a major
role in structural safety. Recent developments in safety science propose
to adopt a socio-technical system view towards the human error issue
and research into the task contextual HOFs behind human errors.
Therefore, this study measures the impacts of the identified critical
HOFs in the Dutch construction industry on human error occurrence,
employing the CM for SEJ. Unlike other human reliability quantifica-
tion studies that predominantly focused on the negative impacts of the
HOFs, this study also assessed their positive effects, which has largely
been overlooked.

The results of the CM reveal that fitness-for-duty, organizational
characteristics and fragmentation are the primary factors associated with
the highest negative effects on task performance. Conversely, the fac-
tors complexity, attitude and fitness-for-duty demonstrate considerable
potential of positive influence to decrease the human error occurrence
probability. These results offer valuable insights for industrial practice,
highlighting the factors that demand extra attention and quality assur-
ance resources for structural safety. Moreover, the quantified HOFs can
serve as initial inputs for the future development of a quantitative HRA
method tailored specifically for assessing human reliability for the con-
struction industry. Due to the limitations of this SEJ study, the HOFs’
impacts were measured based on a checking task, with an assumption
16
of its relevance to broader structural design and construction tasks.
Future research is required to validate this assumption. Moreover, the
HOFs’ influence ought to be assessed in a more complex setting, con-
sidering various task types and error modes. In addition, creating other
forms of data sources than expert judgement, such as task record data
and experiment data, for HEP estimation in the construction industry,
is a worthwhile future endeavour to validate the results of this study.
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