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Abstract. According to the information of accidents, fall from height makes the highest
death of construction workeMowadays, the design standafdill protection system
e.g.,guardraihavenot considee d w o r kngsrHeovweveifwsoa k e lngs suchfag e
safetyfeding and convenient feeling may affeafiety angbroductivity ofconstruction
workersThe objectie of this paper is to proposec onstructi on workersd fe
measuremeriity feehg measurement tools usedguardrailesignn highrise building
construction projest The three type of the tool were developedor construdbn

wo r k elngmeastireneerguch as-P of constructiomprojectenvironment included
dimensionand (aracteristics of guardsal-D pictures withdimensionof guardrails
relatedto wor ker s & , and nwetiabk Reality (VRnodet run in Virtual
Environment(VE) equipmentalled CAVEThe standard deviatio&£) andCoefficient

of Variation CV)o f  w ofedings weseds=dto indicate the performancewor ker s 0
feding measurement tool&loreover, inthe case study, thmost effectiveool was

applied to measure theo r kfeelingid order todesign the guardrail by considering not
only cet of guardrgib ut al s o ¢ onst raThesuitabbeguavdrail wesr sd f eel i ng
analyed by Analytic Hierarchy Proces&HP) method. The results ofconstruction

wo r k eling eadureeat bythe threetypes of the tool showed thafor guardrail
designw o r kfedmg rieasurement R modes in CAVE is the mosteffectivetool
compared with otherBrom theresult ofthe case studyt showed that the suitable types

of guardrailcan bedesiged by consideringoth cost of guardraidand construction

wor kersd feeling
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1. Introduction
1.1. Background

In Thailand, ocurrenceréquencyf accidergin the construction industrig highwhen it iscompared

with other industridsecause afs characteristic afforks[1]. The main cause of acciddiiatmake high

impactt o wor ker s 0 isthiéngftotm heghn[Z]. The efieat®f gccidertcan be classifigédto

two damagesuch as direct damage, evgp r k deatrs @nd ioyy and indirect damage.g.stop of

working and project image [Bfnerallyin a highrise buildingconstruction projecsafetysystera were

designed not onlyy followingsafety design standariist alsosavingcost However, it was not designed

for following constructionw o r k fedings @uring construction activitieBroblems of worker wise

workplace werein the high levekonein a highrise building constructigroject aresuch asavingnot
enoughquality ofprotection systesne.g. guardraiTheymayfed as thougtworking in adangerous zone

that may influencen their behaviors and affeproducton rate Also, usingover design of protection

system mainfluenceonwor k er s 6 duringworsrihateamaffect theirproductionrate Thus,

designer shoultdkesigrprotection system by not omlyfollowing design standaahdsavingcost butalso
considéngw o r k e r s<uchfadesigniofaligorotection system, edgsign ofjuardradin ahighrise

building construction projectHowever,the problem ishow to measur¢ghe wo r k e r ssoForf eel i n
measur ement og theysbouldbe able ecbgrizahd resgondb their feeling, e.gome
dangerousituatios in their works.Consequenthit requirs an effective toothat can beapplied to
measur e wogirkadersaddesigialleptoteatiam equipmerguch as guardsilherefore, he

objective of this research areo tverify the performance f workersd feeling mea
comparing the var iswhentley were ftested dheik feetinsy dhe tdoks and iton g

propose a c& study of fall protecticequipmenfguardrails) desigmthe highrise building construction
project by considerisg construction workerso6 fee

1.2. FactorsInfluencing on Workers Behaviors

Two main factorsthat influenceon w o r k lkeehasid and their produclvity were describedby
Masingboor4]. The first main factor spersonaldctoror individual factor that influences working
behavios whichconsistof two minerfactoss, such asnternalpersonafactors,e.g.skill, motivation, trust,
and popularityandexternapersonafactorsinfluencingp n wo r k e reg€éxpeddes, trainihgi, amd
education. The second main factersguation &ctorthatrefersto environment conditigithat influence
on worker®abiliieswhich areclassified into two mindactors, such asvork physical e.g.method of
work, working environment, conditioaf works, andsocial fact® e.g.organizatiom Due to [4],a
working zone im high level area an importantvorking environment iahighrise building construction
project that directly influence amo r k lehasi@ and productivity. Furthermore, performancaf
humarsdsenses such asualization, taste, listegi and toudhg were studied biluira et. al[5]. The
result showed that visualizationthie highest performance senserécognize dangerous situation
Especidy, peoplevho work ina high level area may have feghngh as scare, laskconfidenceand
decreasing theabilitiesto makea decisionthat influenceon their work performancéVo r k etige 6 f
from construction works, eggaffolding and formwork ehigh ise building construction wiffect to
their safetyfeeling [6]

1.3. Design Sandard of Fall Protection Equipment

Currently, design standard of safety specified fallupeotectionequipmenfor working aremaabovet

feet (1.8 meters) hi§ifi. The standard propostdee types dahefall protection system such as guardrail

system, safety net system, and pertahglotection systenlowever the format of those protection

systems is not specifigéacludingype and size of structures, spacing of structural membdrse ager

or designewill designt by usinghelocal standard bakse n wor ker sd chamntgdnt er i st
Thailand[8] has specifiechinimum Reght of a guardrail forthe fall protection isot lower thar0.90

meter. However, ihas not specifiethe format of guardrail structur@ghich depenslon designer
perceptiors. Fall protection hierarchy was described ithaiust be used when choosing methods to
eliminatecontroling offall hazards. The steps are listed in the order in which they should be considered
such as guardrails, fall restraint, fall arrest, and work proaedpegivelj)].
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2. Design of Guardrails in High Rise Building Construction Rojects

Johnson et al. [lpresergdthe design of fafirotectionsysterafor roofing work, e.qaguardrailasafety

net, and personal protection todts.this researchseveratypes of the guardrailwere desiged by

followingthe designstandardrom the literature reviewandthe practical formatrom construction site

surveing of highrisebuilding construction projsdn BangkokMetropolis Thailand respectivelyFrom

the literature reviesvand construction sitsurveing, it wasfound thataroundsix types of the guardrail

were applied ithe practical constructicasfollows:

First guardrail type (Type laidoublerail with 0.45 metespacing and 0.90 metéigh The second

one (Type Il) imdoublerail with 0.60 metespacing and 1.20 mathigh The third type iatriplerail

with 0.30 metsispacing and 0.90 matkigh The fourth type (Type V) @aguardrail which installed four
rails with 0.30 spacing and 1.20 radtmgh The fifth type (Type V) anbe sixth type Type VI) are net

type that ussteel net 0.25 mesespacing with 0.90 medeand 1.20 metsihigh, respectivelyThe

types of theguardrail arehown in Fig. 1.

| 200 |
| |
Ly
0.90
—
045
" - 4
Typel
| 200 |
[ |
»
030 0%
¥
0.30
T
Type I
| 2.00 |
| |
0.25 m. spacing
i ;e
Steelnet | 0.50

Type V

B
0.30

030

0.30

e

Type I

Type IV

0.25 m_ spaging

Steel net

Type VI

120

120

Fig. 1 The $x types otheguardraitesigedby followingthe design standard apthcticabonstruction

3. Experimental Efficiency of Wo r k er s 0 e&sgement Togs M

From the study of [5], visualizatiothis sense that haigher performande recognize the environmaht
situatiorthan the otherdn this researchhe workersecognize their working environmebly using their
visualizatiosenseTherefore,tineedghe visual tool that has high performanae
in theirworking environmenE or wor ker sdé feeling me asifuheyeweent |,
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working inarealsituation an@énvironment [11]The methodologidhatwere usedto verifythe efficiency
or performance of wor kanbesdéscribedad followg: measur ement t

3.1. Developing ConstructionWor ker s Feel i mgs Measur ement T

I'n this research, the 3 typewere@appliedoomedsee hed f e el
construct i ons Thedeeling mesu@mehtaoleType hisP-D pictures of guardrail with its
dimension as shown in Fighat printed on papefThe tool Type Il is-B pictures of guardrail withe

trues cal ed wo thatprintédonthe paperandthe tool Type Il is VR models of guardrail that

run in Virtual Environment ( VE).2 and big3presgeeatively.c al | e
The details of each feeling measurementredkacribed as follows

Gnuardrail
Typel
with
tmme-scaled
pictuce of
worker

Fig. 2 The 2D pictures okixguardraitypesinsertedvitnthe trues c al e wo r (Kadifiesl Gomp i ct ur
[12).

3.1.1. The wo-dimension (D) pictures of guardrail printed the paper
The first feeling measurement t@olpe 1) i2-D color pictures of guardrailodel whictwereprinted by
acolor printer. One picture illustrates one tyghexjuardrafi with its component and dimensisach as

width, height, and rail spacing. The six typ#gsegfuardraipictureasshownin Fig. 1 were printeidto
someharccopy papeand used t o me assThe enstwotionkwerkessoweré marednilyn g
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selected tosetheir visual sense by lookinghatseguardraipictures and respoing their feelingin term
of safety and convenience as thdhgi work irahigh level asewherenstalled those different guardrails.

3.1.2. The 2D pictures of guardrail with trgealed worker picture printedtbe paper

The second feeling measurement(fbgbe Il)is 2D picturesof different guardrail typgcomparedvith

thewor ker s 0 that primtednamtheohardcopy paper. For this tool, the ynietof truescaled

guardrail isnserted to the picture of trgealed worker and construction site environment as shown in Fig.

2. It illustrates a worker who worksaihigh level area that instalted fall protectionsystemby using

different type of the guardrad Those pictures wer e suwbentheytwere me as u
selected to look at the pictures @neespond their feelisgn term of safety and convenience.

3.1.3.Virtual Reality(VR)modesillustratedn Virtual Environment (VBpol

Spelz [13described that Virtual Reality (VR) technologyiiformation technologhat can beused to
enhance us ebesabse of itsaadvantggesh as M modelpresentatiormodelmovement
animation sound modelrespondingand virtual environmenh design stage, Virtual Reality models can
be applied to enhance communication capgbifitCostello [B] classified Virtual Reality technolimtyy

3 systemsincluding nonrimmersive (desktop) system, dsemmersive protection system, and full
immersive heashounted display systeKalawsky [8] summarized thatirtual Reality (VR) is emerging
as a very powerful educational tool that has the potential to pheviigher education establishment
with a powerful and effective educational environriéetqualitative performaned VR systems is
dependdon 6 main featuresonsisting ofesolution, perception, navigation sKikld of regard, lag, and
sense of immersio

HD Projector

%

HD Projector ; HD Projector

Fig.3 TheCave Automatic Virtu&nvironment (CAVEjmodified fran [17]).

For enhancinghereality of construction site environmémé,Cave Automatic Virtuénvironment
(CAVE) as shown inir. 3 was applied to developar k e r s rideadureneehtitoal §rype lll) is one
kind of full immersive Virtual Reality (VR) system which has high realistic illustration. The CAVE consists
of four sides ofhescreen whicprojected figures by four Higrefinition (HD) projectors. The projectors
were controlled by five personal computers (P@):4h PC which controlsito 4h projector, andtbsPC
is used to control movement of models in virtual environment by receiving input data from movement
control equi pment c a | terg @he as@ra madeatd usq spewibl) $Passea md p o i
CAVE for looking at the virtual reality mogdatsl control movement of models as wellvakk through
by using Wanda§Jlas shown in Fig. 3.
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TruescaledVR models ofa highrise building, differentypes of guardrajland environment of
constructio site were created by the animasioftware The VR models of dérent guardrail types
shown in Figd(a)wereinstalled in a VR model thfe highrise building construction projest shown in
Fig 4(b) which illustrateth the vrtual environmenas shown in Figic) Those models/ere simulated
and run by the programming in the CAd&shown in Fid. It wasusedto beafeeling measurement tool
(Type Ill) forworkersin orderto rate theifeeling levelgsafety and conmencefeelinglevely when tley
were selected to walk through the virtual reality modtedsOAVE.

(8 VR models of guardrail (b) A VR model ofthe hightrise building

0\ .
4 : |

(c)Virtual environment

Fig. 4 TheVR models of guardrail ahighrise building constructigojectandvirtualenvironment
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Fig. 5 VR modek of different guardrailypes in a VR model ofa highrise buildingsimulatedn the
CAVE.

3.2. Methodologiesfor Experimenting the Efficiency of Feeling Measurement Tools

In this researchhe efficiencyof feeling measuremetaiol wasinvestigated bthe variationo f wor ker s 8
feeling resporidg. The workersvere testedn both of theirsafety andonvenience feeliay usingeach

tool basd ontheassumptionthat t he v ar i ddelingpraspoadg by a teelikgaeneasdement

tool is lover thanthe others, the efficiencyof thatfeeling measurement tool will be bigihan the others

The method for construction workers to respond their feztimat wereused to verify the efficiency of

the feeing measurememl®can be described as follows:

3.2.1.Questionnairdevelopmert or r ati ngswor kersd feeling

The questionnaires were developedh®mworkerswhich wereusedto respond their feeliasgvhen they

were tested byé tools. The important questions in the questiorareitee rating scale of fe®s, such

as safety and convenience feghigh5 levels(5 = very high4 = high, 3= medium, 2 sow,and 1 =

very low. The workers willespondtheir levels ofsafety and convenierfeeling from 1 to 5 scalings

though they work in the real construction project that installed eachthyguafdrdifor fall protection.

The six typs oftheguar dr ai | wer e s el ecs Andexamplerof toesguctiom g wor
workei® feeling levelsatedfor each type dheguardrail can be presented in Table 1.
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Table 1 An example ofeeling levelsf a construction workeatedfor each type daheguardrail

Guardrail Safety Convenience
Types feeling level (15) feeling level (15)
Testing Testing
No.1 No.2 No.3 No.4 No.1 No.2 No.3 No.4

Type | 2 3 2 1 1 2 1 1
Type Il 4 3 3 4 4 2 2 3
Type llI 3 3 3 3 2 3 2 3
Type IV 4 4 4 4 3 4 4 4
Type V 5 4 4 3 4 3 3 3
Type VI 5 5 5 5 5 5 5 5

3.2.2.Datacollection

The 10 construction workers who had expeseincénighrise building construction projeatere
randomly selected to thee respondents. For decreasinigias occurrence because of their remembrances,
they were tested their safety and conveniencedéglinging the 3 types of fagl measurement tools in
4 tesing (Tesing No.1 & Tesing No.4) per one type dahe guardrail. For each teg; the feelng
measuremenobols were changed thank(1-3) as shown in TableThe 3 types ahetool were verified
thar efficiency of feeling measuremé&mgure 6shows 2 types of feeling measurement tah a2-D
pictures of guardrail printed the pape (Type l)and2-D pictures of guardrail withetrue-scaled worker
picture printecbn the paperType Il)that were vefied by a construction worker. Moreowagure?7
showsfeding measurement tool Type IWR models of guardrail thain in CAVE)were verified its
efficiency bylO workers.Those workers were built their feaibyg walking through the VR highe
building model in CAVBy starting thewalkng from the ground floor. Therthey were simulatéd go
upstais by using a construction elevatorthe 20" floor levelthat installedhe different types othe
guardrailas shown in Fig/(a). After that,they rated theilevels ofsafety and convenience fealiftg
different typeof theguardraias shown ifrig 7(b) and Fig.(¢), respectively.

Tabk 2 Different rank of feeling measurement tootedor oneworkerto rate feeling leel

Testing Ranksof tools
No. Typel Typell Type lll
1 1 2 3
2 2 1 3
3 2 3 1
4 3 2 1

Feeling measurement tool Type |

2.00

Feeling measurement tool Type I

2-D pictures of guardrail with itg
dimensions printed qraper

2-D pictures of guardrail with trsealed
workerds pictur ¢

Fig.6. Ratingof feeling levslof a workeiby usingfeeling measurement tdgipe | and Type II
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(a) The workers webeult thelr feellngbywalkmghrough the VR mode1 theCAVE
e

(hRati ng of

: h
7 “\l.
| ,al\ I

(c)Rating of wo r fér guarslrallweellearidw bygeelingenveasurement tdgpe IIl.
Fig.7 Rating of workersd feeling levels fTypelldi ffere
3.2.3.Data analysis

The rating scadd€1-5) or levelsof 10 constructiomv o r k e mg dnbdthesafétyi and convenierioe
different types of the guardrail thatvere measuredy 3 types othe feeling measurement towkre
analyzed to obtain theclgh (X) and Standard DeviatioB[D.) of feeling levddy usingeg. (1) and Eq2)
Then the Coefficient of Variatio(C.V.) canbedetermined gzresergdin Eq.(3) [19].

_ Bx
X= — (1)
NBx ZBx ) 2
S. D.
C. Vy-= €)
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where x =Leveloftonstructi on(Wwpr kersd feeling
N = Number of testingN = 4; Testing No.1 Testing No.%

TheS.D. andC.V. canbe used tindicate the variation of datboweverthe Coefficient of Variation
(C.V) is better indicatdo indicate the variatiowhenconsidering more th&datasets andhe Mean X)
of data are more differgdB]. In this researclthe 6 data sets with different mean value were used. Thus,
theC.V.was onlysed tandicatet he v ar i at i o nswhefh theyw @tedktreeedsing levsleye | i n g
using eactype ofthefeeling measurement tdoi differenttypes of theguardraillf theC.V.ofwor ker s 0
feelinglevelsmeasuretyy a feeling measurement tool lamer thanthosemeasuredby the othersit will
be indicated thdt he v ar i at i o nsmedsured byrtHatetaisidoder thhar reebsuradgbthe
others andalsoindicaté that the efficiency of that feeling measuremenistbaher thanefficiency of
the othersThe examples &.V. of aworkef® safetyfeelingthatwasmeasured byfaeling measurement
tool in 4 times ofestingare presented Fable 3

Table 3. Examples o€.V.ofawor ker 6 s measured by feeling enéasuregent tool

Guardrail Safety
Types feeling levek (1-5)
Testing X S.D. C.V.
No.1 No.2 No.3 No.4

Type | 2 3 2 1 2.00 0.82 041
Type Il 4 3 3 4 3.50 0.58 0.16
Type llI 3 3 3 3 3.00 0.00 0.00
Type IV 4 4 4 4 400 0.00 0.00
Type V 5 4 4 3 400 0.82 0.20
Type VI 5 5 5 5 5.00 0.00 0.00

The allC.V. of a workeid s  f eaateld fornsixdypes of guardrail that measured by feeling
measurement togfSype |, Type Il, and Type )lwere analyzed to obtaire representativef thoseC.V.
value by usinghe Median of them,respectively. THdedian isthe middlevalueof a soted list of data
set (from minimum to maximuwalue). It is commonly used to measure the property of data set. The
advantage dhe Median when compared witihe Mean or Average valu¢hisMedian is not skewed
so much by extremely small or large va&lueas,it is a betterideafor finding the representative or typical
value of data sethen the data ithhe data set is skewed so m[&. The middle number of a data st ¢
be found by using E¢4). Median value of data set is value of middle number (for an odd number of
values) or average of two middle numbers (for an event number of values).

b QQREBE GGy’ 4
where n = Number of data iadata set.

Then,Median of C.V. of 10w o r k e lngs Geadurec bthe feeling measurement toélype I,
Type II, and Type I)l were analyzedgainto obtain the representatiedian for all workers,
respectively.

3.3. Resultsof the Experiment of Feeling Measurement Tools Efficiency
The efficiency dieeilng measurement tools were experimégtednsidering thidedian of C.V. of all

w o r kfeeting. dable 4 presesithe Median of C.V. of aworked s  fsésafdtyi andyconvenience
feeling) that measured layfeeling measurement tool
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Table 4 TheMedianof CV.ofa wo r k e snieasurdd égdeklingmmpasuremenbl.

Guardrail Safety feeling Convenience feeling

Types ®» SD. CV. ® SD. CV,
Type | 2.00 0.82 041 1.25 050 0.40
Type Il 3.50 0.58 0.16 275 096 0.35
Type llI 3.00 0.00 0.00 250 0.58 0.23

Type IV 4,00 0.00 0.00 3.75 050 0.13
Type V 4,00 0.82 0.20 3.25 0,50 0.15
Type VI 5.00 0.00 0.00 5.00 0.00 0.00
Median - - 0.08 - - 0.19

TheMedian of C.V.ofa | |  wfeelink thatveei@measured bjool Type |, Type Il, and Tgdll
are illustrated in Table 5, Table 6, and Tabbp7e ct i vel y. T diwere analyzéddorobtdin f e e |
the representatii@dledian) of the variation of safety feeling, convenience feeling, and both safety and
convenience feeling

Table 5 TheMedian of C.V.ofallwo r k e r s rdeaduredeblonl imypes|

Worker No. Safety Feeling ConvenienceFeeling
MediawnfC.V. MedianfC.V.
Worker Nol 0.08 0.19
Worker No2 0.43 0.46
Worker No3 0.13 0.28
Worker No4 0.40 0.40
Worker No5 0.14 0.13
Worker No6 0.26 0.22
Worker No7 0.28 0.20
Worker No8 0.25 0.16 Safety & Convenience
Worker No9 0.25 0.27 Mefdei‘;'g}gcs v
Worker No10 0.14 0.21 Y
Median (all workers) 0.25 0.22 0.24
Table 6 TheMedian of C.V.ofallwo r k e r s rdeaduredebljopl mypesil
Worker No. Safety Feeling Convenience Feeling
MedianfC.V. MedianfC.V.
Worker Nol 0.08 0.25
Worker No2 0.32 0.31
Worker No3 0.08 0.26
Worker No4 0.31 0.31
Worker No5 0.14 0.14
Worker No6 0.32 0.23
Worker No7 0.31 0.15
Worker No3 0.21 0.16 Safety & Convenience
Worker No9 0.26 0.25 feelings
Worker No10 0.38 0.21 Mediawf C.V.
Median (all workers) 0.29 0.24 0.25
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Table 7 TheMedian of C.V.of allwo r k e r srieaduredeblopl mygpe IIL

Worker No. Safety Feeling Convenience Feeling
Median of C.V. Median of C.V.
Worker Nol 0.06 0.15
Worker No2 0.25 0.25
Worker No3 0.06 0.28
Worker No4 0.18 0.29
Worker No5 0.14 0.00
Worker No6 0.18 0.23
Worker No7 0.16 0.20
Worker No8 0.19 0.20 Safety & Convenience
Worker No9 0.29 0.18 feelings
Worker No10 0.38 0.19 Median of C.V.
Median (all workers) 0.18 0.20 0.19
Table 8preserd the representativéMiedian) of variation C.V)o f al | wosméasured ly f e el
thethree types ahefeeling measurement tobhe results show thédte Median of CV.of al | wor ke

feeling, such asafety, convenience, and both safety and conveniencs tlesingremeasured bthe
measurement tool Type Htelower than measured the measurement taolype | and Type |l so that
thevariationofw o r k e r sthatwereneehsuradgayeasurement tool Type I8l lower than measured
by the measurement taoType | and Type IErom the reults, itcanbe summarizeétthat the performance
of thefeeling measurement tool Type Il is higher thafeeling measurement ®dlpe | and TypH.

Table 8 TheMedian of C.V.ofal | wo r lsmaasuid b tepesl oth@ngpasurement taol
Feeling
measurement Safety Feeling Convenience Feeling Sakty & ConvenienceFeeling
tools Median of C.V. Median of C.V. Median of C.V.
Tool Type | 0.25 0.22 0.24
Tool Type Il 0.29 0.24 0.25
Tool Type Il 0.18 0.20 0.19

4. A Case Studyof Guardrail Design by Considering CostandConstructi on Woi
Feelings

4.1. Methodologies
4.1.1. Designof alternative guardrails

Sixtypes ofthe guardraibs shown in Fig. 1 wearsed to proteatonstruction workersom falling from
heightin a highrise building constructigroject Theywere designed and used to be alternative guardrail
typesin this case studgometypes of them would be sédsbunder considered factdosobtain a suitable
type oftheguardrail

4.1.2.Considered factors

YoonandHwang[2]] proposed decision making under multiple attabutguantitative datén thiscase

study the multipleconsdlered factors are the facttnat used to consider the able type of guardrail.

Three factors uch as cost, wo whk e keeriveniened feeling wefe éhe fagtonsghat a n d
were used foronsideing the suitable guardraype The st of eachguardraitypewas estimateay the

experts (designersased on material cost and labor cosaefambly and installation.
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Moreovey the levels ofvo r k e r s,8uchf as edfety mmgl venienceeeling were ratedy 10
construction workers who had experiemeehighrise building construction progcthey rated their
feelinglevelsby usinga feeling measurement tool. In this case stuslyjritual reality models avertual
environment olCAVE (Tool Type Ill). Due to the above resuits,efficiencysi higler thanthe other
feeling measuremednbls

4.1.3. Determine weigh ahefactors

In this research, the level of importamceeighof eachfactorthatwasused to consider the suitable type
of the guardrail are defat. Weigh of factors were comparedobyception of 6 expertqdesignersivho
had high experience in guardraiésign. They comparéevel ofimportanceof factors by paiwise
comparisionand wereanalyzed bysing Analytic Hierarchy Process (AHP) methativasstated by
Saaty 42. Thelevel of importanceonsists of 5 scales for paise comparisorsuch as (1) equal
importance, (3) weak importance, (5) strong importance, (7) very strong denporda(®) absaiu
importanceThe levels of importana® weigh ofeach facto{Ws) ratedby anexpertarethe average
weightwhichwasanalyed by paiwvise comparison matfir nfactors

However, the consistency thfe result should be provemy Consistency Rati€.R.) whichis
calculated by Consisteriegiex C.I.) andRandom IndexR.l.) as shown in E¢5),Eq. (6), andq. (7).
TheC.Rcanbeusedo ensure the consi s b Ehwinagdals tosummationd e nt s
of consistency vector dividedrbjnhumbers of factdrin this casenis equal t@.

[ ..-N
=
C N1 ®
RI.=1.56f{or n= 3)[22] (6
Cl.
R=—"
¢ RI. @

If Consistency Rati@C(R.) is lower than 0, the result will be accepted;the other handf CR is
greater than 0.1he result will ndbe acceptef@?.

Then, the representative weight of each factor from all eézpkytsrmined. It iaverage weiglof
factor fromallexpertdw ) that can be determinediby. (8).

o ®

whereN = Numberof expers (In this case\ = 6).
4.1.4. Selectinghe suitabldype oftheguardras

For selecting the suitaltype ofguardail, the alternative guaaith werecompared under the considered
factors which had differeaverage weighi(). In this case, the 6 typestloé guardrail were compared
under considered factors, such as cost of guardrall® aadstruction workdérs f eand analygesl by
the AHP methodto obtainthe levelsof importanceof each guardraipe(L./y) under each csidered
factors Then,the levelof importanceof each guardrail th& multiplied bythe average weighto() of
consdered fact@will be determined to libe weightedevelof importance(L./.») of the guardrail as
shown in Eq(9). Finally summationof L./, of all considered factorstlse levelof total importance
(L./w0r) Of eaclguardraitypeas shown in Eg. (10

8@ o 08@ )

8@/ 04/B (8@ (10
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4.2. Results of Guardrail Designby Considering CostandConst r uct i eaelingg/or ker s 0

4.2.1. The average weight of fastiom all expertsr()

The average weight of fastémom all expertsof) thatwasused to select the suitable guardrail type are

presergdin Table 91t shows thathe average weight of the safety feeling is highethéhaverage weight
of convenience feeling atide cost respectively. From this analyiiscan be concluded th#te
congstency of the results is high bec#lus€onsistency Rati€(R) is very low€.R = 0.0).

Table9. The average waigof the considered factofeom all expertaised for guardrail design

Considered Weight of factors(Wr) Average
Factors Expert Expert Expert Expert Expert Expert weight
No.l1 No.2 No.3 No.4 No5 No.6 ()
Cost 0.09 0.46 0.14 0.13 0.11 0.11 0.14
Safety feeling 0.78 0.46 0.72 0.22 0.74 0.80 0.62D

Convenience feeling  0.13 0.08 0.14 0.65 0.15 0.09 0.207

4.2.2.Levelof importancef each guardraype(L.l.9

From pairwise comparnis of costof guardrailby 6 expers andwo r k e r s & 10f censtiugtiong
workersfor the 6 types of guardraihd analysisy the AHP method the level®f importanceof each
guardraitype(L.l.9 can bepresentedn Table 10It shows thafor each considered factdis levelof
importance of each guardtgileare different

Table 10Leves of importancef each guardrailpe(L./,) classified bthe considered factars

Guardrail ILg
Types Safety  Convenience
Cost  teeling feeling
Type | 0.191  0.144 0.133
Type Il 0.179 0.123 0.142
Typelll  0.138  0.178 0.161
Type IV 0.104 0.183 0.195
Type V 0.206 0.188 0.179
TypeVI  0.183  0.184 0.191

Remarks: * compared &gxperts, ** compared hpworkers
4.2.3. Level ofthetotalimportanceof guardrailgL.l.tota)
From summation ofthe weightedlevel of importance for each guardrail type, it can be olitesnetdl

level of impowrnce ofthe guardrails as shown in Tableahdl Fig. 8They preserthat the guardrail type
V hasthe highest level dhe total importance 4./ = 0.189) thais closedto the guardrail type VI

(L./10rr = 0.185) TheL./m Of guardrail Type INType lll, Type I, and Type Il are lower than Type V and

Type Vl,respectively.
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Table 11Levelof thetotal importancef guardradl (L. /..:2) for selectinguitablaypes of guardralil

Guardrail Weighted level of importance of guardrails (L./w) L?ggl of
Types Cost Safety feeling Convenience feeling importance
(w =0.174) (w =0.620) (0 =0.207) (L. tozar)
Type | 0.174 x 0.197 0.620 x 0.144 0.207 x 0.133 0.150
Type Il 0.174x0.17¢ 0.620 x 0.123 0.207 x 0.142 0.137
Type llI 0.174 x 0.13¢ 0.620 x 0.178 0.207 x 0.161 0.168
Type IV 0.174 x 0.10¢ 0.620 x 0.183 0.207 x 0.195 0.171
Type V 0.174>0.206 0.620 x 0.188 0.207 x 0.179 0.189
Type VI 0.174 x 0.18: 0.620 x 0.184 0.207 x 0.191 0.185
0.200 - @ 0.189 0,185 %
0.180- g
0.160- §
0.140
0.120- >
0.100- <
0.080- )
0.060-
0.040- 2
Cajen., O
0.020- ]
0.000-

| i
Guardrail Type

vV v v

Fig. 8 Level ofthetotal importancél. /) of each guardrdilpe.

4.2.4.Results ofedecting the suitable tgmeé the guardrail

From level othetotal importancéL.l.total) of each guardrail typleeL.l.total of guardrail Type V and
Type VI arghe highestotal importanceTherefore, the suitable guardrailsype guardrail Type ahd
Type VI as shown in Fig. 9

2.00

Y

2.00

l<
I~

|
0.25 m. spacing _I 25 m. spacing

\ | | | [ > ‘Steel net

1.20
Steel net 0.90
Type V Type VI
Fig. 9 Thesuitableguardrailslesignetby considerinthecost factorand/o r k e r sfagtod ee |l i n g
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5. Conclusions

The objectives of this resear ch measurerheattovleand fy t
proposea case study tfie safety guardradse si gn by ¢ on s i direahighmisg buwildong k er s 6
construction projectThe performance dhree types of feeling measurement wadverified by the
variationC.vV.)of constructi on wo rfeebngasdiconeaientfeelmggiisthecasei c h a's
study, the most effective feeling measuretmenvasselectednd used to desidghe saféy guardrail by
considering three factors, including cost of guardrail, safety feeling, and convenience feeling of construction
workers. The cosif guardraiwas estimated and compared by six exgerdggnersa nd t he wor ke
feelings were ratethd compared by ten construction wskwvho had experiences in higha building
construction projectsThe six types of safety guailiwere designed and comparedpaiwise
comparisonThe AHP method wassed toanalye the weight of factors asdlect the suitable type of

guardrail.
From the performanc@mparison amonipethreet y pes of wor kersd feeling
be concludd that the VR models un i n Vi rtual Environmenisthe( VE) e

highest performance todlsat can beused to measumnstructionrvo r k e r .4t cah besusdad mog
measur e t he svoodegign rithe Suitable tyde tofm guardrail. Inthe case study of the
experimental of guardrail designa highrisebuilding construction projeby consideringost andhe
wor k er s @heréselteshowthagywe can desighe suitable typef the guardrail by consideringt
onlythecost factor but alshewor ker sd d eel i ng factor
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