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Abstract. A risk assessment model is developed to estimate the potential combined influence of concurrent safety risks facing
on-foot construction worker at a certain point in space or instant of time. The model is based on a holistic approach that
comprehensively systemizes principal types and subjective values of possible safety risk events. Fuzzy fault tree is built using
a deductive approach to identify possible concurrent basic and conditional risk events, not risk symptoms, from the major
subgroups of triggering, enabling and environment-related risks. The inclusive risk breakdown structure helps in combating
assessment underestimation related to overlooking influential risks. Adequate logic gates are suggested at tree junctions to
overcome assessment overestimation related to accumulating the effect of dependent, redundant, and non-concurrent risks,
and ignoring the effectiveness of safety precautions and measures that may reduce or eliminate risks. Operational logic
gates are applied to properly combine the residual risk of static (non-moving) events and dynamic (moving) events that can
concurrently influence safety. The model is programmed into an interactive interfaced intelligent system to simulate cases
of risk assessment input, computations, and output. The system shows the advantages of using the model as a prognostic or
diagnostic tool to estimate top risk event. Subjective linguistic risk values can be induced for basic risk events at the bottom of
the tree, and conditional risk events controlling residual risk values can be induced at different levels of the tree. Fuzzy logic
plays a key role in hosting subjective risk evaluation into computational truth values to generate realistic and meaningful
assessment values that are helpful for risk control.

Keywords: On-foot building construction worker, safety risk assessment model, concurrent risk events, static dynamic risks,
operational logic gates, fuzzy fault tree analysis, linguistic truth values

Notations and terms

Definitions of Notations and Terms Used in Paper

Notation/Term Definition
FTA Fault Tree Analysis
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FFTA Fuzzy Fault Tree Analysis
FFT Fuzzy Fault Tree
RBS Risk Breakdown Structure
Fuzzy OR Fuzzy operational gate that

can represent the logical union
for basic events, the maximum
risk among dependent risk
events is produced.

Fuzzy SUM Fuzzy operational gate that
accounts for the accumulated
effect of all input values of
concurrent risk events.
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Alpha-Cut (�-cut) Fuzzy operational gate for
finding residual risk based on
applied safety measures
effectiveness.

Basic Risk Risk events found at the bottom
of the tree and can be given
independent linguistic
evaluation values.

Residual Risk Carried over risk after taking
into consideration the
effectiveness of the applied
safety measures.

Static Risk Risk events that are related to
hazards with fixed locations.

Dynamic Risk Risk events that can be moving
relative to the party under
assessment.

1. Introduction

1.1. Statement of problem

The construction industry is deemed to be one of
the riskiest industries for on-foot workers due to hav-
ing the worst safety history records compared to all
other occupational industries. The unique, dynamic,
and complex nature along with different safety con-
cerns make the construction industry one of the
most danger-prone occupations especially for on-foot
workers [1–4]. Workers perform a diversity of con-
struction activities that involve hazards that can lead
to safety and health risks, e.g., scaffolding, moving
equipment, electric current, or a combination of mul-
tiple diverse hazards [1–4].

Over the last several decades, the construction
safety industry has made significant improvements in
the safety and health of workers as evidenced by the
decline of fatality and injury rates as compared to the
1970s. However, throughout the years of this decade,
the number and cost of detrimental accidents have
been fluctuating within a narrow range but are not
going below a certain verge. For instance, between
the years 2012 and 2017 in the U.S., construction
fatalities have not reached a number below 806 of
the year 2012 [5], while the highest fatalities were in
2017 at 971 (20.7%) deaths out of 4,674 fatalities in
the overall private industry [6].

Accidents are not only caused by a trivial mis-
take of the injured worker; most accidents happened
because of predictable reasons. Furthermore, site

risks are not limited to the work environment trig-
gering risks. Workers may be concurrently exposed
to several types of risks including workers’ enabling
risks and others. Causes of construction accidents
were analyzed and evaluated by several research
studies [7]. It was found that among the key fac-
tors of accidents are deficiencies in risk management
including risk detection, evaluation, and assessment
of constructed site safety risks [8]. However, there is a
slow advancement in the field of proactive risk assess-
ment for safety [9]. Despite the evolving construction
working environments, safety risk identification and
evaluation are generally performed manually or by
traditional methods [10].

The combined values of concurrently presented
risks are either unrecognized or underestimated by
workers and safety management. This is mainly
because of the lack of comprehensive systemiza-
tion of possible risks presented at exposure time.
Furthermore, the nature of risk exposure, i.e., static
or dynamic risks, needs to be accounted for in the
risk assessment model. The reliability of safety risk
assessment results can be questionable if it adopts a
risk breakdown structure where influential risks are
ignored, or risk events are redundant. For instance,
risk overestimation can occur when different safety
measures’ effectiveness are not properly accounted
for to reduce or eliminate risks. The use of exact
crisp values for estimating risk can be misleading
because it does not consider the uncertainty degree
and imprecision of risk values [11–13].

1.2. Motivation

Although safety risks will not cease to exist, risk
can be either prevented or controlled if recognized
early [14]. Improvising holistic and reliable solutions
for risk assessment and early prevention approaches
can be an effective solution to prevent site acci-
dents. An intelligent system of risk assessment can be
integrated with detection technologies for real-time
assessment, e.g., Near-Field Communication, Radio
Frequency Identification (RFID), Internet of Things
(IOT).

The intelligent system can be developed using
fault tree analysis, which is a top-down approach
that can be used for deductive reasoning to analyze
safety risk. The advantage of fault tree analysis is
that the safety risk can be deducted into basic pri-
mary events and related conditional events, not risk
symptoms. The result of fault tree analysis shows
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Fig. 1. Structure of Paper and Corresponding Topics.

logical and operational interrelationships among the
different contributing causes of safety risk at different
hierarchical levels [15–17].

Using fuzzy logic to evaluate risk at different levels
of the fault tree can help bridges the risk assessment
gap constituted from misinterpreting the qualitative
risk measurements. Safety risk levels are qualita-
tively measured by most safety engineers because of
the difficulties of assigning crisp numbers for risk
events. Therefore, fuzzy logic is introduced to play
a key role in converting subjective linguistic values
into representative computational sets, which leads
to more accurate and consistent risk emulation val-
ues. Determining and linguistically conveying site
safety risk values to the exposed worker makes fuzzy
logic inevitable for the practicality of the site risk
assessment

1.3. Objective, expected outcome, and purpose

The objective of this paper is to create, develop,
and simulate a safety risk assessment model for con-
current risk events influencing on-foot construction
worker. The risk assessment can be used to estimate
the potential combined influence of concurrent risks
facing worker at any certain point of space or instant
of time. Cases of risk assessment can be simulated
through the intelligent system interface that includes
qualitative input, fuzzy logic computations, and qual-
itative output.

The main purpose of determining reliable risk
assessment value of concurrent site risks is improving

recognizability and measurability for construction
site stakeholders. This can help to enhance adequate
responses and proactive decisions of risk control,
accident prevention, and health protection. Ulti-
mately, risk assessment can help in reducing the
fatality and injury rates and move forward towards
the end goal of accident-free construction sites.

The general approach of this work is not expected
to be unique to a particular type of construction activ-
ity and may be scalable to the entire universe of
building construction on-foot workers. Although this
intelligent risk assessment system considers the com-
patibility with the industry’s safety specifications and
standards, this paper does not adopt or analyze any
specific specifications or standards of risk and safety
measures.

The structure of this paper is shown in Fig. 1.
Following this introduction, literature review is pre-
sented in Section 2, discussing risk assessment
methods and fuzzy logic use for construction safety.
Section 3 presents the development of safety risk
assessment model for on-foot worker, it includes
the methodology using fuzzy fault tree analysis,
specific risk breakdown structure using deductive rea-
soning, and logic gates at tree junctions. Section
4 demonstrates FTA intelligent system algorithm,
input, computations, and output cases of the devel-
oped risk assessment model. Section 5 performs
performance, qualitative, quantitative, and qualitative
analyses of the developed system. Finally, Section
6 states the main conclusions of the achieved risk
assessment model.
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2. Literature review

2.1. Risk assessment methods for construction
safety

Any effective risk management program must
include four-phase process, the phases are: identi-
fication, assessment, responding, and monitoring of
risks [18, 19]. Safety Risk assessment is a crucial
link that estimates the combined magnitude of risk,
which reflects the occurrence likelihood and sever-
ity of injury or illness that might potentially occur
from an individual or a combination of events [19,
20]. Therefore, risk assessment assists in deciding
whether the risk is acceptable or more precautions
and controls are needed to eliminate or minimize the
likelihood and/or severity of risk. Risk assessment
literature for construction site safety includes studies
that used various methods and tools for identifying,
describing, and evaluating safety risks to improve
occupational safety performance [21, 22].

Wide range of methodologies was applied for con-
struction risk assessment, from qualitative analysis
to complex quantitative analysis [18, 19, 21]. Several
common risk analysis models and methods including
simple and advanced approaches were used [23, 24].
Simple risk analysis used techniques such as diagram
analysis, risk filtering and rating. While advanced
risk analysis tools mostly used fault tree analysis
(FTA), hazard and operability analysis (HAZOP),
failure mode effect analysis (FMEA), hazard analysis
and critical control points (HACCP) [23]. Frank et al
(2008) have also elaborated quantitative risk analysis
techniques by establishing a schedule for risk severity
categorization [24]. The schedule categorized event’s
consequence severity into a series of linguistic val-
ues as following: noticeable, important, serious, very
serious, and catastrophic.

Studies had adopted Newton’s third law as a base
for the developed construction safety risk evaluation
method [25]. Hallowell (2008) concluded that every
construction activity in a construction process is asso-
ciated with specific types of safety risks that could
be mitigated by capable safety program elements.
Several mutually exclusive safety risks related to the
construction of concrete formwork activities were
quantified based on probability and severity values
[25]. Thirteen safety program elements were pro-
posed as effective in reducing the quantified values of
the probability and severity of described risks. Rozen-
feld et al. (2010) present a construction job safety
analysis methodology for hazard analysis and assess-

ment of activities performed during construction [21,
26]. Safety risk levels for activities could be tracked
and projected using the proposed method. The struc-
tured method uses a lean safety management route
which ultimately advocates the use of available safety
measures at locations and times where measures are
most effective. OSHA had its contribution by many
training and educational intelligent systems that can
be tools to assist workers to understand and comply
with OSHA standards [27]. ETools and eMatrix were
among remarkable standalone internet-based train-
ing tools for occupational safety and health issues.
These expert systems can analyze the user’s input of
incidents, e.g.; fall, struck-by, electrocution, there-
fore, the system would address the relevant OSHA
standards and regulations [27].

Safety risks of major construction activities were
modeled as a combination of probability and severity,
which would generate corresponding risk scores [28].
The resulting risk assessment value assisted construc-
tion managers in identifying risky activities, in turn,
empowers decision-makers in effectively allocating
appropriate safety measures [25, 28]. However, the
risk estimation approach of combing probability and
severity was claimed to have unnecessary uncertainty
[12, 29]. An approach was proposed which specified
ranges instead of single scores to estimate risk proba-
bility and severity [29]. Other studies developed three
dimensional risk model to generate risk scores by
combining risk occurrence probability, impact sever-
ity and hazards exposure [28]. However, they did
not propose a specific approach for aggregating risk
ratings [28].

Some studies stated that the probability and sever-
ity risk models had assumed the estimated risks to be
independent events, which ignored the interactions
and interdependencies between risks under assess-
ment [12, 30]. Therefore, a risk estimation model
took into consideration the risk interdependencies by
using “risk discrimination” factor [30]. The risk dis-
crimination factor (D) was proposed to reduce the
independent scores of probability (P) and severity (S)
[30]. The reduction of risk is performed following the
equation of P*S/D.

Complexities in risk assessment would arise due
to the lack of available information for estimating
risk probability and severity. A nonparametric tech-
nique was suggested to generate interval values with
smaller standard deviations [12, 13]. Other studies
used hierarchical structures to modeled the casual
relationships between the risks and show their com-
plex interactions. Risk propagation was analyzed
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through simulation techniques, which allows the
re-evaluation of risk probabilities and severities in
different scenarios. Integrated decision support sys-
tems were used to enable risk assessors to perform
identification, analysis, and control in complex situ-
ations [31].

2.2. Fuzzy logic use for construction safety risk
assessment

It is unrealistic and impractical in many situations
to make assumptions of crisp numbers for uncertain
situations. Safety risks and relevant safety measures
are generally evaluated in a linguistic fashion accord-
ing to subjective judgment of risk assessor, thus the
universe of discourse of safety risk assessment is
said to be fuzzy by its nature. Therefore, in an effort
to develop a construction risk assessment model to
bridge the gap between qualitative safety risk per-
spective and scientific risk management approaches,
fuzzy logic can be introduced to play a key role in
converting subjective linguistic values into represen-
tative computational sets. In fuzzy logic, the truth
values are represented by fuzzy subsets with linguis-
tic hedges, such as true, very true, fairly true, false,
very false, and fairly false. The linguistic possibility
values can reflect how most professionals assess and
express a certainty value in a non-numerical yet use-
ful fashion. Such linguistic expressions are common
in most construction stages, including conceptualiza-
tion, specifications, contracting, execution, closing.
For example, inspector/assessor may use different
subjective risk truth to assess a certain risk by “abso-
lutely risky”, “very risky”, “risky”, etc. Different
fuzzy set models are found in literature to represent
the subjective risk truth values in computational sets.
Rotational models, angular models, and translational
are the most common types of fuzzy membership
functions that have been extensively adopted due to
their compatibility and suitability to different appli-
cations [32–34].

Many authors have proposed the use of fuzzy logic
in safety risk assessment to overcome the limitations
of traditional probabilistic and statistical methods
[35]. Several studies recognized that risk evaluation
methods based on fuzzy sets can require less infor-
mation than traditional probabilistic methods to reach
similar accuracy, such models can be more effective
in accommodating risk analysis with imprecise safety
risk data [36, 37].

In an effort to find the appropriate method for
risk assessment, Markowski et al. (2009) stated the

occupational factors controlling the accuracy of the
risk assessment: the nature of the analyzed hazards,
completeness of the analyzed input of risk drivers’
data, the practicality of the risk magnitude estima-
tion model, and the inaccuracies and deficiencies
related to human judgment and factors [35]. Con-
sequently, they concluded that the use of fuzzy logic
provides the basis of the partial values use for answer-
ing risk assessment questions like “how safe is the
plant?”. The use of fuzzy logic in risk assessment
is a completely opposite approach to the traditional
risk evaluation approaches based on binary logic that
answers questions like “is the plant safe?”. The fuzzy
set theory values can effectively answer questions
questioning the different levels of safety of the con-
struction site. Thus, the use of fuzzy logic presents a
more truthful natural way for addressing the ingrained
imprecisions of subjective or qualitative safety eval-
uation values for the construction industry [35].

Optimal risk analysis (ORA) and Fuzzy-Delphi
methods used the fault tree analysis to perform quali-
tative hazard analysis and assessment [38]. The ORA
qualitative assessment had been extensively used for
the consequence analysis for different accident sce-
narios as well as risk estimations [38]. In contrast,
Fuzzy-Delphi model was used to assess the risk of
specific risk scenarios by including multiple experts’
opinion., rather than the overall project [39]. Sub-
ject values were adopted to evaluate the likelihood,
severity, and discrimination of risk. Fuzzy arithmetic
average was used to combine the assessments of dif-
ferent experts, while fuzzy multiplication was used
to produce a project risk level [40].

Several applications of fuzzy fault tree model
had been introduced to analyze the safety risk. For
instance, construction falls were simulated and inves-
tigated through fuzzy fault tree model. Qualitative
fault tree models that deduct possible and reasonable
causes of falls were used to explain the etiology of
construction falls. Each of the causes was deducted
further to basic and conditional causes contributing
to the falling accident [41–43].

3. Developing safety risk assessment model
for on-foot worker

3.1. Methodology using fuzzy fault tree analysis

Fuzzy fault tree analysis (FFTA) can be used to
build a risk assessment model with a specific top event
that can imply the combined influence of possible
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Fig. 2. Methodology to Achieve Safety Risk Assessment Model.

Fig. 3. Process of Top-down Systemization of Risk Drivers.

concurrent risks. The specific top event for this paper
is risk assessment for on-foot construction worker at a
certain instant of time or point in space. To achieve the
required tree model, a holistic approach is followed.
It starts with a comprehensive systemization of prin-
cipal types of concurrent risk events, as shown in the
first step of Fig. 2. Deductive reasoning risk analysis
assisted by reviewing safety accident databases and
related literature can produce a principle risk break-
down structure (RBS) for on-foot worker. The second
step as shown in Fig. 2 is selecting logic gates to
combined risk values of concurrent basic events; spe-
cial care is given to risk types and factors, i.e., static
(non-moving), dynamic (moving), and safety effec-
tiveness, to avoid misestimation of top risk combined
value. Finally, fuzzy fault tree model is completed
by applying operational gates at junctions of the risk
breakdown structure. The gates between the upper
and lower events of the tree are used to imply the rela-
tionship and operations that lead to the upper event
values based on lower events values. The result of
the fault tree analysis can show a tree with logical
interrelationships among the risk events at different
hierarchical levels.

After the FFTA is developed, it can be used as a
bottom-up inductive risk assessment model to deter-
mine the combined influence of concurrent events’
input. Basic risk events found at the bottom of the tree
can be given linguistic values by risk assessor. Fuzzy
set model can be introduced to play a key role in con-
verting subjective linguistic values into representative
computational sets. Therefore, computations can be
performed using logical operations to find the risk
assessment value.

Ultimately, the risk assessment model can be pro-
grammed into an intelligent system to satisfy the
fuzzy fault tree model. The simulation of intelligent
system can show cases of input representing con-
current risk values, fuzzy gates computations, and

subjective meaningful output produced in a timely
fashion.

3.2. Risk breakdown structure using deductive
reasoning

This step intends to systemize the principle risk
events that can influence on-foot construction worker.
The risk breakdown structure needs to be inclusive
without redundancies in order to avoid overlook-
ing influential risks during assessment. Thus, it is
important that the risks found in the structure are
major risk drivers that are independent of each other.
Basic risk events can root from different sources and
can have several symptoms. A long list could be
derived from literature stating the construction risk
sources from physical, chemical, biological, or psy-
chological factors. However, it is not advantageous
to reach a structure with exhaustive list of symptoms
or hazardous sources. Figure 3 shows the process for
top-down structuring of risk events.

Mahmood (2021) provided a generic risk assess-
ment model that mainly deducts the top risk event
based on accident causation theories and models
[44]. Three generic major risk drivers are defined as
enabling (internal) risks, triggering (direct external)
risks, and environment-related risks, while condi-
tional risks, i.e., safety measures, can be specific to
each of risks. For this paper, the top risk event is
specific to on-foot construction worker exposed to
concurrent risks. Thus, it is useful to interface acci-
dent causation models with related accident records
to find a comprehensive hierarchical structure that
includes principal risk subgroups and events.

Figure 4 shows the risk breakdown structure devel-
oped from deducting main risk drivers to subgroups
and basic risk events specific to on-foot worker. The
main risk drivers are categorized into General Con-
struction Site Safety Risk and Sight Recognition
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Fig. 4. On-foot Worker Specific Risk Breakdown Structure.

Risk. The General Construction Site Safety Risk is
deducted into physical triggering risks and worker’s
enabling risks, while the Sight Recognition Risk is
deducted into visibility risk and crowdedness risk.

Risk drivers are deducted in Fig. 4 based on review
of different studies [45–47] and official knowledge
bodies of accident records [48]. Enabling risk events
are shown in the risk breakdown structure to be
directly related to worker’s internal sources which
are attitude, health, and skill [10, 49]. Construction
site enabling risk events are related to person’s inter-
nal factors affecting the decision ability to perform
the construction activities safely [17, 50]. In an effort
to define personal enabling causes of safety risks,
several studies have related safety risks to workers’
personal characteristics, i.e., ethnicity, age, gender,
specialization, trade, years of experience, etc. [51,
52]. However, to fulfill the approach of this research
in deducting principal basic risks without redundan-
cies, the behavioral and social aspects are defined as
health risk, attitude risk, and skill risk.

Sight recognition risk is shown in Fig. 4 to be
deducted into visibility risk and crowdedness risk
which are site environment-related risks. Studies
showed a relation between crowdedness and acci-
dent frequency [53]. Although visibility risk at the
construction site can root from different sources such
as blind spots, obstructions and lighting conditions
[53], this paper is studying the visibility from on-foot
workers perspective, not equipment operators. Thus,
the visibility analyzed in this paper is only related to
light, environment, and weather conditions; the other
visibility factors, i.e., visual obstructions, blind spot,
could be evaluated with physical triggering risks, e.g.,
struck-by moving equipment risk, and related safety
measures, e.g., high visibility safety appeal.

Triggering risks is the major risk driver that
includes the physical site hazards affecting the
worker’s safety. Triggering risks are deducted into
four main groups which are in turn deducted into
eleven principle basic events. The triggering risk
deduction is mainly based on collecting and adjusting
event structure of the Occupational Injury and Illness
Classification System (OIICS) [48], construction spe-
cific accident classification system [7], and sources
used for the classifications and recoding of accidents
[54], i.e., The Center for Construction Research &
Training (2013), and Occupational Safety and Health
Administration (OSHA).

Triggering risks are external risks that can pre-
cipitate an accident, such as fall from scaffolding.
Although, triggering risks can have many root causes,
e.g., inadequate support or slippery conditions due to
rain, snow, etc., the developed risk breakdown struc-
ture in Fig. 4 avoids deducting basic risk events into
root causes and symptoms to avoid redundant risk
assessment values. Support related causes are sug-
gested in literature studies as a separate basic causal
accident category [17, 42, 43]; however, because this
paper is safety risk assessment oriented, the triggering
events group will include all support related causes.

OSHA attributes the construction deaths to spe-
cific leading causes referred to as fatal four for
being responsible for more than half, about 60%,
of the construction worker deaths [6]. Fatal four
causes are sorted in descending order starting from
the most leading cause with the highest death’s per-
centage of construction sector in 2017: falls 39%,
struck-by object 8%, electrocution 7%, and caught-
in/between 5% [5, 6, 55]. Most construction site
accident researchers have agreed that falling from
heights accident mode has the most likelihood and
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Fig. 5. Legend for Fault Tree Model Components.

severity to cause health and safety consequences for
construction workers [49].

3.3. Logic gates at tree junctions

3.3.1. Enabling and sight recognition risk events
The reliability of risk assessment (top event) results

is hinged on the type of logic used to combine the
effect of risk value of all concurrent events exposed
to on-foot worker at a point in space or instant in time.
Fuzzy operations are used to define the relationship of
the upper event with the lower events. However, the
overall risk assessment result can be overestimated if
the risk influence of dependent, redundant, and non-
concurrent events is accumulated. Thus, it is essential
to exclusively accumulate the influence of residual
risks from independent sources.

The enabling risk events, i.e., attitude, health, and
skill, are rooting from the internal factors of the
worker and can be dependent on each other, and even
one can be a symptom of the other. Thus, the Fuzzy
OR gate should be used to determine the enabling risk
group value, the maximum risk value among the three
lower events is elevated to be the upper event value.

The sight recognition risk events are visibility and
crowdedness risk which are independent from each
other. Fuzzy SUM gate should be used to determine
the sight recognition risk events value by accumu-
lating the effect of visibility and crowdedness risk.
Figures 5 and 6 show the use of Fuzzy OR and Fuzzy
SUM gates for enabling risks and sight recognition
risks respectively.

3.3.2. Static/dynamic triggering risk events
Although the risk breakdown structure was built to

exclusively include independent basic triggering risk
events, risk assessors using the model can encounter
sub-basic events that are dependent on the same risk
source (hazard). Especially when deducting multi-
ple risk scenarios that can lead to the same basic
event. Thus, a thoughtful approach should be con-
sidered when selecting the appropriate logic gates to
exclusively accumulate the independent influence of
concurrent risks

Proper logic gate between basic event and its
sub-basic events can be selected based on its spatio-
temporal characteristics, either static (non-moving)
or dynamic (moving) risks. Each of the triggering
events found in the risk breakdown structure and asso-
ciated sources (hazards) can be classified as either
static or dynamic. Static risk events are related to haz-
ards with fixed locations, such as electric power lines,
roof edge, skylight openings, chemical substances,
explosive substances, static construction materials or
equipment on level ground, etc. While dynamic risk
events are related to moving hazards, such as heavy
equipment, vehicles, mobile cranes, etc.

Unlike static basic risks, multiple dynamic risks
can affect a construction worker at an instant in time
or point in space; for example, a construction worker
may be concurrently exposed to several “struck-
by moving equipment” risks, either from different
sources or even from the same source. In contrast,
on-foot construction can be affected by a single “fall
from scaffolding risk” although multiple scenarios
can be possible.

Upon the previous discussion, the static basic risk
event of a certain hazard source should take the
maximum risk value of sub-basic events (scenarios)
through Fuzzy OR gate. While dynamic basic risk
event value should be determined by Fuzzy SUM gate
to accumulating the effect of all lower (sub-basic)
events. The Fuzzy SUM is then used to produce an
assessment value for each subgroup and the upper
triggering risk event by accumulating the indepen-
dent values for basic risk events under each group.
Figure 5 and Fig. 6 show the use of Fuzzy OR and
Fuzzy SUM gates at different levels of the tree.

3.3.3. Safety measures effectiveness for residual
risk

Risk assessment model can provide overestimated
risk values if it ignores safety measures applied to
reduce risk. Safety measures, i.e., precautions applied
for each basic triggering event, personal protective
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Fig. 6. Fuzzy Fault Tree Model for Risk Assessment.

equipment (PPE), are considered to be conditional
events for associated risks. If applied safety measures
are more safety effective, e.g., more stringent safety
precautions, effective (residual) risk should be less.
Furthermore, when the absolutely effective safety
measures are applied, then the risk of accidents can
be eliminated. However, most safety measures are not
absolute, safety measure’s effectiveness will govern
the amount of residual risk value that will be carried
over to the upper assessment event.

Alpha-Cut (�-cut) method can be applied as an
effective approach to finding residual risks of basic
events, subgroup events, and top event. For the case of
on-foot worker, safety measures can be applied at the
bottom of the tree, specifically for each basic trigger-
ing event. For example, the use of guardrail around
the edge of an opening can reduce the risk of fall
from an elevation. The risk can be further reduced by
PPE use, thus effectiveness gate for PPE is applied at
each triggering risk subgroup. For example, the use of
personal fall protection equipment, i.e., harness sys-
tem, can lead to further reduction of risk. Lastly, risk
can be even reduced by last resort measures to rescue
on-foot worker. Figure 5 shows the triangular shapes
used to represent the Alpha-Cut (�-cut) method oper-
ation to account for safety effectiveness at different
levels of the tree. Figure 6 shows the application of the

(�-cut) method to find the residual risks, that are then
combined into the Subgroup Safety Risk (chamfered
rectangle shape in the tree).

3.4. Safety risk assessment model for on-foot
construction worker

The model for concurrent safety risk assessment is
formed by applying the selected logic and effective-
ness gates at risk breakdown structure junctions as
shown in Fig. 5 and Fig. 6. In summary, safety effec-
tiveness gates are applied at different parts of the tree
to represent the effectiveness of safety measures and
produce the residual risk, Fuzzy SUM logic gates are
used to accumulate the concurrent risk value of inde-
pendent risks from the bottom events to the top of the
tree, while Fuzzy OR logic gates are used to control
the redundant counting of dependent risks. The tree
model can be further deducted at each basic risk event
to fit the concurrent risks at assessment instant of time
or point in space. Examples of combining multiple
basic static and dynamic risk events are shown at the
bottom of tree of Fig. 6.

The use of logic in the risk assessment model can be
further justified by comparing the selected gates with
the effect of other Fuzzy logic gates. For instance,
the used Fuzzy SUM operation will produce a risk
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Fig. 7. “True” Spectrum of Rotational Fuzzy Truth Model Mahmood (2021).

value output that is larger than each of the input val-
ues. In contrast, the use of Fuzzy MEAN Gate will
only find the average risk value of concurrent basic
risk events, it will produce an output value between
the minimum and the maximum values of concurrent
basic risk events, thus yield an underestimated top
risk event. Mahmood (2021) show the relevant for-
mulas and cases of operation for Alpha-Cut (�-cut)
method, Fuzzy OR, Fuzzy SUM gates.

After the FFTA is developed as in Fig. 6, it can
be used as a bottom-up inductive risk assessment
model to determine the combined influence of con-
current events’ input. Basic risk and safety events
values can be linguistic subjective values assessed
by inspectors/assessors. Therefore, a fuzzy set truth
value model needs to be selected to perform the com-
putations of logical operations.

4. Intelligent system case demonstration

4.1. Risk truth values using fuzzy logic

In an effort to demonstrate input, computations,
and output cases of the developed risk assessment
model, the rotational fuzzy truth values model pro-
posed by Mahmood (2021), shown in Fig. 7, is
used to host subjective values into representative
computational sets. As shown in Table 1, “True”
can be replaced by “Risky”, thus, the risk truth
values spectrum will be considered as: Absolutely
Not Risky, Slightly Risky, Fairly Risky, Risky, Very
Risky, Extremely Risky, and Absolutely Risky. Sim-
ilarly, the model can be used to host subjective safety
effectiveness. As shown in Table 1, for the PPE
safety effectiveness evaluation, “True” is replaced by
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Table 1
Rotational Fuzzy Set Model Truth Values with Fuzzification Area Ranges

Truth
Linguistic
Value
Mahmood
(2021)

Risk
Linguistic
Value

Safety
Measures’
Effectiveness
Linguistic Value

Fuzzy Truth Value
Membership Function

Fuzzification
Area Range

Absolutely
True

Absolutely
Risky

Absolutely
Effective/Safe

X = 1 [0≤Y≤1] 0.00 – 0.08

Extremely
True

Extremely
Risky

Extremely
Effective/Safe

Y = X5 [0≤X≤1] 0.09 – 0.25

Very True Very Risky Very
Effective/Safe

Y = X2 [0≤X≤1] 0.26 – 0.42

True Risky Effective/Safe Y = X [0≤X≤1] 0.43 – 0.58
Fairly True Fairly

Risky
Fairly
Effective/Safe

Y = X1/2 [0≤X≤1] 0.59 – 0.75

Slightly True Slightly
Risky

Slightly
Effective/Safe

Y = X1/5 [0≤X≤1] 0.76 – 0.92

Absolutely
Not True

Absolutely
Not Risky

Absolutely Not
Effective/Safe

X = 0 [0≤Y≤1] 0.93 – 1.00

Fig. 8. The Fuzzy Logic Role for the Computation of Risk Values.

“Effective”; while for the safety measures’ effective-
ness values that are specific to basic events, “True” is
replaced by “Safe”.

Figure 8 shows the fuzzy logic role for the com-
putation of risk assessment values. After the safety
assessor assigns a linguistic risk value for each of the
defined risks, the fuzzification process takes place
to convert the linguistic values into fuzzy set val-
ues of the rotational model as shown in Fig. 7. The
quantified input values could be plugged in the fuzzy
fault tree events where the subgroup and top risk
events risk fuzzy assessment values could be com-
puted according to the assigned fuzzy operations.
Therefore, defuzzification of the results could be per-
formed according to the rotational model initially
used for the fuzzification process. The defuzzifica-
tion is the process of converting the output fuzzy
set to a meaningful linguistic value. The area under
the curve method can be used to match the output
fuzzy set with the fuzzification area range shown
in Table 1. Fuzzification area range is the range of
areas under a curve that can be considered within the
region of each fuzzy set truth value. The defuzzified
assessment risk value is a linguistic value that could
be communicated to the user (risk assessor) to be
alerted.

4.2. Programmed system

The FFT risk assessment model is programmed
into an interfaced intelligent system that can be used
by risk assessors. The interactive interface of the
system allows the user to input evaluation values
for concurrent risk and safety events. The algorithm
flowchart, shown in Fig. 9, includes four phases
divided by role. Enabling Risk Events Input by Staff
Supervisor, PPE Subgroup Effectiveness Input by
Safety Inspector, Triggering Risk Input by risk asses-
sor, and Risk Assessment Computations by the intel-
ligent system are the four algorithm phases referred.
The shapes of each junction box shown in Fig. 9 repre-
sents either input, decision, or computation junction.
The rectangular shape represents input junctions, the
diamond shape represents decision junction, and the
parallelogram represents computation junction.

The interactive interfaced system can show the
operational logic gates computations at all levels of
the tree up to the top risk assessment value out-
put. The program was developed using C Sharp (C#)
programming language and Visual Studio as the Inte-
grated Development Environment (IDE). Figure 10
shows the home page of the interfaced intelligent sys-
tem with triggering and enabling risks input as the
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Fig. 9. Algorithm Flowchart of the Programmed Model.

Fig. 10. Home Page for the Interfaced Intelligent System.

assessment drivers. The environment-related risks,
i.e., visibility and crowdedness, are assumed to be
“Absolutely Not Risky” in this demonstration.

4.3. Input

A case is demonstrated where an on-foot construc-
tion worker is concurrently exposed to a combination
of risks at a certain point of space or instant of time.
The input of the system requires the identification
and evaluation of individual basic risk events. Staff
supervisor selects values of basic enabling risk, as
shown in Fig. 11. PPE effectiveness selection for
subgroups is shown in Fig. 12. Risk assessor defines
Static/Dynamic Risks among triggering basic events
as shown in Fig. 13, this selection is key for the type of
logical operation applied to compute combined basic
risk value. Finally, risk assessor enters the trigger-
ing risks and related safety measures effectiveness as
shown in Fig. 14. More screens are provided for user
preference use, i.e., user can Enable/Disable Trig-
gering Risks to exclude or include specific risks in
calculations.
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Fig. 11. Enabling Risk Values Selection.

Fig. 12. PPE Effectiveness Values Selection for Each Triggering
Risk Subgroup.

Evaluation of each basic risk events (input) should
be performed independently and without redundancy.
Considering that the risk events evaluation by risk
assessor is inputted in subjective linguistic values,
the identification and evaluation of the individual risk
events could be performed by multiple techniques. It
is important to note that this research does not spec-
ify or limit the inspection techniques, specifications,
legal requirements, etc.

Inspecting for identifying enabling risks would
include observing the worker’s behavior, abilities,
and limitations. The enabling risks, i.e., health, skill,
and attitude risks, of construction workers could
be identified and evaluated by the staff supervisor
through several sources: daily behavior observation,
education and training records, degree of famil-
iarity with the site, health history records, safety
incidents and accident records, sick leave records,
response to safety orientations, commitment to safety
toolbox talks and meetings, seriousness towards

Fig. 13. Static/Dynamic Risk Selection for Each Triggering Risk
Basic Event.

substance abuse programs, pre-task planning, sur-
veys, questionnaires, complaints, peer assessment,
etc. Thus, the staff supervisor analyzes the observed
data according to knowledge, experience, and project
specifications and regulations which lead to the iden-
tification of the risk, and thus the evaluation of the
risk.

The risk assessor may identify basic triggering risk
from physical hazards information. Inspecting the
basic and conditional risk sources could be performed
by collecting information from the construction site
environment, e.g., materials, tools, equipment, scaf-
folding, electricity, chemicals, etc.; as well as any
aspects of work interactions, conditions, and root
causes that may lead to safety risks. The risk asses-
sor should keep in mind that a hazard could be a
source, situation or act, or a combination having the
potential to harm construction workers. When iden-
tifying basic risks, the assessor would identify any
conditional risk events related to the triggering risk,
conditional events could be any safety precautions
presented on-site to dampen the risk level. Evaluating
conditional events would concentrate on analyzing
the effectiveness of the control measure applied for
each individual triggering risk. Inspectors would ask
questions as: Are the likelihood and/or severity of
harm being reduced because of the implementation



A
U

TH
O

R
 C

O
P

Y

942 N. Mahmood et al. / Safety risk assessment intelligent system for on-foot construction worker using fuzzy fault tree

Fig. 14. Concurrent Triggering Risks Input with Dynamic Risks Highlighted.

Fig. 15. Case Simulated in Tree Interactive Tree Model.

of the safety controls? How much did the safety mea-
sures reduce the risk level?

Along with the assessor’s expertise for safety
inspections and monitoring on regular basis, a vari-
ety of sources could provide information used in
risk identification and evaluation process, some of
which are listed as following: safety specifications
and legislative requirements, codes and standards,
industry’s safety practices, organizational procedures
and policies, project specific safety and traffic plans,
interviews and surveys with construction site par-
ticipants, near misses and safety accidents history
and records, lessons learned database, materials and
products safety manufacturer information, safety data
sheets, tool’s operating and instructions manuals,

safety specific test results, previous risk identification
and assessment documents, expert opinions, etc.

The range of foreseeable conditions might change
along the stages in the construction process. More-
over, the risks are not only related to routine activities
at the construction site. Risk identification and evalu-
ation should be an ongoing process; therefore, safety
inspections for basic risk identification should be per-
formed regularly and systematically whenever new
information becomes available about risks or change
in risk. For instance, safety inspection can be use-
ful at the start, progressing, and finish of activities,
tasks, phases, work zones, use of tools and equipment,
subcontractors’ work, etc. Furthermore, inspection
could be needed after unusual events such as extreme
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Fig. 16. Fuzzy OR Gate Operation Performed on the Residual Risk of Static Sub-Basic Events.

weather events, system failures, safety incidents and
accidents, etc.

4.4. Computations and output

When all inputs are entered, the user can view the
input/output panel as shown in Fig. 15. The top value
of the tree shows the risk assessment value being
the result of combined values of concurrent risks
and associated safety measures, “Extremely Risky”
is the top risk assessment value for the demonstrated
case. Furthermore, fuzzy logic computations with
graphical details at different levels of the tree can be
viewed by clicking on the event. Figure 16 shows the
operations performed on residual Static Sub-Basic
Events of Fall from Scaffolding or Staging, there-
after, Fig. 17 shows the operation of the effectiveness
gate to produce the residual risk of Falls, Slips, and
Trips Risks Subgroup. Figure 18 shows operation per-
formed to accumulate the residual risk of Dynamic
Sub-Basic Events and Fig. 19 shows the operation
of effectiveness gate to produce the residual risk of
Struck-by Falling Objects Subgroup. Figure 20 and
Fig. 21 show the effectiveness gate operation per-
formed at the basic event and subgroup event of

Exposure to Harmful Substances respectively. Fig-
ure 22 shows the accumulation of the residual risk of
Triggering Risk Subgroups. Finally, Fig. 23 shows the
fuzzy SUM gate computation of the top risk assess-
ment value by combining enabling and triggering
risks. Table 2 shows the application of the area index
method for the defuzzification of risk values result-
ing from different operations in the risk assessment
model.

4.5. Safety statements for risk control

As the intelligent system generates the meaning-
ful general risk assessment value, which can be one
of the values shown in Table 3, risk control could
be employed following the safety statement that is
adequate to manage the assessed level of risk.

As a part of the risk management plan, safety
statements could be beneficial for controlling and
preventing the identified safety risks. The following
safety statements are suggested to correspond with
the different levels of risk and are modified after col-
lective knowledge found in several research studies
[21].
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Fig. 17. Falls, Slips, and Trips Subgroup Residual Risk Determined.

Fig. 18. Fuzzy SUM Gate Operation Accumulating the Residual Risk of Dynamic Sub-Basic Events.

Absolutely/Extremely Risky: The risk level is
unacceptable and intolerable. The work activity
should be immediately and completely suspended
until risk controls are effective in reducing the risk so
that it is no longer at the current unacceptable level.

The safety engineers should be informed immedi-
ately. Substantial on-site risk reduction and control
measures and PPE should be urgently placed to
decrease the risk level to be tolerable, preferably to
an acceptable level according to applying thorough
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Fig. 19. Struck-by Falling Objects Subgroup Residual Risk Determined.

Fig. 20. Contact with Electric Current Basic Event Residual Risk Determined.

risk mitigation plans within a certain time period. If
the worker risks (enabling risk) are driving the over-
all risk, then labor should be replaced by less risky
labor. If it is impossible to eliminate or reduce the
risk at this time, the work on-site needs to be directly
suspended and remain prohibited. A detailed safety
investigation should be performed immediately to
further identify and rectify root causes of safety
risks. Risk reduction is required through improv-
ing policies, practices, procedures, education, and
training. The site risk evaluation should be always

updated in case of any change in risk factors or
levels.

Very Risky: The risk level is unacceptable. The
work activity should be temporarily suspended until
the safety engineer is informed and approves the
work tasks. Substantial on-site risk reduction and
control measures and PPE should be urgently placed
to decrease the risk level to be tolerable, preferably
to an acceptable level according to applying thor-
ough risk mitigation plans within a certain period
of time. If the safety resources are not available at
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Fig. 21. Exposure to Harmful Substances Subgroup Residual Risk Determined.

the moment, it is required to study a long-term par-
tial or complete suspension or restriction of activity
on-site. If the worker risks (enabling risk) are driv-
ing the overall risk, then labor should be replaced by
considerably less risky labor. Arrangements should
be implemented according to a safety plan to ensure
that controls are maintained, particularly the risks
associated with extremely or very harmful severity.
A safety investigation should be performed to fur-
ther identify and rectify root causes of safety risks.
Risk reduction is required through improving poli-
cies, practices, procedures, education, and training.
The site risk evaluation should be always updated in
case of any change in risk factors or levels.

Risky/Fairly Risky: The safety engineers should
be informed. Efforts should be directed to decrease
the risk level to a more tolerable level and prefer-
ably to an acceptable level. More effective on-site
risk control measures and PPE can be implemented so
that risk is reasonably reduced. Risk mitigation plans
need to be applied on-site within a certain period of
time. It is recommended to study partial suspension
or restriction of activity on-site. If the worker risks
(enabling risk) are driving the overall risk, then labor
should be replaced by less risky labor. Arrangements
should be implemented according to safety plan to
ensure controls are maintained, particularly with the
risk causes associated with extremely or very harm-
ful severity. A local safety investigation should be
performed to further identify and rectify root causes
of safety risks. Risk reduction should be considered
by improving policies, practices, procedures, educa-

tion, and training. The site risk evaluation should be
updated in case of any change in risk factors or levels.

Slightly Risky: The current safety measures
should be maintained and reinforced if possible.
Although the current risk may be acceptable, but it is
not completely tolerable; however, local safety risk
investigation is recommended. However, additional
risk controls are not urgently required unless they can
be implemented at a reasonable time and expense.
Risk reduction is recommended through improving
policies, practices, procedures, education, and train-
ing. Arrangements should be made to assure that risk
controls are implemented and maintained. The site
risk evaluation should be always updated in case of
any change in risk factors or levels.

Absolutely not Risky: The current risk level is
acceptable and tolerable. The current safety mea-
sures should be maintained. No further controls are
required. Actions to further reduce the risk level are
not required. Arrangements should be made to assure
that risk controls are implemented and maintained.
The site risk evaluation should be always updated in
case of any change in risk influential factors levels.

5. Intelligent system analysis

5.1. Performance analysis

5.1.1. Precision and timeliness
Considering that the defuzzified risk assessment

value is based on the area index method, thus,
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Fig. 22. Fuzzy SUM Gate Operation Accumulating the Residual Risk of Dynamic Subgroup Events.

precision and timeliness of the declared result are
dependent on each other. The system computations
are based on plotting several fuzzy set curves while
performing logical operations. Therefore, the amount
of plotted points affects the precision and timeliness
of the output.

This can trigger some approximation during the
defuzzification process (selecting meaningful lin-

guistic value), nevertheless, this approximation can
be negligible in most cases considering that the
defuzzification is based on a range for area under
the curve corresponding to each truth value, as in
Fig. 7. For instance, the demonstrated case in the pre-
vious section was based on plotting 20 points for the
computed risk assessment curves. The final selection
of the declared risk assessment value was generally
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Fig. 23. Top Risk Assessment Value Determined by Combining Enabling and Triggering Risks.

Table 2
Defuzzification of Risk Events Found in the Risk Assessment Model

(1) (2) (3) (4)
Risk Event – with Reference Figure Area to the Right Defuzzification Defuzzified

of the Curve Area Range Truth Linguistic
(Rounded) Value

Combined Basic Risk of Fall from
Scaffolding or Staging -. Fig. 16

0.5 0.43 – 0.58 Risky

Residual Subgroup Risk of Falls, Slips,
and Trips Risks – Fig. 17

0.65 0.59 – 0.75 Fairly Risky

Combined Basic Risk of Struck by
Falling Equipment – Fig. 18

0.3 0.26 – 0.42 Very Risky

Residual Subgroup Risk of Struck-by
Falling Objects – Fig. 19

0.55 0.43 – 0.58 Risky

Residual Basic Risk of Contact with
Electric Current – Fig. 20

0.5 0.43 – 0.58 Risky

Residual Subgroup Risk of Exposure to
Harmful Substances – Fig. 21

0.5 0.43 – 0.58 Risky

Combined Triggering Risk Subgroups –
Fig. 22

0.35 0.26 – 0.42 Very Risky

Combined Enabling Risk Subgroups 0.35 0.26 – 0.42 Very Risky
Top Risk Assessment Value – Fig. 23 0.2 0.09 – 0.25 Extremely Risky

precise and considered to be within timeliness expec-
tations with less than 6 seconds for processing
computations.

5.1.2. Consistency and sensitivity
The demonstrated case proved that the model is

consistent in processing inputs and delivering risk
assessment. When the exact same steps are repeated
for a certain case, the system generated the same
expected results. Nevertheless, as one or more of
the risk events are changed, the top risk assessment
(General Site Risk Assessment) value is expected

Table 3
Possible risk linguistic values declared

by intelligent system

No. Resulting Linguistic Assessment Value

1 Absolutely Risky
2 Extremely Risky
3 Very Risky
4 Risky
5 Fairly Risky
6 Slightly Risky
7 Absolutely Not Risky
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Table 4
Summary of All Risk Cases

Case No. Triggering Risk Number PPE Effectiveness Value Enabling Risk Value General Site Risk Assessment

Case 1 2 Risks in Range - Table 5 Absolutely Ineffective Fairly Risky Risky
Case 2 2 Risks in Range Absolutely Ineffective Very Risky Very Risky
Case 3 2 Risks in Range Very Effective Fairly Risky Fairly Risky
Case 4 3 Risks in Range - Table 6 Absolutely Ineffective Fairly Risky Very Risky
Case 5 6 Risks in Range - Table 7 Absolutely Ineffective Fairly Risky Extremely Risky
Case 6 6 Risks in Range Absolutely Ineffective Very Risky Absolutely Risky
Case 7 6 Risks in Range Very Effective Fairly Risky Risky

Table 5
Triggering Risks of Cases 1,2, and 3

Triggering Risk Type Risk Value Safety Measure
Effectiveness

Fall from Elevation Very Risky Absolutely Safe
Contact with Electric
Current

Fairly Risky Fairly Safe

Table 6
Triggering Risks of Case 4

Triggering Risk Type Risk Value Safety Measure
Effectiveness

Fall from Elevation Very Risky Absolutely Safe
Contact with Electric
Current

Fairly Risky Very Safe

Struck by Falling
Material

Very Risky Fairly Safe

to change according to assigned operational logic
gates. Seven cases with different risk scenarios are
simulated to generate the General Site Risk Assess-
ment values for each case, as shown in Table 4. For
each case, one variable is changed from the base
experiment while keeping all other risk event val-
ues constant, as highlighted in bold in Table 4. This
can help to observe the relative impact for each of the
variables, i.e., Triggering Risk, PPE Effectiveness,
and Enabling Risk, on the declared risk assessment
value.

The input of case 1 is used as a base reference for
cases 2, 3, 4, and 5; while the input of case 5 is used
as a base reference for cases 6 and 7. The trigger-
ing risk types and values for each of the cases are
shown in Table 5, Table 6, and Table 7. It is observed
from Table 4 that as the risk values increases, the
top assessment (General Site Risk Assessment) value
increased; while as the safety measures effectiveness
values increased, the top assessment value decreased.
However, it is observed that as the Triggering Risk
Number increased, the top assessment became more
sensitive to the PPE Effectiveness Value.

Table 7
Triggering Risks of Cases 5, 6, and 7

Triggering Risk Type Risk Value Safety Measure
Effectiveness

Fall from Elevation Very Risky Absolutely Safe
Contact with Electric
Current

Fairly Risky Very Safe

Struck by Falling
Material

Very Risky Fairly Safe

Struck by Falling
Equipment

Very Risky Absolutely Unsafe

Struck by Moving
Equipment

Risky Absolutely Unsafe

Struck by Moving
Equipment

Risky Fairly Safe

Fig. 24. Project Completion Delay Probability Model Using Con-
ventional FTA.

5.2. Quantitative comparative analysis

A conventional FTA for the risk event of Fall
from Scaffolding Probability is modeled, as shown
in Fig. 24, to be compared with the risk event in the
FFTA model demonstrated in the previous section,
as shown in Fig. 15 and Fig. 16. This comparison is
intended to show some of the advantages of the pro-
posed FFTA model over the conventional FTA. The
conventional FTA model uses the OR logic gate to
combine the probability of the lower risk events A
and B shown in Fig. 24. For instance, Event A can
represent Fall from the Side of the Scaffolding, and
Event B can represent Fall from the Bottom Plank
Board of the Scaffolding.

Considering that this paper evaluates the combined
influence of concurrent risk events, then, the Union
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of the two lower events is applied using:

P (A ∪ B) = P (A) + P (B) − P (A ∩ B)

P (A ∪ B) = P (A) + P (B) − P (A ∗ B)

For instance, if the events of the conventional FTA
model, A and B, are assigned a delay probability
of 50% and 66.6%, which are [1 – Area Under the
Curve of the corresponding Fuzzy Values of the FFTA
model]. Then the conventional OR Gate yields a prob-
ability of about 83% for the Fall from Scaffolding (top
risk event), which may be interpreted as Extremely
Risky in fuzzy terms. Although the risk events A and
B can concurrently affect a worker, however, a worker
cannot fall from the side and the bottom at the same
instant of time. The conventional FTA model uses the
OR logic gate to accumulate the events’ probability.
This can be an overestimation of the combined value
of the risk events. In contrast, the FFTA model of
this paper distinguished between static and dynamic
risks. In the case of Fall from Scaffolding, the FFTA
model recognizes this event as a static event, it has
a fixed location while it can have multiple risk sce-
narios. Therefore, the FFTA model uses the Fuzzy
OR logic gate which takes the maximum risk value
of lower events (scenarios) to control the redundant
counting of dependent risks.

Furthermore, the conventional FTA model uses
the OR logic gate to accumulate the events’ prob-
ability without accounting for the different safety
measures’ effectiveness that might completely or
partially dampen the probability of risk events. In
contrast, the FFTA model of this paper, shown in
Fig. 15, applies safety measure effectiveness gate for
each specific risk event. For instance, the safety mea-
sure of Guardrail Installed at Scaffolding Sides can
minimize or eliminate the risk of Fall from the Side
of the Scaffolding. Figure 16 shows how a safety
effectiveness value of Fairly Safe was able to mod-
ify (reduce) the original risk value of Very Risky to a
residual value of Risky, which governed the Fall from
Scaffolding Risk value.

5.3. Qualitative comparative analysis

5.3.1. Shortcomings of conventional FTA and
FMEA models

Although there is a wide range of risk assessment
methodologies, from qualitative analysis to complex
quantitative analysis, many methods shared some
essential phases of risk assessment which include:

identification of potential causation, analysis through
a hierarchical representation of risks, and evaluation
of the different risks [21, 56]. However, risk assess-
ment models have limitations related to these three
phases that may lead to misestimation of the overall
risk assessment. Specific approaches for aggregating
risk ratings were absent in many studies [28], or were
limited to the assessment of risks present in specific
scenarios [39]. Many approaches used the probabil-
ity and severity of risk to estimate the risk values.
However, studies suggested that these methods had
the shortcoming of assuming that the estimated risks
were independent events, which ignored the inter-
actions and interdependencies between risks under
assessment [12, 30].

Studies that used conventional fault tree analysis
(FTA) for risk assessment had reliability limita-
tions related to deducting the top events into basic
events that are considered redundant, dependent, or
non-concurrent [57, 58], which can have an overesti-
mating effect on the top event. For instance, Puncture
in Flowline and Rupture in Flowline can be consid-
ered modes of failure that can have mutual triggering
causes or may not occur concurrently [58]. In another
paper, the human faults, e.g., Incorrect Operations,
were accumulated with procedural faults, e.g., Viola-
tion of Procedures [57], while one can be a symptom
or dependent on the other, this also can have an
overestimating effect on the top event. Moreover,
the breakdown structure adopted by the studies had
overseen possible environment-related risks [57, 58],
which can have an underestimating effect on the top
event.

Furthermore, conditional events were mistreated
as basic events [58]. For instance, the events of Fail-
ure of Leakage Control of Pipe were treated as basic
events [58], while it is more reasonable for such con-
ditional events to be associated with basic events.
Disconnections between basic risk events and their
associated effectiveness factors (conditional events)
can cause accumulating the influence of redundant
and non-concurrent events, which, in turn, causes
overestimation of the overall risk assessment.

Studies that adopted Failure Mode and Effect Anal-
ysis (FMEA) for risk assessment were limited to
identifying and assessing risks individually [59]. In
traditional FMEA risk assessment applications, Risk
Priority Numbers (RPN) were be obtained by mul-
tiplying the scores of risk factors like occurrence
(O), severity (S), and detection (D) [59]. While
more recent FMEA risk assessment applications used
Fuzzy logic and Analytical Hierarchy Process (AHP)
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to engage cost, time, quality, and safety impacts [59].
However, the result of the FMEA risk assessment
would still be a list of critical risks with a Risk Priority
Number for each of the risks. The output would not
provide an aggregated value of possible concurrent
risks. Moreover, the application of FMEA for risk
assessment requires generating hundreds of rules to
analyze the possible input combinations. These rules
are mostly obtained from opinions of the interviewed
party which can have an inherent bias.

5.3.2. Contributions of the developed FFT risk
assessment model

This paper’s FFTA model is a remarkable addi-
tion to the risk assessment state-of-the-art which left
the concurrently presented risks either unrecognized
or misestimated. Specifically, the developed intelli-
gent system can provide a linguistic meaningful risk
assessment value to predict the combined influence
of concurrent risks presented in any given scenario.
Table 8 and the following points show a summary
of the FFTA intelligent system contributions to over-
coming assessment misestimation:

(1) Building an inclusive risk breakdown struc-
ture that includes enabling, static and dynamic
triggering, and sight recognition risks. The
proposed hierarchical structure systemized
risk assessment sub-groups that are deducted
into basic events that can be evaluated
independently of each other. This helps in com-
bating assessment underestimation related to
overlooking influential concurrent risks, and
combating assessment overestimation related
to aggregating risk symptoms rather than pri-
mary risks.

(2) Proposing the Alpha-Cut method to take into
consideration the effectiveness of safety pre-
cautions and measures that can reduce or
eliminate risks, which can overcome assess-
ment overestimation (false alarms). Alpha-Cut
method is applied as an effective approach to
finding residual risks of basic events, subgroup
events, and top event. Dampening the risk val-
ues by the effectiveness of their assigned safety
measures will control the overestimation of
risk.

(3) Suggesting adequate logic gates at the junc-
tions of the risk hieratical structure to combine
concurrent residual risk values. The proposed
gates distinguish between static risk (non-
moving) and dynamic (moving) risks. This

Table 8
FFTA Intelligent System Contributions to Overcoming Risk

Assessment Misestimation

Evaluation
Item

FFTA Model for
Concurrent Safety
Risk Assessment

Other FTA
Conventional
Evaluation Models

Risk
Breakdown
Structure

Inclusive RBS that
includes enabling,
static and dynamic
triggering, and sight
recognition risks.

Possibility of
structuring risk
symptoms or
redundant scenarios
rather than primary
risks.

Safety
Measures
Considera-
tion

Residual risks can be
obtained by reducing
the risk event values
by the applicable
safety effectiveness
factors.

Safety measures are
mostly found as
conditional events,
not as risk modifiers.

Logic Gates
to Combine
Concurrent
Risk Values

Adequate logic gates
at RBS junctions
distinguish between
static risk
(non-moving) and
dynamic (moving)
risks. This eliminates
the accumulation of
dependent and
redundant risks of a
common risk source.

Probability theory is
hinged on the
randomness
assumption which can
be ineffective in
representing the
possibility of
concurrent risk events.

Representation
of Risk
Values

Adopts fuzzy
rotational model to
accommodate
subjective values, and
reduce fuzzy sets
rounding and
misrepresentation.

Crisp values for
estimating risk can be
misleading because it
does not consider the
uncertainty degree
and imprecision of
risk values.

helps to enhance the reliability of risk assess-
ment by eliminating the accumulation of
dependent and redundant risks of a common
risk source.

(4) Adopting an enhanced rotational fuzzy set
model to host the subjective risk values into
quantifiable values. This helps in overcom-
ing reliability limitations related to fuzzy sets
rounding and misrepresentation during the
quantification of subjective risk values.

6. Conclusion

The developed risk assessment model for on-
foot construction worker can estimate the potential
combined influence of concurrent safety risks in a
linguistic meaningful fashion. The features of the
FTA intelligent system empowered the system to
have an inclusive risk breakdown structure, effective
operational gates, and representative quantification
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of subjective risk values, which help in overcoming
reliability limitations and uncertainties. The system
can be utilized as a prognostic evaluation tool for
early prediction of combined risk values at differ-
ent instances of time, which can trigger the need for
more effective safety controls to reduce principal risk
drivers. The interfaced intelligent system provides
assessment values at multiple levels of the fault tree
model in order to allow the risk assessor to recognize
the principal risk drivers. Furthermore, the system
can be employed as a diagnostic tool to estimate com-
bined risk values at the scene of an accident, which
can provide an understanding of how risk transferred
to the accident event leading to fatality or injury. The
FFT risk assessment model can be extended to other
domains such as the concurrent risk events influ-
encing vehicle operators, mining works, and other
individuals facing concurrent safety risks. However,
the main limitation of the FFTA assessment model
can be the subjectively induced values of the different
risk events, considering that these values are subject
to user (assessor) bias or misjudgment. Therefore, the
subjective (linguistic) values assigned to the risk or
safety events input need to be selected according to
project-specific guidelines or criteria.

7. Data availability statement

Some or all data, models, or code that support the
findings of this paper are available from the corre-
sponding author upon reasonable request.

Code of Intelligent System demonstrated in Fig. 10
through Fig. 21 - C Sharp (C#) as the programming
language and Visual Studio as the Integrated Devel-
opment Environment (IDE) [60].

Data of input, computations, and output of demon-
strated cases of risk scenarios summarized in Table 4
[61].
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