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Abstract. Construction workers accident is the highest number compared with other industries and falls are the main
cause of fatal and serious injuries in high rise projects. Generally, construction workers accidents are caused by unsafe
act and unsafe condition that can occur separately or together, thus a safety monitoring system based on influencing
factors is needed to achieve zero accident in construction industry. The dynamic characteristic in construction causes high
mobility for workers while doing the task, so it requires a continuously monitoring system to detect unsafe condition and
to protect workers from potential hazards. In accordance with the unique nature of project, fuzzy logic approach is one
of the appropriate methods for workers safety monitoring on site. In this study, the focus of discussion is based on the
characteristic of construction projects in analyzing “potential hazard” and the “protection planning” to be used in accident
prevention. The data have been collected from literature review, expert opinion and institution of safety and health. This
data used to determine hazard identification. Then, an application model is created using Delphi programming. The
process in fuzzy is divided into fuzzification, inference and defuzzification, according to the data collection. Then, the
input and final output data are given back to the expert for assessment as a validation of application model. The result of
the study showed that the potential hazard of construction workers accident could be analysed based on characteristic of
project and protection system on site and fuzzy logic approach can be used for construction workers accident analysis.
Based on case study and the feedback assessment from expert, it showed that the application model can be used as one
of the safety monitoring tools.

INTRODUCTION

The occupational accident in construction is the highest number compared with other industries in Indonesia.
Based on the data from BPJS Ketenagakerjaan, the total number of occupational accident in minor category, it is
rising until 5% each year and the major accident category has higher increasing trend between 5% - 10% in each
year [4]. Based on the previous literatures, it is stated that some accidents of construction workers is caused by some
factors, such as: unsafe act, unsafe condition, management, and time factors [6, 7, 8, 12, 22].

In Indonesia, 20 occupational accidents per 100.000 workers, for 31.9%, happen in construction sector and are
the highest with the details of: falls (26%), collision (12%), and strucked (9%) [29]. In America and almost all other
countries, construction workers are quite possible to get work accident. On the other hand, based on the data from
CPWR, The Center for Construction Research and Training U.S that is supported by National Institute for
Occupational Safety and Health (NIOSH), the prediction number of construction workers is rising 33% in the last
decade (between 2010 — 2020) [31].
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Project’s physical characteristic as one of the unsafe conditions causes of fall from the height [2, 3,9, 10, 13, 25,
28]. Project’s characteristic that causes of fall is identified as hazard area [17, 30, 32]. The typical of hazard in
construction project in context of fieldwork is working too close with unprotected edge and incident that can cause
slipped or fall [20]. Many researches were conducted related to fall accidents, project’s characteristic and hazard’s
type that causes accident and analyse information technology based development system [5, 11, 22,27, 35]. Whereas,
the application of fuzzy logic method and its development has been used in many industries, such as research related
to work accident prevention. This approach method is used because it is simple and can be used to cover the weakness
of qualitative approach when subjectivity, vague, and ambiguous comment and ranking of experts are appearing, so
that it can get better accuracy [9, 16, 18, 33]. Based on the problem, that is why continously monitoring system to
detect unsafe condition and protect workers from potential hazard using fuzzy logic approach is needed.

Hazardous Area in Construction

Hazardous area is identified as area of hazard risk bounded by warning area. There are 3 dimentional models of
hazard area, that are: point hazard, line hazard and area hazard [19]. Based on the analysis of accident caused by fall,
there is 70% accident happened in the elevation of <21.35 m (70 ft). While the horizontal distance between workers
and hazard that must be determined is 3 meters for fall hazard from the height [19]. The work field with more than
2 meters height must be given protection planning form fall hazard [1, 14]. So, in this study, we used the average
number of fall from height < 20 meter. Based on hazard’s type on site, it is divided into two types: static hazard and
mobile hazard. Which is included in static hazard such as unprotected edges, roof, and floor openings, while mobile
hazard such as equipment [19]. In this research, the analysis was only conducted to static hazard excluded temporary
structure in the application of slab structure that is referring to the research of [23] by adopting dimention of hazard
area as the research finding of [19].

Work Accident’s Prevention and Control

Prevention action of fall from height can be done by minimizing the number of hazard potential and conducting
protection to worker’s condition through work performance monitoring [21]. Based on the research conducted by
[26], it was found that the result of identification from the availability of fall protection types are guardrail system,
safety net system, personal fall arrest system, safety monitor, warning line and slide guard. Selection and combination
of protection used, depending on potential hazard on site. It is necessary to optimize the application of workers
accident prevention.

METHODS

The dynamic character of construction project causes high mobility to workers in performing the activities, so
construction requires a continuously monitoring system to detect unsafe condition and to protect workers from
potential hazards. In accordance with the nature conditions of project, fuzzy logic approach is one of the appropriate
methods which can be used for safety monitoring of workers on site. The analysis framework is shown in Fig. 1.

| Site Layout || Workers Position

| Protection Planning |
I J

| Create Application Model ‘

12
Hazard Identification

!

I Fuzzy Logic Approach

Validation

Ve

Hazard Level

FIGURE 1. The analysis framework
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Data Collection

Data was conducted based on literature review (previous study in safety and health), secondary data (planning
design and protection planning will be applied) and interview with the experts who has experienced in construction
project expertist more than 5 years, academician related to the study of work safety and health and institution related
with safety and health. The interview was conducted to obtain numerical variable data related to potential hazard
based on project’s characteristic when workers perform their job at high elevation.

Site Layout Identification

Identification of project’s characteristic based on the planning design that is in a form of coordinate (X, y) and
identification of hazard location based on building characteristic in a form of hazard area coordinate (x, y). Hazard
area is identified as line hazard for unprotected side and hole/ floor opening.

Fuzzy Logic Analysis

Fuzzy logic was introduced by Lofti Zadeh in1965. This approach gives a basis to generate powerful, commonly
used as problem solving techniques, especially on decision making [16]. In fuzzy logic, decision making is done by
using inference system. There several method in fuzzy inference system such as Mamdani and Sugeno. This research
used Mamdani method that is mostly applied because the structure is simple. Fuzzification is the first step in fuzzy
logic. It is a modification of set theory where each of its member has membership level between 0 — 1. If U is universe
object and x is U member, a fuzzy set A in U is defined as a membership function pa(x), that determine every object
in U to be a real value in interval [1, 0]. The value of pa(x) explains membership level x in A:

A={(X.n,(X))IXeX} (1)

The value of p that has been obtained from the first step will be applied in fuzzy rule base. Fuzzy rule base is a
set of rules based on knowledge based in the form of implication function between input and output with association
rule approach. Some rules used fuzzy logic algorithm is explained as following:

IF antecedent THEN consequent 2)

In a system with free variable (at consequent) x1, .... , xnand numbers of m bound variables (at antecedent) y1, ...
, ym. For example R is a basis of some fuzzy rules:

IF Pr (xl,..., xn) THEN Qr (yl,..., ym)

: 3)
IF Pr (xl,..., xn) THEN Qr (yl,..., ym)

Where P1, ..., Pr shows fuzzy predicate for free variable and Q1, ..., Qr shows fuzzy predicate for bound variable.
The last step is defuzzification, which is changing the linguistic variable from fuzzy output into crisp value. There
some methods of defuzzification process such as centroid method, weighted average method and max method.

Fuzzification
Based on [7], triangular fuzzy number (TFN) are often utilized to provide more precise description and obtain

more accurate results [16]. A membership function of fuzzy set is called triangle fuzzy set when it has 3 parameters,
they are: a, b, ¢ € R with a <b < ¢, explained with S (x, a, b, ¢) using rules:

0,x< aorx=c¢

,!L(X:}: (X*aj}/(bfﬂ:},aSXSb | )
(bfxi}/(cfb:},bﬂx <c
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In this research, some input variables are used to determine the hazard level as output. Input variable consisted
of hazard type and accident prevention plan. Variable input based on hazard are height of fall and position of worker
from hazard (distance from hazard). The linguistic variable for height of fall variable is based on injury level caused
by fall accident, while distance from hazard is position of worker from hazard [14, 15, 19]. Fuzzy input for “height
of fall” are divided into minor, moderate, serious, severe and lethal. For “distance from hazard”, we found immediate,
nearby, medium and far as fuzzy input. Based on accident prevention plan, it is identified the using of guardrail
system, safety net system, fall arrest system, hole covering and warning line system as variables. The linguistic
variable in this part are “not used”, “used (with unstandardized)” and “standard (used standardized)”. The protection
used is being rated as the effect to the worker safety with the scoring from the experts. We divided the linguistic
variables into some categories based on fuzzy range and fuzzy number. This value assessed by expert opinion. Output
variable is analyzed based on the level of risk suffered by the workers. Based on the research of [ 15], risk assessment
is a multiplication function between distance from hazard dan injury level (as consequence of falls from height) plus
the effectiveness of protection used to minimize accident risk. From the range value based on literature review then
we found the fuzzy number based on expert judgment. This fuzzy number is shown in the combination of up linear,
triangle, and down linear representation (Table 1).

Inference

There are seven bound variables (antecendent) which are the height of fall, distance from hazard, the using of
guardrail system, the using of safety net system, the using of fall arrest system, the using of hole covering, and the
using of warning line system. Whereas the free variable (consequent) is the level of hazard. Based on the review of
literature and observation with the experts, it is obtained that the combination of fall’s protection can give efficiency
and optimalization to the workers’ safety; generally, it can use the combination of two items of safety protection
based on the condition of working field.

TABLE 1. Fuzzy Set

Function Variable Linguistic Variable Range Fuzzy Number
Input Height of Fall Minor [020] [0 2]
Moderate [1.4 5]
Serious [3.510]
Severe [8.1 13.6]
Lethal [10.9 20]
Distance from Hazard Immediate [0 3] [00.5]
Nearby [0.4 1.3]
Medium [12.1]
Far [2.13]
Guardrail system Not Used [0 10] [01.8]
Used [1.55.1]
Standard 5.1 10]
Safety Net System Not Used [0 10] [0.32.3]
Used [25.5]
Standard [5.310]
Fall Arrest System Not Used [0 10] [01.9]
Used [1.44.9]
Standard [4.6 10]
Hole Covering Not Used [0 10] [0 1.6]
Used [1.3 5]
Standard [4.510]
Warning Line System Not Used [0 10] [0 1.8]
Used [1.35]
Standard [4.510]
Output  Level of Hazard Low [0 20] [0 6]
Medium [512]
High [9 16]
Very High [1520]
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The fuzzy inference system is using Mamdani method with implication function using AND operator obtained
by using MIN function. According to Siller, the function of MIN is the function to find the smallest membership
value from two or more operand [24]. Generally, it can be drawn as following equation:

pAmB:min(p{A[x],ﬂB[y]) %)

Analysis of rule composition uses MAX function by taking maximum value of rule, then using it to modify fuzzy
area and applying it to output. According to Siller, generally, the calculation of rule composition can be drawn with
the equation of:

st (xi) = max (s (i) kef x| (6)

Where psf (xi) is the value of fuzzy membership solution until i rule, and pkf (xi) is the value of i rule of consistent
fuzzy membership. The fuzzy rule base is generated by the expert opinion. Based on hazard zone and protection
systen, we found 180 rules for analysis in fuzzy inference system. The rules ilustrated in Table 2.

TABLE 2. Identified fuzzy rule base
No. Height of Fall Distance from Hazard  Protection System 1 Protection System 2 Level of Hazard

1 Lethal Immediate Not Used Not Used Very High
2 Lethal Immediate Not Used Not Used Very High
3 Lethal Immediate Not Used Not Used Very High
4. Lethal Immediate Used Used Very High
5. Lethal Immediate Used Used Very High
6 Lethal Immediate Used Used Very High
7 Lethal Immediate Standard Standard Very High
8 Lethal Immediate Standard Standard Very High
9. Lethal Immediate Standard Standard Very High
10. Lethal Nearby Not Used Not Used Very High

180. Minor Far Standard Standard Low

Defuzzification

In this research, defuzzification used centroid method as generally used in fuzzy Mamdani. Centroid method
takes central point (Z*) of fuzzy area as crisp solution through following equation:

b .
z).zdz
e -[abL( ) %
J.a ,uA(z'] dz
The example value of Z* and the linguistic variable of hazard level is shown in output program.
RESULT AND DISCUSSION

Case Study
In this research, supporting tool is used for systematic calculation for fuzzy logic analysis using Delphi
programming. it has a good interface and user friendly. The reason why we build our own application model is to
make it easier in analysis when integrated with another sub system in the future work. In this application model,

fuzzy logic analysis is used to represent hazard level caused by physical project’s characteristic and protection
system. From this application, we can simulate the hazard level of worker in construction site as the final output.
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The main display of application model can be illustrated in Fig. 2. We used a high-rise building construction project
in Malang, Indonesia, for case study.

The first step in this input program is project’s characteristic identified based on the planning design in a form of
coordinate (X, y). By inputting these coordinates, the project layout will be drawn. Then we can fill the opening/ hole
on the layout according to the design. The results of identification will automatically show hazard lines on the
building. Then, an initial worker’s position was choose at the project location such as Z point in Fig. 4. This data
used to indicate whether worker was in the hazard area or safe zone and will automatically become the data variable
of “distance from hazard” for simulation in application model. All of these identification are shown in Fig. 3.

Then, the hazard zone will be identified around the hole or opening or unprotected side and illustrated as line
diagram in Fig. 5. Furthermore, the fuzzy number and membership function were inputted to the application
according to table 1. All rules that have been identified are directly stored in the application database (Fig. 5).

The final step is running the program using the example of data variables from project case. We can choose the
value of “height of fall” variable and combination of safety protection used on site. Especially, for “distance from
hazard” variable just need to fill Z point as workers position and will automatically show the distance value and
category of distance from hazard. We simulate the hazard level by filling the option menu in the empty box on each
variable. The final result is shown in Fig. 6.

TLDGIN] Coondrte | Hazand vea | Varabe | Fczy umber | R |

Il

(T
T

Initial Worker's Position

FIGURE 3. Setting layout and hazard identification

070009-6



Variable | Fuzzy Number | Resut |

wariable
first_range

last_range

Choise [Opersr =

Point1 Point2
m v
Point4 Point3
5 o

Hazerd distanca T—
Deie doa Fioting oz

Variable

R T

FIGURE 4. Hazardous areca

T

variable

[fist_range_[last_range_|

IHelghA of fal

v

Heightof fall

|_|pistane fiom hazard
E || Guarchl system
= | [gafety net system

| Fall anest system

|| Hele Cavering
| o [wa] ] =| a]-5] @ || waning e system

|| Levelof Hazard

3
n
10
n
10
n
20

wariable

first_value

last_value

e

Choise [Fechiatal ]

(a)

variable [linguistic._variable [fist_val
oo | el minr 0
|_|Heighi o fal moderate: 14
linguistic_variable: [minor | |Height of fall Serious 35
[|Height offall Severs 81
[ |Height of tal lethal 103
| Distan fiom hazard immediste 0
|| Distane: hom hazard nearby 04
| Distan fiom hazard medium 1
|| Distane: hom hazard far 21
Guardrail system Not used 0

Fuzey unbet | Rl |

|| Distarc fiom hazard
|| Distarc fiom hazard
|| Distanc fiom hzard
|| Distane from hszard
|| Guardal system

<

Fuzzy Number

2 minor

20 moderale 4
20 Seious 35
20 Severe 81
2D el ]
3 imnedte 0

3 neatty 04
3 medum 1
] 21
10 Not wsed 0

(b)

FIGURE 5. Fuzzy Set; (a) Input menu of variables, (b) Summary of variables.

Height ofall
Distancfrom hezord
Guardrai system
Safety net system
Fall amest system
Hole Covering

Waning line system

LevelofHezerd  [ayhah
RosulDetuzikasi i@

Result

070009-7

FIGURE 6. Output program




Discussion

From some tests conducted to workers’ position when they are in high elevation with safety protection, the
finding showed the hazard level that can occur to the workers in construction site. For example when initial workers
position (Z) was identified in coordinate of (22.0; 1.0) in 20 m elevation from the ground. The position showed that
the hazard area is “Unprotected side” with “Immediate” criteria for distance from the hazard category. The elevation
means that workers position is in “lethal” criteria for height of fall based on injury level. The Assumption of
protection planning are “Used” guardrail system and “Used” fall arrest system on site. By clicking the result button,
we found the linguistic variable of the output and the value of defuzzification process. The result of a potential hazard
according to the sample case is “Very High” which means the worker is in very danger condition when working in
this position (Fig. 6). After we conduct the trial many times with some other data on the application model, it can be
placed the result tabulation of running program (Fig. 7).

TABLE 3. The trial data tabulation on the model

Coordinate Distance from Height of Fall Guardrail Fall Arrest Level of Hazard
hazard (m) (m) System System
(22.0; 1.0) 0.39  Immediate 20 Lethal 5 Used 5 Used 19.2  Very High
(29.4; 15) 3 Far 3 Moderate 2 Used 4 Used 11 High
(15.6; 10.0) 04  Immediate- 17 Lethal 3 Used 9 Standard 11 High
Nearby
(45.0;27.0) 0.6 Nearby 1 Minor 8 Standard 7  Standard 4.9 Low
(37.0;0.4) 04  Immediate- 7 Serious 2 Used 2 Used 8.5 Medium
Nearby
(33.0; 6.6) 3 Far 10 Serious- 4 Used 6  Standard 5.5 Medium
Severe
(13.5;15.0) 8.1 Clear Area Safe Zone
(40.8 ; 14.0) 3 Far 5 Moderate- 7  Standard 9  Standard 5.1 Medium
Serious
(33.0;17.0) 0.8 Nearby 10 Serious- 10 Standard 3 Used 11 High
Severe

N

(31.0; 24.0) 1.4 Medium 15 Lethal Used 6  Standard 11.4 High
(35.0;21.0) 0.1 Immediate 12 Severe- 7  Standard 9  Standard 14.9 High
Lethal
(18.0;27.5) 0.1 Immediate 20 Lethal Used 2 Standard 18.4  Very High
(7.5;15.0) 2.1 Medium- 18 Lethal Not 4 Used 9 High
Far Used

(43.0;9.61) 0.009 Immediate 3  Moderate 10 Standard 10 Standard 8.5 Medium
(57.0;13.0) 029 Immediate 16 Lethal 9 Standard 7  Standard 14.7 High

—

(58.5;20.5) 0.89 Nearby 7 Serious 2 Used 1 Not 9.7 High
Used
(21.9;4.0) 0.29  Immediate 10  Serious- 3 Used 3 Used 15 Very High
Severe

As illustrated in Fig. 6, the hazard area can be in the intersection area such as “Immediate” and “Nearby” based
on the membership function identification for the same workers position. The application model will analyze the
data based on all identified fuzzy rules and then selects only one output according to the fuzzy inference system.
This tabulation data is given back to experts to assess whether the results have been close to the real conditions on
site. The feedback from the assessment indicates the approval of the experts. When the model has been valid, so we
can use the model to track the worker’s position related to the hazard level and can be used for warning and decision
of worker’s safety monitoring. With this model, can also be simulated the risk level of worker accident which is still
tolerable based on site condition.

CONCLUSION
According to the model, it can be concluded that potential hazard in falling from height caused by several factors

include physical project’s characteristic and the use of fall protection system in project. Based on the finding, it is
known that fuzzy approach is able to analyze the hazard level for workers position in site, therefore created model
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can be used for safety monitoring in construction. From the interview with expert related to the output model,
concluded that the model provides good accuracy based on the approval of the expert.

However, this research has some weaknesses because it requires more practical testing to get accurate result when
combined into an integrated safety monitoring system in further research. The future research can enhance (1) the
research methodology uses triangular fuzzy number to represent linguistic approach, therefore future research can
try to use another type of fuzzy number, so it can be compared of fuzzy number that gives a good precision in
analysis, (2) hybrid analysis method can be conducted as using fuzzy fault tree or fuzzy bayesian network for future
research, (3) the simulation model is improved using more other variables.
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