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ABSTRACT
The research aims to improve the production process of U-Rib angle parts of hallow discs
by applied the principles of work-study, Cause and Effect Diagram in data collection, and
problem analysis. From the study production process of U-Rib angle parts, the steps are:
1) cutting steel sheets and forming them initially with laser cutting, 2) bending them into a
U shape, 3) drafting the workpiece design using a fixture layout, 4) cutting excess materials
according to the layout using the fixture layout, and 5) welding assembly them with other
parts. From these production steps, there are excessive processes, namely the workpiece
layout with the fixture layout and cutting excess materials, which results from the incorrect
size by the laser cutting process along with low-quality bending. Addressing these issues,
the ECRS principle was applied to eliminate unnecessary work steps. This was achieved
by first utilizing sheet metal drawing principles to determine the correct blank size prior to
laser cutting, and subsequently by improving the bending process through the design and
implementation of a Rolla V Die. As a result of improving the production process, the
number of production steps was reduced from 13 steps to 8 steps, and the production time

decreased from 7 minutes 11 seconds to 5 minutes 35 seconds, a reduction of 1 minute 36

Faculty of Engineering, Kasem Bundit University Research Article
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seconds. This represents a 22.25% reduction in production process time and a reduction in
scrap materials loss by 0.23 kg/piece or 5.64 percent loss reduction, Costing around 1,380
bath/month at a capacity of 200 pieces/month.

KEYWORDS: Bending Die, Hallow disc, Production process improvement
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ABSTRACT

This research studies the drying of turmeric (Curcuma longa L.) using microwave-vacuum
drying techniques. Key aspects investigated include drying kinetics, drying rate, effective
moisture diffusion coefficient, specific energy consumption, color change, and empirical
modeling. Drying processes were performed using 800 W microwave power at atmospheric
pressure, and at microwave power of 600, 700, and 800 W at absolute pressures is 20 and
30 kPa. Experimental results showed that increasing microwave power and decreasing
absolute pressure resulted in higher drying rates and effective moisture diffusion coefficients
with reduced specific energy consumption. Decreasing absolute pressure also resulted in
lower overall color difference compared to drying under atmospheric pressure. Furthermore,
the Mildilli empirical model provided the best prediction for turmeric drying, exhibiting the
highest R2 value (0.99995) and the lowest RMSE value (0.00323).

KEYWORDS: drying, turmeric, microwave vacuum technique, empirical model
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ANTOULRI

2.7 ardfSunanadse
darad9aintun laanmrsuursandenziuSunmindass (Water activity, a,) 93¢
\IasinTeiTinaninaaszine Aqualab 3TE 39mM3gue1 0.03 119 1.00 NaAnni 25 aaen

EALBUE 1aurinmMIATzRaatN98y 3 90

2.8 LUUTIADINWABAAIAAITLONNIAR

wuusIaInadiamansiennsas iusunsnfeultlunmsiiwesasnisauuts
dlasanidusunisneadiamaninisiersiiouss lddudon GiaunmsouRsaaazuanln
;31]LLuumwﬁuw”ufﬁué”@md’mmw%u (Moisture ratio, MR) [17] lagifiaa s wanude
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Mt _Meq
MR= —— (5)

M —M

in eq

[ [l
= =

A A & A o o A Y
Wa M, Ao aNUTUEHAL (W19331UU%3), M, fia Anuauninaila g (1asgIuurs) ez M,
A ANNTUANGS (W1AIT1UURY) udlunisnanastlifadnanudusuga thasniidnan

' A A o & A ' @ o Y {
ﬂ’J’]ﬂ’J’]&l’IjuLimmLLa:ﬂ’nu%uﬁL’Ja’ﬂ,(ﬂG] AVVUINNIN 5\1ﬁ’]u'ﬁﬂ‘ﬂ@zﬂa“ﬂqivl,(ﬂ(ﬂ\‘iallﬂqsﬁ 6

MR = —- (6)

LUUFIRBINNATRAFIRATLAUNIAR LT NARANITILATIEHINNITDAD AU WU LB ILE
. i A A, o oa, X o a & A

(Nonlinear regression) G48A1awHUITANNRINITOIUANTHINUNLFNANTNHADRAMENS Ao
[ a a% o A . . . . 1 {

aandszaninisaadula (Coefficient of determination, RZ) LAZANIINN®DITDIAINY

ANALARawINRIFEILAAY (Root meansquare error, RMSE) laguuudnaasnindiaenaasi
.. ; .. ;4 ; P4,

Twan R? gaﬁq@ wazlel RMSE mﬁq@ amﬂuaumiﬁmm:auﬁq@ T961 R? wae RMSE

FANURUNUTAIRNNTN (7) LAz (8) MNE1AL [18]

n 2
2 _ Zi:1(MRexp,i _MRpre,i)

n
Zi:1(MRexp,i - MRexp,ave )

- ()

1
RMSE = E[ZL(MRW _'V'Rpre,i)Z] (8)

18 MRoyg;, MRy ae U8E MR, 18 8ATIEIUANNTUINMTNAREY SATIEIUANNTUARY
INMINARDI UazsandInanuduidsiminldnaunisieuises awdau sz N de
Fuudayaluniinasas LUUFRINIATAMEasauRsAan Ll un1srusaaunamans
AvauuwIviniwildlue1uisoid 6 aun1s Léun Newton, Page, Modified Page,

Henderson and Pabis, Logarithmic L8z Midilli @1”\1@1’15'1\1“7‘1' 1[19]
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A19WN 1 HUUIIRDINIABAFAIFAILDNNIAA

A V‘U‘ﬁl %aaums ;J‘]_] LUURNNIT
1 Newton MR = exp(-kt)
2 Page MR = exp(-kt")
3 Modified Page MR = exp(-(kt)")
4 Henderson and Pabis MR = a exp(-kt)
5 Logarithmic MR = a exp(-kt)+c
6 Midilli MR = a exp(-kt")+bt

WANEAG: a b ¢ k Uaz n fia AasnInNMAilemsRauMaeaRIAn uaz t A alumsauuis (i)

QI =) ‘{ Ll ‘g =) =)
2.9 #NUILANSNISUNIANNDNHUIEEANDHA
Qs a Q‘ 1 g a a . . . . 0 . .
AFNdszANTNITUNIANNTHY S ENTHE (Effective moisture diffusivity coefficient, D)
Lfluawﬂ'a"uam"’@qﬁa%myé’mwmimﬁauﬁmadmww%ulm:mm‘ms:mumsauLLﬁa
1 lhl 1 Qs v lé 1 v {
lastanwzadidelusasaamisuuisaasy Sousasivlmngmssimsunwianungtafses
. e o Ly o E
2a9f@ (Fick's second law of diffusion) G9n1Inasasauundluassiassuudgiuit adug
v a Qs v = o <) 1 = dl Cil dq’
YMEAUUAIAANIIRAAINNIN VANt dwuanL1d hazdn1Tiadawnuasnuasldle

a A vo o d
Al S9azlafmaauadannisn 9 [20]

8 oo 1 -2n+1)°71°D_, t

MR = — E |/ | exp
2 n=0 2 2

T @2n+1) 41

FINTUNTAUWAIN 1181 LN Ta U A IA D U I U WAL T T ATINITOLUAINART

y d A @ % {
fUNTAUNKAT n=0 luaun3n (9) iisdnanien Geazlanaaanaianniin (10)

8 77Dt
In MR =1In — |7 7 (10)
T 4L

d' A 1 ' 3’ a A a =) =) A n§
108l Dy fia AMTUNSANNTHUILANDTHA (ANTINATAWMA), L Ao ATIRITaInnInm
VOIUNWIRG (1ua9), t fa szezaflgluniseuuis (Junfl) uazillawdaansinaad In MR

Wsununan t azlddn Slop nnnuhandwinnndl D lasltaunsi (11) [4]
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4L’
D,, = (Slop) . (11)
T

3. WAN1529Y
3.1 YAUNAFIAAINITOUURIVNWT W
S & oa & A o [ [ ° [ o<
PAUTUAANNTUITUARY Tz MTBUAE 898.00 NNATFIRLKY YITN1TDUUAIIUNTENS

[
v

iiurTudenudulifiniooas 13.63 ¥1aIg Uil (3982 12 asgrwdan) awanaigin

v
o & A a 2

NAAA MMV UT WA LLAY lavauuksaiinguinniadbulasiiw 800 7a6 (Ja:wda = 10:10

]
= ot ot o

FU7) NANMVAUUITENNA kazszauiadlulasiaw 600 700 waz 800 1aq (Ua:ila = 10:10

i
Awf) NANNaENYIlAIN 20 Uz 30 Alathaana
NamsmaaaauLLﬁwﬁu"ﬁ'u@T’Jﬂmﬂﬁﬂvl,ﬂmmh'auﬁ'uagryryﬂmﬁwudn NMIRAANNAL
> 9/0' C&I o Q v g 1 1 v Qq’ R
ﬁ&lyirﬂ%@]’ladLLQZﬂ’]SLW&Iﬂ’]MVLaJIﬂiL’J‘V‘ﬂ‘ﬁ%d”ﬂu RINAGOIRUNRFNFAINITOU LA IV T
mnwammmaﬂugﬂﬁ 3 WUI1Iz8zIaINITaULRIB A BT UNAad luTasan 800 a6
dl Q = v 0 v v - %] Q 6
AANNARLITENNG (275 W) ’meznmmumwmiammamulmmm@uaugim 20
wae 30 Alat&Aa (205 wae 220 Wfl ANEIGL) NNUN 4 WUNNTZAUANUAUFY YN
= Qs lal o Q [ v ﬂ‘v YV & J v q‘]//
LWAEINW NITLANAIRI b IATIWEINA AR NTUAA S LAV UUATIZZIRDULRIRWSS Lag
fanuausuyIniaan 30 Alathaaia daslulasiav 600 uaz 700 a6 lfazaziianlu
ANTAUWAY 290 WAL 275 WINl ATNEIAL LLazﬁmwm”uéTuHﬁﬁmﬁ 20 Alataas fas
lalastan 600 waz 700 106 MIzHINIaUWAIKNNG 270 Las 240 W7 AIUE10U ANTNWA
°uadmmd’uqzytywmﬂﬁwaﬁﬂﬁé’mwﬁmmwu%ulummuLLﬁa AARILIININNNTOUWAIN
ANNABUITLNNNA Lﬁaaanﬂmﬂlﬁannzqzytywmﬂ@@Lﬁa@maaﬂwﬁmaw‘hm CERILEVER
HNANNAUUITLINA mm@'i’uﬁ'ugnﬁ 30 waz 20 Alathaaia Uszuins 100 69 WAz
60 avALALTaE ANE1aL) [21] ’lumm:ﬁmnﬁuﬁwé’avmiﬂmwﬁwaﬁﬂﬁ’lmaqamadﬁﬂu
g Q v QII = 1 J dl v v =
PIUTUYNNTEAULAZFUFZINBUD I TULTININDY LHINNANUITUTUVBINAIY
{ g 1 v R Aw e A' &/ 1 =3 a '
lulasdnigedn dsnaldanuaulanmelusiutuAninadnimaiii uazfiaanuuanes
vw A X, e ¥ 44 . a X e v e,
maamm@uvl,aﬂmﬂmwmsfl,%m'mmumaawnmﬂmﬂuaaﬂqmmawwumﬂmﬂﬂLLa:
=1 A/ Q. o Q 1 ™ ™ = 6 v Q“' Q
a9 (22] maduiaslulasiiniunmsaanuauduysal lunisauuiaslugu
1 v v 1 g { Qs v { o Qs >3
Fasanaliannrauuieiidngelin angUf 5 dannsevuieniiasialasian 800 Tad
mwé"uz%’ugitﬁ 20 Alathaaa ﬁa"’@mmiauuﬁaﬁgoﬁqﬂ LhagantIawluainanlannas
VL&IIﬂSL’JWﬁQGﬁq(ﬂLLazlfﬂﬁﬁN@vugwgiﬂiﬁﬁﬁQQ Turmzi@oanunisauuwrantnas lulasan

a 6 a o 6 a a o o nl A ‘:g/ 1
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mssuursimaslulasiav 800 Sad AiRNNARLIIENNIA S8aMIBLURINGININANNAL
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msnaaesi laduwliululufianodgaunans3spues Borah et al [23] ﬁauuﬁagnwﬁu
wuin arRusiaslalasianann 200 Tad 1w 500 Tad sunsnaaszozianauunsle
Souas 42 LaTIINUIIBVBI Khatun et al [24] Iunmsauwiaumtsnsaslulasiansiuny
guame woddlaviumaslulasow aan 400 Fad 1u 800 Jad denalWszaznanauLs
aA89 1N 91 Wl Irdatfins 63 wifl (aarzziaanlumsauueldouas 30) wananitl
nwiTsnmIsuwdinszmeddismedialulasiawiwniugyyimeaves Pakseepaeng et al [8]
WU Lﬁiamwﬁuﬁuysﬁma@mﬂ 20 Alathaaa 1w 5 Alataaa snunsaaaszaziia

lumyauursasladszanmiasas 23
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3.2 AU INVBIVARTUNAIDUUR
piiutunevuislunniiewlunimassslianusneginmsianasgunian usioiugu
v A d‘lv 1A v 4 A a 3' a 1 o

auwis landanuduliinuiasas 13.6 iasguuis uazlidndSanawihdsss (a,) agluszay

d' @ o o a o 6 v A N 1 o A
'mJaa@mﬂa’msuwa@nmmmmmmiaﬂummm’] 0.6 MIAINN 2

A19WN 2 1210 ULHY USHIMAINTW uaza1lSu 11D aT: VoI VN TR

NNTOUUNAI
Geaulumsavuis nmmil,ma . A . ay
(wi) (308ATNIATZIRURI)

PRUTUFN - 899.39 -
800 W+atm 275 12.37+1.48° 0.59+0.01°
600 W+20 kPa 270 11.71+2.17°2 0.58+0.03"
700 W+20 kPa 240 10.16+1.06° 0.43+0.03°
800 W+20 kPa 205 10.44+0.57° 0.55+0.06"
600 W+30 kPa 290 12.95+0.82° 0.58+0.02°
700 W+30 kPa 275 10.74+2.46° 0.59+0.00°
800 W+30 kPa 220 12.37+1.48° 0.57+0.01°

wanewg: ManwnwliaunumelusesiniidenwhivandameaiifenslidbdAty (p>0.05)

fnsuAnFasuiuTunasauuws §9a15197 3 WUFNEN LF a* uay bt fidagszning
19.24-32.53, 14.81-27.14 uaz 17.01-26.16 ANNAAL miauuﬁaﬁﬁﬁéﬂﬂmnw 600 700
WAz 800 T4 TanAuANuauENYIoL 20 Alathaaa TWdranuadng Lr gaﬂdwmiauuﬁaﬁ
anuauduyInt 30 Alathaaa uazanuauussenmeaeialipday waewuiinisanuns
71 800 o ¢ ‘ﬁ'mmd’ummﬂmﬂﬁmmnuadna@‘i’lﬁq@aﬂ'nﬁﬁfﬂ&ﬁﬂ”{yﬁ'uﬁauvlmﬁu 5 G
uansnasasduua liumniounuamissues Junlakan [25] AdnE MIsULRINILSAE
sudaullIouifisununTauuiIs gy NMANDINTMTaULAII g Y IR Lt f
FINIINTOULAIAILANTDU asanluszninemisavuisnieldanuannsseanie §
sondiauluamerihliiAnd §Asomaifefiaafissdoiewlsd wonaniinseuuty
muldanuausuysnt 20 uaz 30 Aladhaaa ﬁ'gméi'awaaﬁmmimo [21] anw3ani
°Il5%fu1ﬁ§Uﬂﬁﬂ1NIﬂiL3Wﬂzgﬂﬁ’]vl,ﬂi‘ﬁ‘luﬂ’liizmEl‘;i’l mnn’hmnﬁuqmmgﬁmauﬁaf&q

=2 o v Aa t:i A v 1 o A [
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1 U
A15719% 3 qmmww’ﬁuﬁmmmﬁuﬁunauuamaamiamtﬁ’a

Gowlunmsauuds e
L* a* b* A+

PSR 28.84+0.99° 16.15+1.30° 14.84+1.57° -

800 W-+atm 19.24+1.90° | 27.14+1.38° | 19.78+3.39° | 15.07+3.71°
600 W+20 kPa 32.53+1.61° | 16.48+1.18° | 21.18+1.78° 7.49+3.04°
700 W+20 kPa 30.83+1.25° | 1555+1.42° | 17.01+1.09° 3.59+1.50°
800 W+20 kPa 31.73£2.08° | 14.81+1.32°% | 17.42+227* | 5.11+2.51%°
600 W+30 kPa 21.4241.41%° | 25.26+1.53° | 23.34+1.92*° | 14.86+1.81°
700 W+30 kPa 23.88+1.88° | 25.46+1.82° | 26.16+2.81° | 15.80+2.60°
800 W+30 kPa 21.96+1.87° | 25.17+1.23° | 23.68+1.28%° | 14.69+1.68°

wanewnAg: Manwnimlaununolunasiniia pnwbinandwnstfadnalvednn (p>0.05)

wapasinadlulasannudn madintsslalasiandnadadiauging (L) tesnin
NIAARIVBIANUAUFNYTOL I@ﬂﬁamazmmﬁuﬁugﬁﬁ 20 Alathaa1a sru1savinled
@i'lmwa'jwﬂﬁgaﬂ'jwﬁua@ wazmstaninaslilasnnlifuadadinnuaing lusmefinns
auuﬁaﬁmmﬁua”uuuiri 30 Alatanns waTNANARLITLINA TA1AUTINIaARS
aghsiiloandny Warinuiuanududuysal 20 Alathaana usaslitduin sanzgaame
Mmanzantisaananiznuanausenvaslalasaniddeadld dsanauissaes
Hirun et al [2] wudmsenuiimsldsanzggaimenlimaslulasngauasszazm
auutInn (lusa9 3,500-4,000 706 waz 27-30 w11) mmsmhmﬂ'ufammﬁ@ﬂﬁﬁ%m
Sinaaaniaw ey polyphenol oxidase @9178lunssnsndaImEIN svviintulaain
Tuametdoany @1 a* waz b* wudndanduuin waaddianfuasuazfinasdaINa1ay
msauuﬁaﬁmmd’ué’uyizﬁ 30 Alathaaa wazfinnuawuIIEIMe J61 a* uaz b* ganin
msauuﬁaﬁmm@”ué’ugiﬂi 20 Ailad&Aa LﬁaamﬂmiauLLﬁ’aﬁmwu@”ué'uysﬁ
20 Aladhaana %aﬁqmﬁamaaﬁwﬂs:mm 60 aveLTaLTE [21] qmwgﬁ‘ﬁ'ﬁmﬁﬁ'ﬁqlu
mmzﬁﬁﬁ:mﬂaamTq"L&igammmLﬁuvlﬂ lumm:ﬁmiauLLﬁqﬁmwﬁuﬁwyirE 30 Alathaea
LLa:mw@”umsmmﬂﬁﬁ;mLﬁa@maaﬁwﬁgqﬂdw prasanaliifnl jAsedianaiiiean
M9 ATendruausangIanizaa (Hot spots) %aﬁﬂﬂ;jmﬂ%ﬁmawﬁufu [26] 44
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aueuusIente saaalulasian 800 Tad lasldisnisiinsziuuunananiie
WAWIIlaeTaIENMILENRSA Kam It TeAladnnSinesuosaun1seaanen 4
Fauvuitasinvadiaaiaailonnsaadaaulszansniseaaulaiads (R) atlu
799 0.98685-0.99995 LazANIINNFEITEIANUARIALAAINHISINOILARY (RMSE) ayflu
%79 0.00323-0.05230 lasuuuinaadnisadamaasiaufsaaved Midili #1u150¥inu1e
aauwamam%miauLLﬁamﬁufuvlﬁﬁﬁq@ T,(ﬂElﬁ@‘i’]Lﬂaﬂﬁuﬂizﬁﬂ?ﬂ’]i@q{ﬂﬁulﬁ]q\‘]ﬁl’;f‘m
(R? = 0.99995) LLa:@hmﬁmmﬁaawaammﬂm@m?iaur‘hﬁ'aaaam?im‘hﬁq@ (RMSE =
0.00323) saansasnUNMWssLIisLasfaassaTEInANN TR IdanMINasas uaz
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A5 9N 4 ANAINVBIANNITLONNIAR

JJ

Model |MV | P Constant R? RMSE
(W) | (kPa)

Newton 800 | atm | k=0.01184 0.99080 | 0.04227

800 | 20 |k=0.01031 0.98895 | 0.04654

800 | 30 |k=0.01128 0.98922 | 0.04604

700 | 20 |k=0.01302 0.98721 | 0.05115

700 | 30 |k=0.00949 0.99046 | 0.04269

600 | 20 |k=0.01066 0.98801 | 0.04910

600 | 30 |k=0.01304 0.98685 | 0.05230

Average 0.98879 | 0.04716

Page 800 | atm | k=0.00305 n=1.29504 0.99954 | 0.00944

800 | 20 |k=0.00227 n=1.32009 0.99968 | 0.00796

800 | 30 |k=0.00263 n=1.31477 0.99978 | 0.00656

700 | 20 |k=0.00267 n=1.35312 0.99968 | 0.00809

700 | 30 |k=0.00235 n=1.29109 0.99984 | 0.00556

600 | 20 |k=0.00209 n=1.34716 0.99983 | 0.00591

600 | 30 |k=0.00246 n=1.37154 0.99982 | 0.00610

Average 0.99974 | 0.00709

Henderson | 800 | atm | k=0.01289 a=1.09272 0.99525 | 0.03054

& Pabis 800 | 20 |k=0.01120 a=1.08974 0.99354 | 0.03562

800 | 30 |k=0.01225 a=1.08830 0.99384 | 0.03485

700 | 20 |k=0.01419 a=1.09290 0.99237 | 0.03957

700 | 30 |k=0.01031 a=1.08910 0.99504 | 0.03082

600 | 20 |k=0.01169 a=1.10135 0.99351 | 0.03619

600 | 30 |k=0.01426 a=1.09981 0.99237 | 0.03985

Average 0.99370 | 0.03535

Logarithmic | 800 | atm | k=0.01094 a= 1.13330 c=-0.06572 0.99757 | 0.02184

800 | 20 |k=0.00864 a=1.17848 c=-0.121432 0.99861 | 0.01654

800 | 30 |k=0.00947 a=1.17913 c¢=-0.121969 0.99862 | 0.01654
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‘:l 1 l:l aa o 1
AN 4 AIAINVBIANNITILANNIAR (F1d)

Model |MV | P Constant R’ RMSE
(W) | (kPa)

Logarithmic | 700 | 20 |k=0.01051 a=1.20690 c=-0.148411 0.99851 | 0.01751

(cont.) 700 | 30 |k=0.00832 a=1.15990 c=-0.098608 0.99867 | 0.01596

600 | 20 |k=0.00931 a=1.17363 c=-0.102577 0.99799 | 0.02016

600 | 30 |k=0.01088 a=1.19523 c=-0.128321 0.99786 | 0.02111

Average 0.99826 | 0.01852

Midilli 800 | atm |k=0.00329 n=1.28298 a=1.01173 b=0.00001 | 0.99955 | 0.00855

800 | 20 |k=0.00309 n=1.24580 a=1.00659 b=-0.00011 | 0.99989 | 0.00436
800 | 30 |k=0.00337 n=1.25361 a=1.00740 b=-0.00010 | 0.99992 | 0.00368
700 | 20 |k=0.00367 n=1.27189 a=1.00835 b=-0.00016 | 0.99995 | 0.00323
700 | 30 |k=0.00290 n=1.24434 a=1.00959 b=-0.00005 | 0.99991 | 0.00397
600 | 20 |k=0.00217 n=1.33002 a=1.00079 b=-0.00006 | 0.99974 | 0.00684
600 | 30 |k=0.00299 n=1.32388 a=1.00744 b=-0.00008 | 0.99991 | 0.00422
Average 0.99984 | 0.00498

winaag: MV fa miatlulasian (3ad), P Aeanuauduysal (Alathaaa)

0.8 »  800W+30kPa
' = 800W+20kPa
i)
T 06 - o 800W+atm
) Model
3 I
-g 04 -
=
0.2 -
0 T T

0 30 60 90 120 150 180 210 240 270 300

Drying time (min)

3UN 7 WSaUgudaTI@IBANNTRITHINRANIINARDILATHANITNIRILIIN

wuuaaas Midili Twnisauunsnansunnias lalasian 800 a6
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4 Qs a Ag 1 2!’ a a v A‘y et d' o e
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AIUA19N 5
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maslalasian (3ad) | anuauduysal (lathaana) | (@17emasaainii)
800 atm 9.747x10™
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ABSTRACT

This study analyzes the hierarchical structure of factors influencing contractors’ decisions to
employ migrant workers in Thailand’s private construction sector, with particular emphasis
on Myanmar and Cambodian labor. A quantitative research approach was employed using
a questionnaire survey of 216 engineers, contractors, and site supervisors involved in private
construction projects in Bangkok and its metropolitan areas. The data were analyzed using
second-order confirmatory factor analysis (CFA) in AMOS. The results indicate that the
proposed decision-making model fits the empirical data well and that contractors’ decisions
can be explained by five key dimensions: employment, laws, labor costs, labor
characteristics, and economic conditions. Employment-related factors exert the most decisive
influence, followed by legal, cost, labor characteristic, and economic factors. The findings
suggest that contractors’ decisions are not driven solely by labor costs but reflect a
multidimensional decision-making process that integrates labor flexibility, legal compliance,
and project efficiency. This study provides empirical evidence on the structural roles of
employment and legal factors and offers practical insights for migrant labor management in
Thailand’s private construction sector.

KEYWORDS: Contractors’ Decision, Migrant Workers, Construction Industry, Labor Employment,

Myanmar and Cambodian Labor
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4.4 NITEIWHUUINEDY
>3 A >3 dl 1 =1 v 1 L= dl v Y
1) a'mmLquLLchsmLflumLLiJs‘n"l,;Jmmmmumaugvl,@ﬂmmq Lmtflumuﬂsﬂ"l,maga
> s G/A L Qs Qs 6 a A ::i
nnamudsdana lddsazldayansaheiniadman ezl 1(n)

= v

Q Q W‘d I s { 1 L 1 L Qs §
2) m@muﬂsmmmvl,@smLﬂumu,ﬂ‘:ﬁmumaga”l@“’lmmamﬂﬂqumasm FUANHON

] ]
a =

waaItaaLlIRING be ﬁa?}mﬁwﬁuﬁwﬁaamaUmT@ﬁ'aﬁvL@T mugﬂﬁ 1()

(3) Masudsanuaaaaoulumyia (Measurement error) 2a9dausursuazauds
gunale aldsuanwaiianavnaziaranss f luaudsuds sanluarudssoinalaazd
fIaNMT e mwgﬂ'ﬁ' 1(A)

(4) amgnﬂﬂﬁumoL%aﬂmmmﬁww‘“ufﬁmmmq wiasminasdsznay (Factor
loading) udsursnuaLdsasnale mugﬂﬁ 1(9)

(5) 1d@iﬂwwswﬁmaﬂuu@iaﬂuL@aﬁgnﬁmumﬂu “1" Sranluiaaasniton

(6) tANAILLTEUAUR 2 wlrFyanwaigg wasINTANLEHIN NN TeuA LT 2 4
59293 LuLaatian

7) szq%a@ﬁLLﬂiLLNqLLaz@ﬁLLﬂsﬁam@vl,@i” s ldluimanlddmsuiiesnzidas B dud
SuaUfl 2

DO

X N7
(2)

30 50
(9)

»
>

()

[

s 1 Sgansalaauidsuds (n) aamdsdanala () daundsarnuaaiatafon (a)

wazgnasaaaanLs (9) Ndsnglulaas

Faculty of Engineering, Kasem Bundit University Research Article




3F2NSSUATSINUUUTUNQ Uﬁ 16 QU_UF]: 1 UNSIAU-IVVIYU 2569 419

45 mMANHRTIYA
NNTILATIzReIRUTEna U BIdut uawauNaad (Second-Order Confirmatory Factor
Analysis: CFA) L %NI2UIBAITNHRDAN LTATIIROUAMNFNNUTLTILATIRIIITENIN
' . o A
a9Asznavtes (First-Order Factors) LLazadﬁﬂizﬂaU‘iz@mga (Second-Order Factor) 4
a o ¢ A A o & ' o ' ' o A o '
fiaguszasdifaduduitasdlsznavdasaindagninldlasiainudadoanuadng

%

fidbddny wazmunInebunolanaivveswmdandnldadnignaasaamnsg lunsdnm

Re

&

% A « o A A £% 1 3 » a 6 1 n:i
# a9dUszneuTzaUgIfe NNIaaARILR Nl TILIIIEA19617” Taudasalsznautdann
dasn1TaTasaulsznaue 5 asadsznay laud (1) Tasadiun3dnenu 2) Tadaeu
AuNULIINK (3) Jeduduanumsuazgldssrainssan (4) Jadoduiaingia uas
o o A o A A & = o Y
(5) Tadpaungnuiy St muiswedsziflinitasddsznavlalaudaguinies
| % ' o a o ' A ’~ A v o o A
LANGIIN N LIladaNITAARRIAAINEIT TINITAIAIIEH 9 UTENAULTIH U WA UAUN FDI
dguiwmilasaindluaalassaienganlasaddsznavutasny 5 vinuesddsznauszaugs
NIBUNIAIRUAAIAINNARIALARDWLANUAILU TUHILAREAINTNHANNITINREILULAR
\H9lav9a374 (Structural Equation Modeling: SEM) 9% lainvuasyanwoiaiwdsue
o s 6 ' 5 1 =3 d'l 1 a €d' o I o >
f1NIUIAUTENOULaUAILE F1 D9 5 LN b NI Te 1AW AL A3 NI N T a1 TU
MU AUANNRIAARDIVDI L ULAA
& A A o o o A AN v o, X o A o
TuLaaa9a3eNa UL B D WH WO WAUNFDIN LATATINT Qﬂuwvlﬂﬂiztmuﬂmmaa@ﬂaaa
BalaT9rI9Tznindadflsznavtasuazadnisznaunan laultarianuraaasadad
aa 4 o { o & P’ o A A
luteaauunasgiwnsaiia e duduinlueafinawdnamuninatuislassasnsduwife
@ A U 1 v v ' v a >3 A
"uaami@mau’lﬁ]Lﬁaﬂiﬁl,l,‘sdaﬁumwo@ﬁ’;"l,@amdmm:awmmqwﬁLl,a:magmmﬂi:anﬁ 59

§ L J Q 1 dl
IumaﬁwwmmumﬂmaLLavai’Lugﬂﬂ 2

46 nsdsuluiaa

asdsuluiea (Model Modification Indexes: M) GﬁdLﬁﬂﬂﬁﬂﬂiﬁuﬂaﬂﬂLﬂgaulu
msdszanmananniaiesiieta sunsadudiunslarudilesligsnansznudalassaoas
Tuiaamusuudguiivualy Welinslsulueauds dasnmesaudiasiinnusanasas
yasluiaaiiadudunnumanzavvasluaafinam lasRasanamunasiesdeluil leun
(1) fafialaaunas (Chi-Square) dasdidrdnindnnmsinsivue nIadraailoauass
RUNWNT (Relative Chi-Square) #a41tasnin 2 (2) Aasianuaannfasuadluiaa (Goodness
of Fit Indices) 1@ L7 ¢1 GFI, AGFI, CFI, TLI uaz NFI §9dasfd1u1nn3n 0.90 uasx

(3) ANAINARIALAR WY BINTTUTE N DN (Error of Approximation) b#4A RMSEA, RMR

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




5[7 Kasem Bundit Engineering Journal Vol.16 No.1 January-April 2026

uaz SRMR dasfientiasnin 0.05 wanani awindiaasvaslaaanmsiauazluiaaauns
lassgsannidunisdasfianuuandsaingudedalinoddynaada (1t > 1.96) uaz
Aa A o o a R PR v A o X a [y

fifenenseaasanungs] Sezapldhluessunmilensieitamdndanysaaadas

A v o a > ¢ ° v a v v [l
ﬂﬂ&lﬂﬂuﬂll"llElﬂaL%Gﬂi‘&i‘ﬂﬂ‘]ﬂLLﬂzﬁ’lN’]iﬂ%’]vLﬂlﬂj@ﬂ’)’lﬂJNaﬂ’]i’)’ﬂElvl,(ﬂaf;l’]\‘]l,%ﬂﬂtﬁ&l

09999

|Va1| |va2| |Va3| |Va4| |Va5‘
[

Vb1

]
=]

~ Vb

r3

0 ! Employment

=
o

IHIIEIIHII
eJeleJelelolelelelololele

2

oo

-

b4

Ve

=

=
(2

Decisions Employ

<
2

=
&

&

1
e Vd2

Vd3

@ ail~

o] [s] [e] o]

311 2 Tauaailadenzetuadwaiauil 2 2a9n130AF® LA N 1T UIIIUAIAT)

Faculty of Engineering, Kasem Bundit University Research Article




3F2NSSUATSINUUUTUNQ Uﬁ 16 QU_UF]: 1 UNSIAU-IVVIYU 2569 5]
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- % (Employment) (Cost) (Ciz:jct:zlic) (Economy) (Laws) R?
2 B SE B, SE B SE B SE B SE

Va1 0.783 0.100 0.612
Va2 0.609 0.136 0.371
Va3 0.786 - 0.619
Va4 0.755 0127 0.570
Vab 0.742 0.143 0.550
Vb1 0.785 0.124 0.617
Vb2 0.781 0.094 0.610
Vb3 0.728 0.105 0.530
Vb4 0.873 - 0.763
Ve 0.791 0.091 0.626
V2 0.760 0.104 0.578
Vc3 0.817 0.069 0.667
Vc4 0.834 - 0.695
Vch5 0.915 0.091 0.838
Vc6 0.903 0.113 0.531
Vd1 0.865 - 0.747
Vd2 0.868 0.067 0.753
Vd3 0.918 0.071 0.843
Ve1 0.795 0.094 0.633
Ve2 0.845 0.058 0.714
Ve3d 0.823 0.076 0.677
Ved 0.837 - 0.701
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ABSTRACT
This research aims to develop a jig and fixture to shorten machine setup time in the CNC
milling process of rubber coupling components made from polytetrafluoroethylene (PTFE).
Due to the high slipperiness and flexibility of the material, conventional manual clamping and
positioning resulted in long setup time and high variability. The study applied work and time
study techniques, including left-right hand chart analysis, direct time measurement,
Westinghouse performance rating, and standard time calculation. The ECRS principle was
employed to identify non—value-added activities, particularly in tool setup and workpiece
reference positioning. Based on the analysis, a new jig and fixture made from MC Nylon was
designed to provide a fixed reference position and minimize reliance on operator skill. After
improvement, the number of production steps was reduced from 10 to 9, and the total cycle
time declined from 1,151.05 seconds to 956.43 seconds, representing a 16.9% improvement.
The non—value-added time of the left hand dropped by 16.3%, while the CNC machining
time remained unchanged. The research results indicate that the developed workpiece fixture
can effectively shorten machine setup time, improve the consistency of workpiece
positioning, and mitigate variability caused by human operations. As a result, the production
process becomes more continuous and operates with higher efficiency.
KEYWORDS: Jig and fixture, Machine setup time reduction, Left-right hand chart, ECRS,
CNC milling
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ABSTRACT
The growing global demand for sustainable, cost-effective drying technologies has driven
significant advancements in solar drying systems. This study experimentally evaluated the
performance of a solar dryer integrated with porous materials for drying kaffir lime leaves
under tropical climatic conditions in Thailand to enhance thermal efficiency and drying
effectiveness. The dryer incorporated a 150 Watt photovoltaic-thermal (PVT) panel, a double-
pass solar collector, and porous materials with a porosity of 0.97 onto the absorber plate.
Experiments were conducted at air velocities of 0.07, 0.09, and 0.10 m/s to investigate drying
kinetics, including moisture ratio (MR), drying rate (DR), and specific energy consumption
(SEC). The results revealed that moisture removal occurred primarily during the falling-rate
period, governed by internal diffusion. The integration of porous materials enhanced drying

performance, with DR improving by approximately 45-50% and SEC decreasing by 30-33%
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compared to the case without porous materials. Statistical analyses using two-way ANOVA
confirmed significant effects of air velocity (p < 0.05) and porous materials (p < 0.01), with
porous materials identified as the dominant factor. Overall, the solar dryer incorporated with
porous materials demonstrated faster drying, greater thermal stability, and improved energy
efficiency.

KEYWORDS: Solar dryer, Porous materials, PVT, Thermal performance

1. Introduction

Solar energy represents an abundant, renewable, and environmentally sustainable
energy source that is both inexhaustible and cost-free. Given the current global challenges
associated with climate change, largely driven by the combustion of fossil fuels, as well as
the escalating costs of conventional energy sources, the adoption of solar energy has
become increasingly imperative [1-3]. The transition from fossil-fuel-based energy to
renewable energy sources in production across both agricultural and industrial sectors plays
a crucial role in mitigating global warming while simultaneously reducing production costs.
Thailand and other ASEAN countries, situated near the equator, predominantly rely on
agriculture, necessitating effective methods for preserving and processing agricultural
products. A widely adopted preservation technique involves reducing the moisture content
of agricultural commodities, a process that requires substantial heat. Among the available
heat sources, solar energy presents a viable, low-cost alternative. Traditionally, farmers have
relied on open-sun drying to reduce the moisture content of agricultural products. However,
this method is susceptible to contamination from dust, insects, and other environmental
pollutants. To address these concerns, many farmers have shifted towards using mechanical
dryers, which offer greater control over drying conditions and product quality. Nevertheless,
the high energy consumption associated with conventional drying systems significantly
increases production costs. As a result, solar dryers have emerged as a more cost-effective
and sustainable alternative. Despite their growing adoption, the efficiency of solar drying
systems remains relatively low, and their performance is constrained by the intermittency of
solar radiation, particularly during unfavorable weather conditions [4]. Over the years,
numerous researchers have investigated various strategies to enhance the efficiency of solar

dryers. For instance, Al-Jethelah et al [5] developed and analyzed the performance of an

Faculty of Engineering, Kasem Bundit University Research Article




3F2NSSUATSINUUUTUNQ Uﬁ 16 OGUﬁl 1 UNSTIAU-IVBIYU 2569 35

innovative indirect free convection solar dryer. Their findings revealed that the thermal
efficiency of the newly designed dryer exceeded that of conventional drying systems by 68%,
39%, 49%, and 85%, respectively, demonstrating significant improvements in drying
performance. Manirathnam et al [6] conducted a study on enhancing the efficiency of solar
dryers by integrating phase change materials (PCMs). The findings indicated that
incorporating PCMs led to more stable temperatures in the drying chamber during periods
of cloud cover. Additionally, the use of PCMs increased the overall efficiency of the solar
dryer compared to conventional solar drying systems that do not use thermal energy storage.
Udomkun et al [7] conducted a comprehensive qualitative study on the design variations of
solar dryers and the key factors influencing their adoption across Asia and Africa. Their
research assessed the economic, environmental, and social impacts of solar drying
technologies, as well as the determinants affecting their widespread implementation. The
findings indicated that while solar dryers offer a cost-effective solution, particularly for
developing countries, their adoption is often hindered by the high initial investment required
for implementation. Mohana et al [8] conducted a study on design and energy efficiency,
highlighting existing gaps in developing cost-effective, energy-efficient solar dryers. Their
research emphasized the economic and social benefits associated with solar drying
technology. The findings indicated that while solar dryers present a sustainable alternative
for agricultural and industrial applications, their widespread adoption remains constrained by
certain limitations. Ismail et al [9] conducted a study on a double-pass solar air heater
(DPSAH) incorporating lava rock as a porous medium. The integration of lava rock enhances
the system's thermal storage capacity, making it a viable short-term thermal energy collector
for solar drying applications. Additionally, the presence of lava rock increases convective
heat transfer by expanding the heat transfer surface area and inducing turbulence in the
airflow channel. A mathematical model based on energy balance equations was developed
and numerically solved using MATLAB to evaluate the thermal performance of the collector
under varying solar radiation intensities and wind speeds. Key design parameters considered
in the study included collector size, air mass flow rate, and lava rock volume. The results
demonstrated that the collector's optimal thermal efficiency ranged from 62% to 64% at solar
intensities of 500 W/m? to 800 W/m?, respectively, with an optimal air mass flow rate of 0.035
kg/s. Furthermore, an optimal porosity of approximately 89% was determined, balancing

thermal efficiency and pressure drop. The collector was found to achieve an optimal output

UnA2IUI9Y ACUI3AINSSUANAQOS UK13NY1AYINBUUIUAQ




ﬁﬁ Kasem Bundit Engineering Journal Vol.16 No.1 January-April 2026

temperature range of 41.7°C to 48.3°C, making it well-suited for agricultural and food drying
applications. Moreover, compared with conventional DPSAH systems, integrating lava rock
increased the average output temperature by more than 17.5%, highlighting its effectiveness
in improving thermal performance. Sandali et al [10] conducted a qualitative study to enhance
the efficiency of solar dryers by identifying key techniques and influencing factors that
improve performance. Their analysis encompassed various efficiency parameters of solar
drying systems (SDS), providing a comprehensive assessment of their operational
effectiveness. The findings revealed that climatic conditions and solar radiation play a critical
role in determining the efficiency of solar dryers. Furthermore, integrating solar panels for
electricity generation, coupled with battery storage to provide heat during periods of
insufficient sunlight, was identified as a viable strategy to enhance the overall efficiency and
reliability of solar drying systems. Srivastava et al [11] conducted an experimental
investigation of the thermal performance of a flat-plate solar collector and a solar dryer. Their
study presented the performance characteristics of the solar collector and solar dryer
integrated with a phase change material (PCM) storage system under quasi-steady-state
conditions. The analysis was based on the system's fundamental energy balance, and a
computational model was developed to predict various performance parameters of the solar
drying system. To validate the thermal model, the study compared its predictions with
theoretical calculations. Additionally, optimal values for both solar collector efficiency and
dryer efficiency were determined using a genetic algorithm. A comparative assessment was
conducted of the experimental, theoretical, and optimized efficiency values for the solar
collector and dryer. Experimental trials were conducted over multiple days from June 2013
to March 2014, with specific observations recorded on March 24, 2014, to evaluate the
system's empirical performance. The findings indicated strong agreement between the
theoretical, experimental, and optimized efficiency values of the solar collector and dryer,
reinforcing the reliability of the proposed model. Jadallah et al [12] conducted a
comprehensive investigation into the performance of a dual-pass hybrid photovoltaic-thermal
(PVT) solar cell system designed for drying applications. Their study encompassed both
theoretical and experimental analyses, including the design, construction, and modeling of
the system to simulate its output. The PVT heat collector extracts hot air that can be used
as a heat source for drying processes. Key performance parameters, such as temperature

distribution, useful heat, electrical power generation, and thermal efficiency, were evaluated
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using MATLAB, specifically developed for this purpose. The findings indicate that the highest
outlet fluid temperature achieved was 63 °C at a lower mass flow rate of 0.017 kg/s.
Furthermore, at a higher mass flow rate of 0.031 kg/s, the system exhibited peak electrical,
thermal, and overall efficiencies of 12.65%, 56.73%, and 85%, respectively. Additionally, the
maximum electrical and thermal power outputs were recorded at 50.57 W and 389.37 W,
respectively, at a mass flow rate of 0.031 kg/s. These results demonstrate the system's
potential for efficient integration into drying applications, leveraging both electrical and
thermal energy outputs. Singh et al [13] conducted a qualitative investigation into the
advancement of solar dryer applications, with a particular emphasis on their utilization in
both industrial and agricultural sectors. Their findings highlighted that solar dryers reduce
fossil fuel consumption and hold significant potential to promote sustainability in these
sectors. Similarly, Dadi et al [14] conducted a qualitative analysis of solar dryers, examining
key design parameters and associated costs while emphasizing their advantages, including
reduced post-harvest losses, enhanced product quality, and reduced environmental impact.
The study concluded that, compared to conventional drying methods, solar dryers offer
superior efficiency and product quality, making them a viable alternative for sustainable
drying processes. Agrawal et al [15] conducted a comprehensive review of the research and
development of solar dryers integrated with heat storage systems, focusing on the various
heat storage materials used in these drying technologies. Their findings indicate that Phase
Change Materials (PCMs) exhibit superior thermal energy storage efficiency, facilitating
continuous drying operations. The incorporation of heat storage mechanisms significantly
enhances the reliability of solar dryers, thereby expanding their applicability across diverse
climatic conditions. Jha et al [16] conducted a comprehensive review of the design,
applications, and simulation studies of hybrid solar drying technologies, with particular
emphasis on systems integrating solar energy with supplementary energy sources. Their
findings indicate that solar dryers integrated with heat pump systems exhibit superior
efficiency and are particularly suitable for drying delicate agricultural products. Additionally,
incorporating biomass as an auxiliary energy source in solar dryers offers a significant cost
advantage, thereby enhancing the overall economic feasibility of the drying process. While
solar dryers demonstrate adaptability and efficiency across diverse operational conditions,
further advancements in system design and hygiene standards are needed to optimize their

performance and broaden their applicability. Kamarulzaman et al [17] conducted a qualitative
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study examining the technological advancements and design optimization of solar dryers.
Their findings indicate that solar dryers exhibit high efficiency, low carbon dioxide emissions,
and an economically favorable payback period of 0.5 to 4.6 years. Furthermore, solar drying
technology is recognized for its cost-effectiveness, energy efficiency, and environmental
sustainability. However, further advancements in design and optimization are necessary to
enhance performance and reliability. Ramana et al [18] conducted a qualitative investigation
to enhance the performance of solar dryers by optimizing the design of heat collectors and
incorporating energy storage materials. Their findings demonstrated that a dual-purpose
solar dryer, designed for both drying and heating applications and integrated with phase
change materials (PCM), exhibited superior energy efficiency. Additionally, the study
highlighted that implementing PCM not only reduced costs but also enhanced the overall
investment value of the system. Luampon et al [19] investigated the use of stainless steel
wire mesh as a porous material to enhance specific energy consumption (SEC) efficiency in
a hot-air dryer. The experimental findings indicated that incorporating a hot-air recirculation
duct resulted in a higher drying rate than in the system without recirculation. As the
recirculation ratio increased, the drying rate improved, the drying time decreased, and the
SEC was significantly reduced. These results highlight the potential of stainless steel wire
mesh to enhance energy efficiency in a hot-air dryer. Kumar et al [20] conducted a
comprehensive study on the influence of porous materials on the flow characteristics and
temperature distribution within a passive solar air heater. The research examines the impact
of flow resistance induced by a porous medium (representing agricultural products) at the
outlet of a free-convection-based solar air heater. Both experimental and numerical
approaches were employed to analyze these effects. The findings provide valuable insights
into optimizing the design and efficiency of solar air heaters for agricultural drying
applications.

Previous research has demonstrated that integrating porous materials into dryers can
enhance their overall performance. Building upon these findings, this study aims to

investigate the efficiency and effectiveness of solar dryers incorporating porous materials to

optimize drying performance.
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2. Methodology
2.1 Materials and method

In this study, a solar dryer was designed and functions as a passive system,
incorporating a 150-Watt photovoltaic-thermal (PVT) panel with cooling fins on its back. The
PVT panel is installed above the drying chamber, which is fabricated using steel sheets,
insulated, and has inside dimensions of 0.9 m x 0.9 m x 1.2 m. The dryer is connected to a
double-pass solar collector panel. The solar collector panel, measuring 0.75m wide, 1.75m
long, and 0.25m high, features a 1.5 mm-thick steel absorber plate. To improve thermal
performance, a porous material is made from perforated steel sheets with a 10 mm hole
diameter and a 1.2 mm thickness, at 2 PPI, and cut and shaped into hollow rectangular
boxes measuring 90 mm x 100 mm each. Porous materials are arranged along the length
of the solar collector. These boxes span the width of the solar collector panel and are placed
directly above the absorber plate. Porous material was fabricated using steel mesh, which
was inserted into hollow rectangular enclosures to facilitate porosity measurements. In this
study, the investigated porosity value was determined to be 0.97. A centrifugal fan transports
the heated air from the solar collector panel to the drying chamber through a lower sidewall.
Schematic diagrams, a photograph of the solar dryer, porous material, and measurement

points utilized during the experiments are shown in Figures 1, 2, 3, and 4, respectively.

PVT

Drying chamber
- /

Porcus material 1 Note:
- Airdirection

Solar collecior\

Figure 1 Schematic diagram of the photovoltaic-thermal solar dryer integrated with

high-porosity porous material.
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Figure 2 Photograph of the experimental photovoltaic-thermal solar dryer system.

Figure 3 High-porosity porous material configuration: assembled hollow rectangular

modules (90mm x 100mm x 100mm) fabricated from perforated steel sheets.

Data logger

T1 inside drying chamber
T2 drying chamber inlet
T3 inside solar collector
T4 ambient

%‘ Lot et T5 cover glass

\\ T6 solar collector inlet

HX™

Pyranometer

=

ESP32
‘Control board

Figure 4 Instrumentation and measurement point locations for the experimental solar

dryer system.
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The experimental investigation of the solar dryer was conducted in Thailand under
tropical climatic conditions during June and July 2025, between 9:00 a.m. and 4:00 p.m.
Kaffir lime leaves were used as the drying sample, with each trial commencing with an initial
mass of 200 g. The moisture content of the samples was evaluated in compliance with the
AOAC (2019) standard. The velocity of hot air within the solar dryer was measured using a
hot-wire anemometer with a range of 0 to 20 m/s, a tolerance of £0.03 m/s (¥5%), and a
resolution of 0.1 m/s. Temperature readings were obtained using K-type thermocouples
connected to a data logger with an accuracy of +1 °C. Additionally, the mass of the dried
samples was monitored using a load cell capable of measuring weights from 1 to 20 kg, and
a digital scale with a maximum capacity of 500 g and a resolution of 0.1 g. Porosity (E€) of

porous material is then calculated using Eq. (1).

v (m/e)

E = =1—-——— (1)
Vi Vi
When V. = volume of pores (m’)
m_ = mass of solid (kg)

p, = density of solid (kg/m°)

V, = total volume of material (m°)

2.2 Analysis
The moisture ratio is an estimate of the moisture content, assuming the equilibrium
moisture content is negligible. It is calculated by comparing the moisture content at a given

time to the initial moisture content, as shown in Equation (2).

Mt
MR = —- )

When MR = Moisture ratio

Min = Initial moisture content
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M, = Moisture content each time interval
Moisture content refers to the proportion of moisture contained in the product relative
to its dry weight. The dry weight of the sample was determined by drying a portion of the
product in a hot-air oven at 103 °C for 72 hours, following the AOAC (2019) standard [21].
These recorded values were then used to determine the moisture content at each time

interval, as outlined in Equation (3).

w—d
MC = —— (3)
d
When MC = Dry basis moisture content at each time interval (d.b.)
w = Wet weight of product at each time interval (g)
d = Dry weight of product (g)

The drying rate quantifies the amount of moisture removed over a specific period and

is defined in Equation (4).

Aw
DR = — (4)
At
When DR = Drying rate (g/h)
Aw = Mass of evaporated water (g)
At = Time interval (h)

Specific energy consumption is the energy required to remove a specific quantity of

moisture from the material and is calculated using Equation (5).

When SEC= Specific energy consumption (MJ/kg)

w. = Wet weight before drying (kg)

=
1

Wet weight after drying (kg)
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3 Results

An experimental analysis was performed without incorporating porous materials at air
velocities of 0.07, 0.09, and 0.10 m/s from 9:00 a.m. to 4:00 p.m. The study provided crucial
insights into solar radiation levels and temperature distributions across the dryer's
components. Solar radiation values ranged from 371 to 1,001 W/m?, with an average of
766.1 W/m2. The temperature in the drying chamber ranged from 36 °C to 45 °C, with a mean
of 41.1 °C. The inlet temperature to the drying chamber fluctuated between 36 °C and 46 °C,
with an average of 41.5°C. The absorber plate temperature ranged from 49 °C to 66 °C, with
an average of 56.6 °C. Ambient temperatures ranged from 29 °C to 35 °C, with a mean of
32.4 °C. Additionally, the solar collector inlet temperature varied from 32 °C to 36 °C, with an

average of 34.2 °C. These findings are illustrated in Figures 5-7.
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Figure 5 Diurnal temperature profiles and solar radiation intensity for solar dryer

without T porous material at air velocities of 0.07 m/s.
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Figure 6 Diurnal temperature profiles and solar radiation intensity for solar dryer

without porous material at air velocities of 0.09 m/s.
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Figure 7 Diurnal temperature profiles and solar radiation intensity for solar dryer

without porous material at air velocities of 0.10 m/s.

The experimental assessment of the solar dryer, incorporating porous materials with a
porosity of 0.97, reveals significant improvements in thermal performance. Solar radiation
levels ranged from 411 to 1,022 W/m?, with an average of 778.9 W/m2. The drying chamber

temperature ranged from 37 °C to 50 °C, with a mean of 44.1 °C. Drying chamber inlet
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temperature ranged from 38 °C to 51 °C, averaging 44.5 °C. The absorber plate temperature
fluctuated between 50 °C and 68 °C, with an average value of 58.5 °C. Ambient temperatures
ranged from 31 °C to 33 °C, with a mean of 31.9 °C. Solar collector inlet temperature ranged
from 32 °C to 35 °C, with an average of 33.5°C. These results indicate that integrating porous
materials into the absorber plate enabled sustained higher air temperatures than without

porous materials. The improvement in thermal stability is illustrated in Figures 8-10.
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Figure 8 Diurnal temperature profiles and solar radiation intensity for solar dryer with

porous material at air velocities of 0.07 m/s.
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Figure 9 Diurnal temperature profiles and solar radiation intensity for solar dryer with

porous material at air velocities of 0.09 m/s.
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Figure 10 Diurnal temperature profiles and solar radiation intensity for solar dryer with

porous material at air velocities of 0.10 m/s.

Figure 11 presents the variation of moisture ratio (MR) with drying time for kaffir lime
leaves at air velocities of 0.07, 0.09, and 0.10 m/s under two conditions: with and without
porous materials. In all cases, MR decreased continuously over the 420 min drying period,
indicating that moisture removal predominantly occurred during the falling-rate period,
governed by internal diffusion. The incorporation of porous material accelerated moisture
reduction across all velocities. MR decreased continuously under all test conditions. The
system with porous materials consistently produced lower MR values, achieving 12-25%
improvement over the non-porous configuration. Increasing air velocity reduced MR, although
porous material reduced sensitivity to velocity by stabilizing heat distribution. Air velocity also
contributed significantly to drying kinetics. Increasing the velocity from 0.07 to 0.10 m/s
reduced MR by 10-12% without porous materials, whereas with porous materials, the
reduction was 8-9%. This suggests that while velocity enhances external convection, porous
structures reduce the sensitivity of air velocity by stabilizing thermal conditions and improving

heat distribution. This demonstrates that integrating porous materials with higher air velocities

significantly enhances moisture-removal efficiency, thereby improving drying performance
[22].
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Figure 11 Moisture ratio (MR) versus drying time for kaffir lime leaves at three air

velocities with and without porous material integration.

Figure 12 illustrates the effect of air velocity and incorporates 0.97 porosity porous
materials on the drying rate of kaffir lime leaves. In the porous configuration, drying rates
increased gradually with air velocity, from 6.86 g/h at 0.07 m/s to 7.71 g/h at 0.10 m/s,
representing a 12% increase. In contrast, the inclusion of porous materials substantially
enhanced performance, yielding drying rates of 10.28, 10.71, and 11.14 g/h at the respective
velocities. At 0.07—0.10 m/s, drying rates without porous material ranged from 6.86—7.71 g/h.
With porous material, rates increased to 10.28-11.14 g/h—an enhancement of 44.5-49.9%.
These findings confirm that porous media intensify turbulence and increase heat-transfer
surfaces, resulting in faster moisture removal. These results indicate that porous material
accelerated drying by nearly 50%, with greater benefits at lower velocities, consistent with
theoretical drying relationships and previous research [23]. The error bars in Figure 12,
representing standard deviations, highlight the reliability of the experimental data. Overall,
the integration of porous materials enhanced turbulence, increased heat transfer surface

area, and stabilized thermal conditions, resulting in faster moisture removal.
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Figure 12 Effect of air velocity and porous material integration on average drying rate

of kaffir lime leaves.

Figure 13 presents the variation of specific energy consumption (SEC) under different
airflow velocities (0.07, 0.09, and 0.10 m/s) for solar air heater configurations with and without
porous material. Without porous materials, the SEC decreased with increasing air velocity.
Without porous media, SEC values ranged from 34.13 to 30.33 MJ/kg. With porous media,
SEC drastically improved, ranging from 22.75 to 21.00 MJ/kg, representing a 30-33%
reduction. This study demonstrated that integrating porous materials (porosity 0.97) into a
passive solar dryer significantly improves drying performance and energy efficiency when
drying kaffir ime leaves. Drying rate improved by 45-50%, while specific energy consumption
decreased by 30-33%. Porous materials increased turbulence, enhanced thermal
distribution, and reduced sensitivity to airflow variations. Statistical analysis confirmed porous
media as the dominant factor influencing drying performance. The porous-integrated solar
dryer offers an effective, sustainable solution suitable for agricultural applications in tropical
climates. Additionally, this configuration enhanced the drying rate, which aligns with
established drying kinetics [24]. Consequently, this approach effectively reduced the specific
energy consumption of the drying process, indicating improved energy efficiency under these

conditions. The error bars in Figure 13 (standard deviations) further validate the reliability of

the experimental results.
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Figure 13 Specific energy consumption (SEC) for solar drying of kaffir lime leaves with

and without porous material integration.

4 Conclusions

This study experimentally evaluated the performance of a solar dryer integrated with
porous materials for drying kaffir lime leaves under tropical conditions. The findings clearly
demonstrated that incorporating 0.97 porosity porous materials and a velocity of 0.07-0.10 m/s
significantly enhanced the thermal and drying performance of the dryer compared with the
configuration without porous materials. The results revealed that moisture removal predominantly
occurred during the falling-rate period, governed by internal diffusion. The integration of porous
materials accelerated drying kinetics, yielding approximately from 6.86—7.71 to 10.28-11.14
g/h (45-50%) improvements in drying rate across air velocities of 0.07-0.10 m/s. Similarly,
the specific energy consumption (SEC) decreased from 30.3-34.1 to 21.0-22.8 MJ/kg,
competitive with literature, 58-65% vs conventional, confirming the dryer’s enhanced energy
efficiency. The improved performance can be attributed to increased turbulence, enhanced
heat transfer surface area, and stabilized thermal conditions within the solar collector, which
collectively promoted faster moisture diffusion and more efficient utilization of solar energy.
Moreover, integrating porous materials reduced the dryer’s sensitivity to air velocity,
indicating that drying performance was primarily controlled by internal mass transfer rather
than external convection. In summary, the study highlights the solar-porous dryer as an

energy-efficient, sustainable, and practical technology for agricultural drying applications. By
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reducing drying time, improving energy efficiency, and enhancing product quality, the dryer

offers a promising solution for advancing renewable energy integration in post-harvest

processing, particularly in regions reliant on solar-based agricultural practices.
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INFLUENCE OF PARENT CONCRETE STRENGTH AND REPLACEMENT
LEVELS OF RECYCLED CONCRETE AGGREGATE ON COMPRESSIVE
STRENGTH, ABRASION RESISTANCE, AND CHLORIDE ION
PENETRATION OF CONCRETE
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ABSTRACT

This study examines the effect of the original strength of RCA recycled concrete aggregates
and the level of coarse aggregate substitution to the mechanical properties and durability of
concrete. Using RCA from 2 sources: 1RCA with a compressive strength of 20-25 N/mm?
and 2RCA with compressive strength of 40-45 N/mm?. Concrete was evaluated compressive
strength BS EN 12390, abrasion resistance ASTM C 944 and chloride ion penetration ASTM
C 1202. The test results showed that the mortar texture adhering to the RCA aggregate
surface caused high porosity and water absorption. The compressive strength of 2RCA
concrete provides a compressive strength value higher than 1RCA by 1-7%, indicating the
influence of the quality of the recycled concrete at the source. Under a constant water-
cement ratio. Compression tends to increase as RCA substitution levels increase. Abrasion
resistance is better when RCA is used. Concrete based on 2RCA provides a loss value due
to abrasion that is 5-27% lower than 1RCA. Chloride ion penetration resistance performs
better according to RCA substitution levels and is in the moderate to low range. All studies
show that the performance of RCA-based concrete is determined by the quality of the source
concrete and the level of substitution. At least 50% of the concrete aggregates can be
recycled without adversely affecting compressive strength, abrasion resistance, and chloride
ion penetration.

KEYWORDS: recycled concrete aggregates, compressive strength, abrasion resistance,

chloride ion penetration
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AN 1 BATIFINHANADWNIA

Concrete mix proportions (kg/m°)
Mix Natural stone RCA
designation | Cement| Sand | 19.00 | 12.50 | 9.50 | 19.00 | 12.50 | 9.50 | Water
mm | mm | mm | mm | mm | mm
Control 300 800 550 | 385 165 0 0 0 180
1RCA25 300 800 350 | 289 124 | 200 96 41 180
1RCA50 300 800 275 193 83 275 193 83 180
1RCA100 300 800 0 0 0 550 | 385 165 180
2RCA25 300 800 350 | 289 124 | 200 96 41 180
2RCA50 300 800 275 193 83 275 193 83 180
2RCA100 300 800 0 0 0 550 | 385 165 180
2.2 95ms
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wamimaaulumia:"qﬂLﬂuﬁhmﬁﬁﬁvl,@i’ﬁa’m@ﬁashﬁﬁmu 3 @089
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3.1 SNUAEIMHENADWNIA
3.1.1 Jaguszan
Taguauaeunialfudiuudlansefin ua3giu van.2504 wiialfewiall (Gu)
mnNamsmaauauﬂ'ﬁmaoa"’a@;ﬂs:mu wudﬁﬂuu%mumﬂlamaﬁn fanudlesunig 3.14

FUIDLTAIWI I IUHENADUNTA LA NINAROUTLA VIR0 1INAIILUATUNTINIATIIN

'
1 v

las 325 (45 um) wudﬂﬁ@hagmamaz 6.82 @ANWN1AT31% ASTM C 150 fuualuiin
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~ a € 1 = a a 1 a 6
wazudanss mylanzidudsznaumaaiivesdudiuud laasedn wudy uasidouaanlod
(Ca0) ASanmgafiaTonas 65.46 aglifiuuaanlad (ALO,) AUTunmTasaz 3.21 uazinan
panlad (Fe,0,) JUSnmiauaz 2.87 asddiznaunisaiinanvesyudiuudaindind

naanlgsnuaNGuaInauniadaly [15]

CI wa IS = a
M990 2 mmmmamﬂmwu,mmuwaagumuwﬂamaan

HALUAIE UnTiana lansadn
ANMVAIT N 3.14
%”ama:maa@hazhoﬁﬁ”'muumwmommgmmm‘ 325 (45 uym), % 6.82
uaaLTayaan ks (Cao), % 65.46
FAN (SI0,), % 14.28
apfifluunanlod (ALO), % 3.21
wanaan e (Fe,0,), % 2.87

3.1.2 829

ANINAFBLRNUAVBINIANTIN INANITANBINDIN ANVEIITUNANIZVBINIATIN A%
FINTARAIANN TN 2.72 nTefiiianudisinne 2.65 lumeiiniaunounsa
Flaifia 1RCA Uaz 2RCA GA1A10E9911W12 2.62 WAz 2.67 ANNAIAL LEAIALARIN
wrauneuniasladaianunuuindinindugessssumaianies uwldludanis
LN iuLIT 09 Limbachiya et al [7] finuiaiaTinneunies lodsdnnudaesimg
fININIRTINTIINTAUSTI e n Az 7-9 Lfiaﬁmsmﬁama:mi@@%w WUI1 1RCA WA
2RCA ﬁ@hmig@%uﬁgandnﬁu WATNINUTITNTNG BEN9TALAN lae 1RCA uwas 2RCA Ins
QaTuipuAz 5.24 ez 4.82 MUAAL mmx*ﬁ'ﬁmm:mnﬂﬁ@hmi@@sﬁﬁaﬂa: 0.46 W&z 0.63
ANRIAL Gﬁaﬁ@hmigwﬁugan’h 2 11 [7] mmq%é’nmmmﬁawa%mﬁﬁuﬁﬁmagﬁ'u
Eiamému%aﬁmww;uuazmsg@%uﬁwga [16] msg@f}?amaamasamaun’%m%”bmﬁaﬁga
onvssnasaUSI o lusunEuRaunse sunthsingn wuduiindasinegn 1,531
kg/m?® Fadenganinuiasiunauniasluifa 1RCA uaz 2RCA il 1,319 uaz 1,325 kg/m?
RFRETT 'mhuﬁmﬁﬂmaﬁa@mmau@”@ﬂa’ﬂaa@ﬂﬁaoﬁ‘umﬂmmhcrﬁwwa:azhuﬁu
ldga duanunumudanistafuissiunauninilofa 1RCA uaz 2RCA deniguyiie
flosnmItaisanas 44.82 uaz 50.58 AUSGL msqzyLﬁmﬁaamnmw‘”@ﬁmaamasm

a A a A A a v & K ] o o Al vv . &
ﬂa%ﬂi@]ivlf’mﬂﬁﬂgdﬂ’)’]%%ﬁii&l"ﬁ’]@lLLa(ﬂx‘il‘ﬁL‘ﬂuﬂ\‘iﬂ'ﬂNﬂ%ﬂ’]%@]@ﬂﬁi“ﬂﬂﬂl@]ﬁqﬂuﬂU auLiln
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HAINAMULTILTIvadave T TIANNRaRNNINTIN [17] Ta01RilHAdANUNUNIUYEY
AOUNIAMANNT LTI U

A139N 3 FNUANIINIYATNVBINIAITIN

ANLAIER %in 1RCA 2RCA N8
ANMNTIITUNE 2.72 2.62 2.67 2.65
JouazmIgady, (%) 0.46 5.24 4.82 0.63
WhBINTN, (kg/m?) 1,531 1,319 1,325 -
migdnilasnmtad

“ 34.92 44 82 50.58 -
Los Angeles abrasion loss, (%)
lugarauazidua FM 7.35 7.35 7.35 2.57
100 T T T T T 4 -
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VWA AURINTINAUNUNW LA IEIUKENABUNTA FIuNIaTINazlEon N1y MInTzany
PIAYIDUNIA FOAARBINUNIATIIHNNINTZNLEUNIATBININTINAIBIATWILABLNIA
A1A337% ASTM C 33 uazdnlugaranuazidua Sauriny 2.57 minszansewinaunaf

| @ A t:g’d a '
L‘Vﬁ&l’]::ﬁ&lﬁ]zLﬂuﬂ’ﬁuﬂd“ﬁﬂ\‘IQMﬂ’]W’ﬂ aaﬂaummavl,ﬂ

3.2 NMAJANABBNIN

NHANINARALTN RIS AT INDUNSANE NI NAUNUUIATINRLIUAILNIRTINABUNIA
Floifaan 2 naa ﬁmﬂqﬂmaun‘%m 7 14 uaz 28 % wuuwi litunslsuiainaeuniad
lmdn (RCA) liilavinldinassaaaasinua lapd@unauAILQURAIaainnaY 27.11 30.73
Waz 33.99 N/mm? ‘ﬁmq 7 14 U8z 28 1% A1NA1AL mmzﬁnéju 1RCA LLamﬁ'\ﬁgﬂﬁ 6
mInaunuiosas 25 Snsanasinioslutivdui 7 Tu Savaz 1.18 POIFIUNTNAILAY
riam:ﬁ@i'uﬁﬂuwi'mﬁagaﬂ’jﬂuﬁn 14-28 1% VINNINTDLAT 0.63 WA 1.91 VDIFIBNEY
AILAN ﬁmq 14 uaz 28 T WaRuIzaUMIMAUNRTaLa: 50 ez 100 M8IsATEINEUNTA
gaﬂ'j’mauﬂ%muwawmuquazm@imﬁamnmqﬂwﬂauﬂ% a8z 50 ﬁ@hqan'jﬁaﬂa:
12.17 8.47 uaz 8.68 ﬁmq 7 14 uaz 28 1% a1NEIGU @InTauar 100 Aerganinsesaz
19.96 18.58 Laz 11.48 ‘ﬁ'mq 7 14 U8z 28 2% aus1aL

HANINARAUAIRIDAAIUNIANGY 2RCA LLam@ﬁgﬁJﬁ 71ﬁﬁ1f§”\15’m§aﬂdwmuwam
AILAUYNNITZAUMINAUNUUAZNNDIYLUADUNTA MINAUNUIDUAE 25 UFNgInindInna
AILANIBLAZ 10.69 16.51 LAz 9.05 ‘ﬁmq 7 14 uaz 28 \aiuszaun1snaunusasas 50
ﬁaﬁ@hﬁ@hgaﬂ’hmuwaumquaﬂ"mﬁu"lﬁ"ﬁ'@ Imgdndﬁaya: 21.97 18.68 uaz 10.99 7l
918 7 14 Uag 28 74 MAHIAU UazuInWIITIMINaunuiasaz 100 wuiiiaiasea
gaqmﬁmﬁﬂuﬁ"ﬂnﬂmuwaw WmLﬁUuﬁ'umuwaumuquﬁ@hmnﬂ’jﬁaUa: 23.26 19.79
Uz 12.48 'ﬁ'mq 7 14 UAz 28 1% ANFIAL MNNANINARELTNAI8ATEIABWNIA LW TN
Lﬁwifumumqﬂauﬂ% 8] sas M siRnduvasinassalutrsduianuid usa  PRLRHEY
7-14 5% F99191ANNNNTANRIVDIBATEIMINFTINUG (Effective water-cement ratio) 310
mmm%wﬁwaauai{ms‘maﬁuﬂauﬂ%%wlsmﬁaL@u wuefiTr9Uany 1907500 14-28 T

'
o a

sammaiuiassaduwlifuasas tiesandsunasirdinunlflunszuiunslaessud
dasna nalnmyvumeluiionaunia (Intemal curing) luaauniafldularudlods 01a
FlunumnlugredudssianansvesnInaminadsn Minawiasoadsidunaarnnaln
$INTERIINTAARIVISATIFIWINA T LUUE LaznTtnneunIaanaeluiioneuniaies
ROAAABINLINUWITBVBY El-Hawary and Al-Sulily [18] ﬁi:q’hmﬂ"ﬁmasamaun’%'m%vlmﬁa

mansanniiuiiNarinnsiuneluiienawnia (Internal curing) 3nnsdas 9 Uaasin
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1@ A

a@agﬂummmwL@iuﬂdwauﬂ’amasmﬂaun%'@%f"lsmﬁa [20] weiludi@ aa@inque‘i‘m 84

=h.

Ce

\‘iﬁa\‘iﬂﬁj&lﬂﬂﬂdﬁiaL‘ﬁa\‘]LﬁﬂLﬁ&lﬂ%%ﬂm&l’)ﬂi%&lﬂa%ﬂ%@l%vl,“ﬁl,ﬁﬂ I(ﬂ ANNTNALNWIBEANZ 0-50

r =

wmqum”’;ﬁmwummin’lumsﬁ’mm"l,@"’l,uim”umunma (5-10 cm) FIBMINAUNUUIRTIA
fMEAaUNIA3 LLAasasas 100 ﬁ@hqmﬁﬁmmmmmlumsﬁwm"l,ﬁlmzﬁ'mﬁﬁ (2.5-5 cm) [21]
w liuinsssafiAiudue1a1AnaInNNTan8sT898 ATIEIWINA 0T LUUE (Effective water-
cement ratio) mnmsg@e’ﬁuﬁw 29N8TANSLANNIATINABUNTAT kLA LUTIIWIN Reriauld
Lﬁm'm@hquﬁfaﬁa@aa Mmmuﬁyaﬁuﬁwﬁgﬂg@%ﬂfawﬂdauaaﬂwﬂmwz@iamﬁd'su
trelunalnnstumeluiionaunia (Internal curing)
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31N 8 izéi'umsvmLmumaswﬂaun%m%vlsmaa@iaﬁﬁﬁaﬁmﬁmgp.iu 28 1

ANMAUANGNTZAINIAUNINTBIABUNTAT LTLARGUNTI 1RCA UAz 2RCA HAMNINAFAL
ugasIWiAnisantwaadwilvedmandosuiaitng uazanuauInlunivinen suiiadon
Wu31 2RCA lﬁﬁwﬁﬂﬁ‘i’aé’@\gaﬂiw 1RCA 78882 7.00 2.12 Uaz 0.89 VBINIINAUNUNINIIY
aawn3asloiAasanas 25 50 uar 100 aNd1ay WWuldludaniadoinuauisoves
Gebremariam et al [22] uas Hameed et al [23] G9qzvianinnaunias lodadunisniasi
ﬁﬂ’j’lﬁimaa%dqamﬂﬁﬁ Pl nnuRINLsRLaza NN susIvedLita wai‘mﬁmﬁﬁ@ag
ludunauniaaadgudivaInauniawl 2RCA aﬂvﬁ”ﬁwé’aé’@ﬁgaﬂ’j'uwiLLmIﬁummﬂao
va4eyudgIlndlAnIny 1RCA uaaaliiAuihgmnwaaunias loliadunisinadeauya
BINANINNINFNTAADUNIARG @Taifuqmmwmaaﬂauﬂ?@%'vlmﬁaﬁumﬁaLfluﬁmﬂséﬁﬂ”ry
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warueeuniaslads analnmstumeluiionaunia lasmsddesinaanunluszwing
nszuaumslatesturin W udinaddanuniusindu fdSanmanunuiasss danald
ANUFIWINUNNIT ARG [27] @Tmmmme@hﬁfmiwqmmwmamaun?m%vl,ﬁmﬁaéfumo
1RCA uaz 2RCA Wuaauniaflineuniailoidia 2RCA ﬁmmsgzyLﬁmﬁa\‘mnmw‘”ﬂﬁﬁ
@‘ﬁn’hﬂ@;m 1RCA Tapfentannindasas 5.35 12.36 uaz 26.85 sz sunuiisasas 25
50 WAz 100 ANEAL WaadbAlAWIN 2RCA BNNNTRAIANNNUNIUABNITUAF beaNi1 1RCA
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nuiaIaangInin 2RCA WRAILALARINEINITAAIUNIUATTAFLGA NI [11] NTANBA
FILAAI A ARINANRIBAVIABUNTATHARD ANV UMIUNITIAF [28,29] BNNILHIFINTD
aansaldnsgyiofiesnnnstad ldanaunisanusunuidadulasnguaaunia
Aa o @ . 14 A
Flo@ia 1RCA ANRNNUSAS Abrasion loss(%) = (-0.0799f +3.6719) uazABUNIAT laLAS
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ABSTRACT
Overtime in outbound warehouse docking operations is a persistent logistics challenge, yet
existing studies rarely address realistic labor calendars, zoning constraints, heterogeneous
truck-type processes, or extreme congestion days. This study develops a data-driven,
minute-resolution discrete-event simulation (DES) in Python to evaluate five dispatching and
bay-sharing policies (S0-S4) at a Thai beverage manufacturer. Operational data from 235
working days covering four truck types (EXP, MAN, CAN, BOT) across 19 bays were used
to calibrate the model. A hybrid scenario-reduction approach-combining tail-based extreme-
day retention and Ward's hierarchical clustering-compressed the dataset to 40 representative
days (including 16 extreme days), reducing computational effort by 83% while preserving
workload fidelity (NRMSE = 0.070; Pearson r = 0.873). A total of 200 DES runs (40 days x
5 policies) were conducted, with all improvements confirmed statistically significant (paired
t-test, p < 0.001). FIFO dispatching with BOT-to-CAN bay sharing (S1) proved most robust,
reducing weighted-average overtime by 43.34% (from 112.94 to 63.99 min/day) with the
lowest truck waiting times. While S2 achieved slightly lower absolute overtime (62.79
min/day), it redistributed delays under peak conditions rather than relieving congestion.
Sensitivity analysis identified a 90-minute end-of-shift activation window as optimal. S1 is

recommended as the operational default, deployable via gate-level queue management
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without optimization infrastructure. The proposed DES framework offers an efficient, tail-
aware platform for evidence-based dock policy evaluation before real-world implementation.

KEYWORDS: discrete-event simulation, outbound logistics, overtime reduction,

representative-day selection, truck dock scheduling.

1. Introduction

Transportation and logistics operations play a central role in ensuring supply chain
continuity, particularly at the plant interfface where inbound and outbound flows are
consolidated. In such environments, dock and bay management significantly affects operational
performance from truck arrival through docking, loading, and departure. Ineffective dock control
can propagate congestion, prolong waiting times [1-5], and ultimately lead to overtime, making
dock operations a persistent managerial concern in logistics and manufacturing systems [6].

A substantial body of research models dock-level decision-making as door or dock
assignment and truck scheduling problems [2-4,7,8]. Prior studies show that assignment and
sequencing decisions made under limited dock capacity and handling resources strongly
influence throughput, waiting time, and service performance [1-3,7]. Optimization-based
approaches dominate this literature, ranging from exact formulations to heuristic and
metaheuristic methods, with several studies proposing integrated door—schedule models that
incorporate handling times and operational interactions [1,6,8]. For example, Li et al [9]
developed an integrated model that jointly determines dock mode configuration, truck
assignment, and scheduling under mixed service mode docks where loading and unloading
operations share dock capacity. Their study highlights that flexible dock configurations can
substantially improve operational performance compared with static assignment strategies.
However, analytical optimization models often simplify operational details such as labor
calendars, zoning rules, and dispatching practices. Consequently, they may have limited
ability to explain how congestion accumulates throughout the day and eventually leads to
overtime under realistic end-of-shift conditions.

To capture these operational complexities, discrete-event simulation (DES) has been widely
applied in logistics and warehousing research. DES explicitly models event-driven interactions
among trucks, docks, equipment, and labor resources, allowing operational rules and constraints

to be represented directly. Reviews identify DES as a key methodology for analyzing logistics
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systems where operational feasibility and timing interactions are difficult to represent analytically
[10]. Previous studies demonstrate that DES can effectively evaluate trade-offs among dock
utilization, waiting time, and resource allocation under alternative operating policies [11,12].
Simulation has also been incorporated into digital-twin frameworks, where operational data are
used to calibrate models for monitoring and decision support [11]. Related work by Kaarlela et
al [13] illustrates how simulation environments combined with data-driven models can support
operational planning and scenario evaluation in transportation systems. Such perspectives are
particularly relevant for overtime management because overtime depends not only on total
workload but also on when congestion occurs relative to labor schedules and breaks [14].

Overtime should therefore be viewed not only as a cost indicator but also as an
operational outcome influenced by staffing levels, break feasibility, and job-specific
processing requirements. In many dock operations, different truck types require different
processing structures, meaning that similar arrival volumes may generate very different labor
workloads and congestion patterns. As a result, evaluating dispatching, sharing, and zoning
policies requires models that explicitly represent labor calendars and shop-floor rules rather
than relying solely on idealized capacity assumptions. Simulation-based policy evaluation is
therefore well suited for comparing operational policies under realistic operating conditions.

A key challenge in simulation-based dock studies, however, concerns experimental
design when long-term operational data are available. Many studies rely on "typical-day"
scenarios or synthetic inputs that smooth out demand variability, even though overtime is
often triggered by rare peak-congestion days rather than average conditions. To address
this issue, representative-day selection—an approach related to scenario reduction in long
time-series analysis—has been proposed as a practical way to preserve demand variability
while reducing computational effort [15,16]. By explicitly retaining extreme days instead of
averaging them, such methods can maintain low-probability but high-impact operating
conditions that strongly influence overtime formation [6,15,16].

In representative-day frameworks, each operating day is encoded using features that
capture workload level and variability, such as daily truck volume and temporal indicators. A
hybrid "extreme + typical" strategy is commonly applied, where extreme days are first
identified and preserved to retain rare operational conditions [17-19]. The remaining days
are then clustered to identify representative normal scenarios using clustering techniques

such as hierarchical clustering, with the number of clusters determined through internal
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validation metrics [15,20,21]. Representative days selected from each cluster can
subsequently be used to reconstruct annual workload patterns and evaluate operational
policies while maintaining fidelity to the original time-series characteristics [15,16,22].

In practice, recurring overtime has been observed in outbound dock operations where
dispatching decisions are performed manually and non-FIFO sequencing is frequently applied.
Trucks arriving later may be served earlier, resulting in long and uneven waiting times and
raising concerns regarding fairness and operational governance. The company therefore seeks
to evaluate whether FIFO-based dispatching, potentially combined with controlled bay sharing,
can reduce driver waiting without increasing overtime under realistic operational constraints.

Despite extensive research on dock assignment, truck scheduling, and simulation-based
analysis, important gaps remain for this decision context. Existing studies often evaluate
system performance under stylized or average operating conditions, while extreme
congestion days that strongly influence overtime are underrepresented. In addition, many
optimization-based approaches are tested under simplified problem settings that do not
explicitly represent labor calendars, zoning restrictions, and heterogeneous job processes.
As a result, limited attention has been given to governance-oriented dispatching policies
such as FIFO implemented under realistic operational constraints, and the interaction
between fairness-driven rules and overtime formation remains insufficiently understood.

Motivated by these gaps, this study develops a data-calibrated, minute-resolution
discrete-event simulation (DES) based on real operational data from an outbound
warehouse. A representative-day selection procedure is used to preserve annual workload
variability, including extreme operating conditions, while keeping the experimental design
computationally tractable. Within this framework, alternative dispatching and controlled
sharing policies are evaluated under identical arrival streams to quantify their impacts on
waiting time and overtime. The results provide evidence-based guidance for selecting

governance-aligned dock policies prior to real-world implementation.

2. Methodology
2.1 Case Study System
The case study focuses on a large beverage manufacturer's outbound transportation

unit in Thailand, where finished goods are loaded into third-party carrier trucks via 19 loading
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bays, which include four job types: export (EXP), manual/hand-stacked (MAN), canned
products (CAN), and bottled products (BOT), divided into three operational zones: bays 1-6
serve EXP and MAN, bays 7-8 serve CAN, and bays 9-19 serve BOT, Table 1 outlines the
process structure and projected resource requirements for each job type at the outgoing
port. Each row includes the truck type (EXP, MAN, CAN, BOT), the number of consecutive
steps required for completion, the step labels that describe the DES workflow (loading,
positioning), the time (minutes), and the number of workers (people) assigned to each step.
EXP and MAN are designed as two-step processes. Step 1 involves a forklift loading goods
onto a truck with two employees, followed by Step 2 where another group of three employees
positions the goods. Resources are shared between EXP and MAN, using the same dock
and labor. However, Step 2 of EXP is significantly longer than MAN (20 + 66 = 86 minutes
vs. 20 + 26 = 46 minutes). CAN is the simplest and fastest unloading method, involving only
one step: the forklift loading goods onto the truck with two employees, with a loading time
of 12 minutes per job. BOT is also a two-step process. Step 1 involves the forklift loading
goods onto the truck with two employees (25 minutes for two employees per unloading),
followed by the necessary rest period (20 minutes). The truck owner is responsible for
covering the goods for transport. This area is already occupied, so the forklift operator can

work on unloading goods at another dock for the BOT job.

Table1  Work-type process structure and nominal service times

Work Stage Number of
Distribution Parameters
type description workers
EXP Loading Normal N(20, 7.12?) 2
positioning Triangular T(46, 66, 86) 3
MAN Loading Normal N(20, 7.122) 2
positioning Normal N(26, 62) 3
CAN Loading Empirical Empirical data with mean = 12 4
BOT Loading Empirical Empirical data with mean = 25 10
Mandatory hold Deterministic Fixed = 20 -
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2.2 Motivation for Observed Operations

According to dock logs, around 65% of demand is accounted for by BOT, followed by
CAN (28%), and the remainder by EXP and MAN. Although the port is designated, bay
sharing is used in practice to alleviate congestion. CAN bays are occasionally utilized by
BOT (around 2-3% overall, peaking to ~14% on congested days), and a considerable share
of CAN vehicles is processed in bays 1-6 (about 15% total). It is suggested by these patterns
that congestion is relieved through discretionary, experience-driven reassignment rather than
by a constant rule whereby some bottlenecks are eliminated while other flows are interfered
with. This effort is driven by the operational concern of late-day queue growth and overtime,
which is frequently caused by concentrated arrivals (particularly around midday) combined
with zoning, team, and calendar limitations. The DES is thus designed as a realistic testbed
for present practice (S0) to be compared with various dispatching and controlled sharing

policies (S1-S4) under identical arrival streams.

2.3 Data collection and preparation.

Operational data were collected from a beer distribution warehouse over 235 working
days in 2024, covering four truck types: Export (EXP), Manual (MAN), Canned (CAN), and
Bottled (BOT). The dataset included truck arrival timestamps, dock check-in times, and
loading start and finish times. Inter-arrival times were derived from consecutive arrival
timestamps of each truck type. Since arrivals are unscheduled and driver-dependent,
empirical distributions constructed from the 235-day records were used for all four truck
types. Service times were fitted using the Kolmogorov—Smirnov test (O = 0.05); parametric
distributions were accepted when p > 0.05, otherwise empirical distributions were applied.
All resulting distributions and parameters are summarized in Table 1. Operational rules that
are not fully recorded in digital systems are elicited through stakeholder interviews and
encoded as model constraints, including BOT adjacency, team rules, and bay usage

restrictions. Days with no activity, duplicate records, and inconsistent timestamps are

removed during the data cleaning process.
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2.4 Representative-Day selection.

Each day is encoded as a feature vector capturing workload level and variability (daily
truck volume, 7-day rolling mean, 7-day rolling standard deviation) plus calendar indicators
(day-of-week, month, and weekend/holiday flags when available). A hybrid “extreme +
typical” representative-day approach is then applied to reduce the dataset without losing rare
congestion/underload behavior. Extreme days are identified via tail screening of workload
indicators and anomaly signals from SOM quantization error, and then retained (16 days) to
preserve low-probability, high-impact conditions. The remaining days are clustered using
Ward’s hierarchical clustering, with the number of clusters selected using the silhouette
coefficient. Within each cluster, representative normal days are chosen using stratified
quantile sampling and centroid/medoid-style selection to maintain within-cluster fidelity.
Representativeness is evaluated by reconstructing the annual workload series using closest-
match assignment and representative-day weights, supported by NRMSE and Pearson
correlation as standard reconstruction accuracy metrics.

Figure 1 Duration-curve overlay (actual vs. reconstructed annual workload). The
empirical duration curve (blue) is closely tracked by the reconstructed curve from the
representative-day set (orange) across both typical days and extremes, indicating high
distributional fidelity (NRMSE = 0.070). Figure 2 Time-series overlay (actual vs. reconstructed
annual workload). Daily shipment volumes over the 2024 calendar year (x-axis) are
compared between observed data (blue) and the representative-day reconstruction (orange).
The overall temporal pattern and major fluctuations are reproduced by the reconstruction,

showing strong agreement in trend/shape (Pearson r = 0.873).

Compare the Duration Curves (NRMSE = 0.070)

-
o

=== Duration curve (True information)

Duration curve (Representative Day Outfit)

,_.
B
o

Number of shipments (vehicles)
o

8

0 50 100 150 200
Day order (sorted from highest to lowest value)

Figure 1 Duration-curve overlay actual vs reconstructed
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Time series (r = 0.873)
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Figure 2 Time-series overlay actual vs reconstructed
Regarding benchmark workload regimes for scenario design, to standardize comparisons
in the experimental phase, three benchmark days are defined as anchors for scenario

construction: MAX (high-load stress test), AVG (typical-load), and MIN (low-load reference).

Table 2 Benchmark days for scenario design.

Regime Benchmark day (date) Daily truck count Selection rationale
MAX 2024-04-22 196 Stress-test day
AVG 2024-02-07 107 Typical regime
MIN 2024-09-06 68 Low-load reference

Figure 3 summarizes the representative-day selection workflow used to reduce 235 working
days to a 40-day experimental set while preserving both typical variability and rare extremes.
Each day is encoded as a feature vector, and extreme days are detected using tail-based
workload screening and SOM quantization error, yielding 16 extreme days. The remaining 219
non-extreme days are clustered with Ward's hierarchical clustering; k = 3 clusters are selected
and treated as distinct workload regimes: CO (n = 157, mean = 108.2 trucks/day, std = 17.0)
represents the dominant normal operating regime with moderate daily volumes and the widest
workload variability; C1 (n = 55, mean = 146.5 trucks/day, std = 15.5) captures a high-load regime
in which even the lowest-volume day exceeds the median of C0O; and C2 (n = 7, mean = 105.6
trucks/day, std = 10.0) represents a rare low-variance regime characterized by near-average

volumes with unusually stable daily throughput. Twenty-four normal representative days
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(CO0 =17, C1 =6, C2 = 1) are then selected via stratified quantile and centroid-based sampling
in proportion to cluster size, and are merged with the 16 extreme days to form the final
40-day experimental set. Representativeness is validated by weighted annual reconstruction

(NRMSE = 0.070; r = 0.873; Figures 1-2); if acceptable, the representative set is used for simulation.

[ ]

Collect historical daily data

v

Create daily feature vectors (235 days)
v

»  Extreme-day detection (Tail-based screening/quantization error)

v

Split data (Extreme-day/ non-extreme days)

v !

Extreme-day set (n=16) Report list of Ward hierarchical clustering (non-
dates (appendix) extreme days n = 219)
v

Select number of clusters k (k = 3)

Interpret clusters as workload regimes

v v
Merge sets: Representative day set Stratified quantile + centroid sampling
40 days (Extreme-day set n=16 + < (Representative non-extreme days (CO
non-extreme days n = 24) =17,C1=6,C2=1)

v

Reconstruction evaluation (weighted)NRMSE = 0.070; Pearson r = 0.873)

No

Accuracy acceptable?

Use Representative-day set (e.g, 40 days) for simulation
[ End ]

Figure 3 Representative-day selection procedure and outputs.
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2.5 DES model and truck dispatching support system control logic.

The discrete-event simulation was implemented in Python (Visual Studio Code; 64-bit,
4-core 2.8 GHz CPU, 16 GB RAM). Model inputs were parameterized using distributions
reported in Table 1. Truck arrivals were generated from empirical inter-arrival-time
distributions derived from 235 operating days, and each truck progressed through sequential
alignment and loading stages, with service times sampled from the corresponding
distributions. BOT trucks incurred an additional 20-minute post-loading detention per
operating rules, and resources were allocated on a first-come, first-served basis at the
staffing levels specified in Table 1.

To capture annual demand variability, 40 representative days spanning the full range of
operating conditions were identified from historical records. Each scenario (e.g., S1, S2) was
evaluated by running the simulation across all 40 representative days, with each day's
empirical arrival profile applied as a distinct model input rather than as a stochastic
replication. Because service-time distributions for high-volume truck types were tightly
concentrated around their means (CAN: n = 2,239; BOT: n = 6,965), output variability
attributable to service-time sampling was negligible, and no additional replications per day
were required. Each run simulated one complete operating day, initialized from an empty
system at 08:00 and terminated upon departure of the last truck; no warm-up period was

required.

2.6 Policies and experimental design.

This section specifies the operating policies evaluated in the event-driven DES (Figure 4).
The simulation is implemented in Python and parameterized from historical operations,
encompassing arrival patterns, service-time distributions, shift constraints, and time-varying
resource availability. Truck state attributes—including urgent/non-urgent status, BOT/CAN
classification, and (when enabled) slow/fast labels derived via recursive partitioning (RPart)}—
are carried throughout the simulation. The DES logic is held constant across all experiments;
policy effects are isolated exclusively to the dispatch decision step, where candidate ranking

and BOT—CAN sharing permissions are applied subject to zoning constraints and resource

calendars.
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Input:
Day Data: trucks i with (id, arrival time, type)
Bays by zone; process structures and times; resource calendars (shift/lunch);
operational constraints (zoning, BOT team/adjacency, etc.)
Output:
Per-truck metrics (start, finish, wait, flow) and daily KPIs (OT, mean waits)
Procedure RUN_DES (Day Data):
Sort trucks by (arrival time, id); idx <— 1
t<—20
Initialize bay state (FREE), resource state from calendars
Initialize FIFO queues Q_EXP, Q_MAN, Q_CAN, Q_BOT <«— empty
Initialize event list E <— empty (min-heap by time)
ENQUEUE_ARRIVALS(t); DISPATCH(t) // initial starts
while (idx < |Day Datal) or (E not empty) do
t <— min(next_arrival_time(idx), next_event_time(E))
Update resource_state at time t (shift/lunch feasibility)
ENQUEUE_ARRIVALS(t)
while (E has events at time t) do
e <— pop(E)
PROCESS_EVENT(e,t) /I release resources, stage transitions, free bays
end while
DISPATCH(t)
end while
COMPUTE_KPIS ()
return outputs
Sub procedure ENQUEUE_ARRIVALS(t):
while (idx < |Day Data|) and (Day Data[idx]. arrival time < t) do
i <— Day Datalidx]
push i into FIFO queue Q_type(i)
idx <— idx + 1

end while

Figure 4 Event-Driven DES with TDSS
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Sub procedure DISPATCH(t):
/I Step 1: choose candidates from each queue using FIFO order (baseline order)
/I Step 2: start feasible jobs subject to bays, resources, and constraints
START_EXP_MAN(t)
START_CAN(t)
START_BOT(t)// includes BOT team + adjacency constraints
/I Note: sharing/priority rules are NOT applied here (handled by policy blocks)
Sub procedure PROCESS_EVENT (e, t):
Release resources tied to completed stage
if (truck has next stage) then
Start next stage when feasible, else mark as waiting-for-stage
Schedule its completion event in E
else
Mark truck completed; free bay
end if
Sub procedure COMPUTE_KPIS ():
For each truck i:
wait_i <— start_i — arrival_i
flow_i <— finish_i — arrival_i
day_finish <— max_i(finish_i)
OT «— max (0, day_finish — SHIFT_END)
Report mean waits by type and OT

Figure 4 Event-Driven DES with TDSS (continued)

Five policies (S0—-S4) are evaluated by varying only the dispatch rule set. SO represents
current practice (non-FIFO, type separation, urgent-first prioritization, with urgent BOT trucks
permitted CAN access when feasible). S1 enforces FIFO with BOT-to-CAN sharing. S2
extends S1 by introducing a tail-of-shift rule that prioritizes slow tasks during the final 90
minutes before shift end. S3 applies the same tail-of-shift framework but prioritizes fast tasks
instead. S4 evaluates protected capacity pooling, in which BOT-to-CAN sharing is permitted

only when CAN operations are not adversely affected.
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The experiment follows a repeated-measures design in which all five policies are applied
to each of the 40 representative days, yielding 200 DES runs (40 days x 5 policies). Since
the same empirical arrival stream is used across policies within each day, day-to-day demand
variation is controlled and policy effects are attributed solely to the dispatch rule. This paired-

by-day structure forms the basis for subsequent statistical comparisons.

2.6.1 Scenario 0: Baseline TDSS S0—current practice

The as-is benchmark policy is defined by Scenario 0. Observed practice is followed
for dispatch specifically, non-FIFO, type-separated sequencing with urgent-first overrides
where CAN bays may be used by urgent tasks when feasible and capacity is available. In
the DES, all core mechanics are fixed (arrivals via ENQUEUE_ARRIVALS(t) and resource
release/stage transitions via PROCESS_EVENT(e,t)); policy influence is restricted to
DISPATCH(t), where feasibility (zoning, resource calendars, and BOT team/adjacency
constraints) is enforced and the baseline priority logic is then applied. As summarized in

Figure 4, no additional end-of-shift prioritization beyond feasibility checks is included in SO.

2.6.2 Alternative Dispatching Policies (S1-S4)

In Scenario 1 (S1), FIFO dispatching with BOT-to-CAN sharing is introduced to
examine whether BOT congestion and overtime can be reduced relative to SO. Trucks are
served in FIFO order within each type queue under the same feasibility constraints. When
BOT demand exists but no BOT bay is available, a BOT truck may use an idle CAN bay (7-
8) if sharing conditions are satisfied.

Scenarios 2 and 3 (S2-S3) extend S1 by introducing a tail-of-shift priority rule to
examine whether overtime is influenced by end-of-shift sequencing. Outside the final window,
dispatch follows the S1 logic. Within the last W = 90 minutes before SHIFT_END, feasible
candidates are re-ranked using slow/fast task labels, where S2 prioritizes slow tasks and S3
prioritizes fast tasks, with FIFO used as the tie-break rule.

In Scenario 4 (S4), protected capacity pooling is evaluated. FIFO dispatching is
retained, but BOT-to-CAN sharing is allowed only when CAN operations are unaffected.

Specifically, CAN bays may serve BOT trucks only when protection conditions are satisfied
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(e.g., no CAN queue or the CAN bay has remained idle for at least T minutes); otherwise,

BOT trucks remain restricted to BOT-eligible bays.

2.7 Performance measures and validation.

Daily overtime in minutes and mean waiting times for BOT and CAN trucks are defined
as the primary performance indicators. To support the interpretation of policy effects,
additional mechanism indicators are recorded, including the frequency of BOT to CAN
sharing and the proportion of BOT trucks processed in CAN bays. Model verification is
conducted via deterministic sanity tests covering zoning rules, first-in-first-out behavior and
policy overrides, lunch and shift feasibility, and BOT overflow restrictions. For model
validation, simulated outputs are compared with historical patterns for selected benchmark
days, and stakeholder review is incorporated to confirm that operational practice is reflected
by the encoded rules and modeled behaviors.

Prior to hypothesis testing, normality of the paired differences (Si — SO0) for each KPI
(OT, BOT mean wait, CAN mean wait) was assessed using the Shapiro—Wilk test (Ol = 0.05),
which is recommended for small samples (n = 40). Where normality was not rejected (p >
0.05), a paired t-test was applied; otherwise, the Wilcoxon signed-rank test was used as a

non-parametric alternative.

3. RESULTS AND DISCUSSION
3.1 Representative-day design enables efficient, variability-preserving experiments
The selection pipeline reduced the experimental set from 235 working days to 40
representative days (including extremes) while preserving annual workload structure.
Reconstruction accuracy remained high (NRMSE = 0.070; Pearson r = 0.873), indicating that
typical patterns and tail congestion are retained. This reduces evaluation effort by =83%
and supports a fully crossed design of 200 DES runs (40 days x 5 policies) with paired-by-
day comparisons. Table 3 reports the regime composition in the original year and in the

representative set, together with the annual weights used to compute the weighted-overall

Key Performance Indicator (KPIs).
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Table 3  Day-type composition and annual weights

Day type Actual days Representative days Weight
MAX 10 6 0.04
MIN 26 10 0.11
AVG 199 24 0.85

3.2 Model credibility on benchmark days verification and validation.

The model's reliability was evaluated by comparing observed and simulated overtime
(OT) on three benchmark days used to anchor the MAX/AVG/MIN workload regimes. As
shown in Table 4, the expected congestion ordering (MAX > AVG > MIN) is reproduced by
the DES, and historical OT on all three benchmarks is roughly matched. Based on the usual
relative error definition from the findings, a tiny deviation (+0.42%, i.e., 241 vs 240 minutes)
is exhibited by the MAX benchmark, although the AVG and MIN are found to be identical
(0.00%). It is suggested by this close agreement that the model's stored calendars and
operational restrictions (such as shift/lunch feasibility and dock zoning logic) are congruent
with observed completion behavior for benchmark regime anchors. In following experiments,
paired-by-day policy comparisons (same arrival stream and limitations, different rules)
continue to be emphasized, because reliable inference on rule impacts is provided even
when unobserved micro-disruptions or discretionary floor judgments vary outside of the

recorded data.

Table 4 Benchmark-day overtime validation.

Benchmark date Regime OT observed (min) | OT simulated (min) % error*

2024-04-22 MAX 240.0 241.0 +0.42%
2024-02-07 AVG 78.6 78.6 0.00%
2024-09-06 MIN 22.0 22.0 0.00%

3.3 Simulation results
Distinct performance profiles for each operational strategy are revealed by the

comprehensive evaluation of Table 5. The current practice (S0) is established as the baseline
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of inefficiency, where the highest overtime and excessive delays for all truck types are
exhibited. The most robust system improvement is delivered by the transition to S1, with
weighted overtime being reduced by 43.34% and the lowest waiting times secured; notably,
S1’s superior robustness across different load regimes is confirmed by Figure 5, as
significant service degradation is avoided even under maximum load regimes. While the
absolute minimum overtime is achieved by S2, substantial risk is introduced, as evidenced
by a sharp spike in waiting times for CAN truck types during peak congestion (Figure 5c).
Among the remaining alternatives, S3 presents a relatively weaker overall weighted profile
despite specific relief for BOT delays being offered during peaks, whereas overtime is
successfully controlled by S4 but a severe service imbalance is created by disproportionately
increased delays for BOT truck types. Consequently, S1 is identified as the optimal primary
strategy, with the others being regarded as specialized alternatives with narrower operational

utility with more limited and context-specific operational applicability.

Table 5 Weighted-overall KPls annualized mean per day.

KPIs SO0 S1 S2 S3 S4

OT (min/day) 112.94 63.99 62.79 65.07 63.84

BOT mean wait (min) 134.68 27.55 34.30 41.29 53.04

CAN mean wait (min) 85.20 20.41 23.35 26.52 21.97
Before conducting paired t-tests, the normality of the paired differences (Si — SO0) for

each KPI was assessed using the Shapiro—Wilk test (Ol = 0.05). Since normality was not rejected,
paired t-tests were applied to compare each policy with the baseline SO using the same 40
representative days. For OT, BOT mean waiting time, and CAN mean waiting time, all
comparisons showed statistically significant improvements over the baseline policy (p < 0.001).

These results indicate that the improvements reported in Table 5 reflect systematic policy

effects rather than random day-to-day variation.

Faculty of Engineering, Kasem Bundit University Research Article




3A2NssualsInuUUruna Un 16 aUun 1 uNSIAU-IVYIYU 2569

Trade-off between overtime and mean waiting time under MIN regime (S1-54).
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Figure 5 Trade-off between overtime and mean waiting time
3.4 Mechanism evidence from paired-by-day contrasts interpretable contributions.

To isolate true policy effects from day-to-day workload variation, paired-by-day contrasts
are computed within each representative day and summarized by regime (MIN/AVG/MAX),
as reported in Table 6. Across regimes, overtime is reduced by all scenarios relative to SO,
confirming that system congestion rather than isolated sub-processes is addressed by the
interventions; the lowest overtime is yielded by S2, but its advantage over S1 is small,
suggesting diminishing returns once queues are stabilized by sharing. Substantial
improvements in BOT waiting are observed under all policies, with the largest MAX-day
reduction found under S3 (226.5 to 27.2 min) and S1 close behind (to 35.4 min), indicating
that BOT queue buildup is effectively suppressed by both tail-of-shift logic and FIFO +
sharing during peak congestion. For CAN waiting, consistently strong reductions across
regimes are delivered by S1, and the best performance under MAX (137.4 to 33.6 min) is
exhibited by S3, whereas a clear peak-day drawback is shown by S2 with CAN waiting
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remaining high under MAX (104.1 min), implying that some overtime gains are achieved by
shifting delay toward CAN in extreme conditions. Overall, queue stabilization via FIFO with
controlled form BOT to CAN sharing (S1) is identified by the contrasts as the most robust
default, while S2 is best treated as a selective option when potential losses in CAN reliability

under maximum-load days are outweighed by overtime minimization.

Table 6 Paired contrasts by day type.

Day type S0 (min) S1 (min) S2 (min) S3 (min) S4 (min)

(a) Overtime (OT)

MIN 122.4 66.28 57.22 59.05 58.2
AVG 111.5 63.32 62.76 65.08 63.8
MAX 123.86 73.29 72.79 74.95 73.94

(b) BOT mean waiting time

MIN 90 31.8 354 41.8 474
AVG 133.8 26.8 33.6 41.96 52.91
MAX 226.5 354 46.4 27.2 65.1

(c) CAN mean waiting time

MIN 103.8 14.2 18 40.4 31.6
AVG 81 20.2 19.73 25 20.14
MAX 137.4 34.99 1041 33.6 42.3

3.5 Managerial implications and policy deployment guidelines

The finding that FIFO with controlled cross-zone sharing (S1) consistently outperforms
other configurations across MIN, AVG, and MAX regimes aligns with the simulation-based
evidence reported by Azab et al [1], who demonstrated that structured appointment and
sequencing policies reduce truck queuing and terminal congestion more effectively than
unregulated or fully flexible alternatives. However, while Azab et al [1] focused on container
terminal contexts where external truck arrivals are stochastic and appointment windows are
predefined the present study extends this logic to an outbound warehouse docking

environment where zone-level sharing rules and tail-of-shift decisions interact dynamically

Faculty of Engineering, Kasem Bundit University Research Article




3F2NSSUATSINUUUTUNQ Uﬁ 16 OGUF\: 1 UNSIAU-IVVIYU 2569 ]4/

with demand variability captured through representative-day clustering (MIN/AVG/MAX). This
distinction is important: our results show that the relative advantage of S1 over S2 and S3
is not uniform across demand regimes—S2 gains merit under MAX conditions specifically
for overtime suppression, a nuance not captured in single-scenario optimization frameworks
such as that of Azab et al [1].

For practical implementation, managers should adopt S1 as the operational default by
deploying a gate-level queue management system that records truck arrival timestamps and
enforces service sequencing accordingly. This approach is consistent with Xu et al [5], who
demonstrated that dynamic appointment rescheduling under arrival time uncertainty can
reduce overall operating costs and alleviate port congestion—suggesting that structured,
time-aware sequencing at the gate level supports both efficiency and managerial decision-
making. Beyond sequencing governance, the tiered policy framework (S1 as default, S2/S3
as conditional overrides) can be operationalized through appointment-window parameterization
in existing dock management systems—an approach consistent with Azab et al [1], who
demonstrated that structured truck appointment policies reduce terminal congestion without

requiring dedicated optimization infrastructure.

3.6 Sensitivity Analysis of Tail-of-Shift Window (W) for Scenarios S2 and S3

To examine the robustness of the tail-of-shift prioritization rules in S2 and S3, a
sensitivity analysis was conducted by varying the activation window W at 60, 90, and 120
minutes before SHIFT_END. The baseline configuration used in the main experiments is W
= 90 minutes. All other model components, including FIFO dispatching, BOT-to-CAN sharing
rules, and resource calendars, remain unchanged. Each configuration was evaluated across
the same 40 representative days, resulting in 240 additional DES runs (40 days x 3 window
settings x 2 policies). Weighted-average KPIs are summarized in Table 7 for comparison
with the main results.

The results indicate a non-monotonic relationship between window width W and
overtime performance. For S2, reducing the window to W = 60 slightly increases overtime
(64.12 minutes /day), suggesting insufficient time to reorder slow BOT trucks before shift
end. Conversely, extending the window to W = 120 increases overtime to 67.43 minutes/day,
exceeding even the S1 reference, due to early prioritization of slow trucks that reduces dock

throughput and causes backlog accumulation. This effect is stronger in S3, where W=120
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yields the highest overtime (70.81 minutes /day). Overall, the results indicate that W = 90
minutes provides the best performance balance, whereas larger windows may degrade
system throughput. These findings confirm that W = 90 minutes represents a meaningful
inflection threshold beyond which the prioritization rule transitions from beneficial to

detrimental, and should be monitored carefully when calibrating the policy in practice.

Table 7  Sensitivity of S2-S3 performance to tail-of-shift window W

W (min) | OT (min/day) | BOT mean wait (min) | CAN mean wait (min)
S1 (reference) — 63.99 27.55 20.41
S2 60 64.12 32.18 21.84
S2 90 62.79 34.30 23.35
S2 120 67.43 35.12 31.07
S3 60 66.03 38.52 2417
S3 90 65.07 41.29 26.52
S3 120 70.81 42.63 33.18

4. CONCLUSION

This study develops a Representative-Day Discrete-Event Simulation (DES) framework
to reduce overtime in outbound warehouse docking operations at a Thai beverage
manufacturer. By compressing 235 working days into 40 representative days using a hybrid
extreme-retention and Ward’s hierarchical clustering approach, the framework preserves
annual workload variability while reducing computational effort by approximately 83%
(NRMSE = 0.070; r = 0.873). Three benchmark regimes, MIN (68 trucks), AVG (107 trucks),
and MAX (196 trucks), serve as workload-based decision contexts with annual weights of
0.11, 0.85, and 0.04, respectively.

Five dispatching and bay-sharing policies (S0-S4) were evaluated across all
representative days in 200 DES runs. Paired t-tests (O = 0.05) confirmed that all policies
significantly outperform the current non-FIFO baseline (S0) (p < 0.001).

Results show that S1 (FIFO dispatching with controlled BOT-to-CAN sharing) is the most
robust policy across regimes. Under AVG conditions, which represent most operating days, S1

reduces weighted-average overtime by 43.34% (112.94 to 63.99 min/day) while maintaining
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the lowest waiting times in BOT (27.55 min) and CAN (20.41 min) zones. Under MIN
conditions, S1 avoids unnecessary cross-zone interference, while under MAX conditions it
remains the reliable baseline, with S3 suitable for peak-day BOT congestion and S2 applicable
when overtime reduction is prioritized despite higher CAN waiting times. Sensitivity analysis
indicates that a 90-minute tail-of-shift activation window provides the best performance balance.

The study extends representative-day selection methods to warehouse logistics,
introduces regime-based policy evaluation using benchmark-day anchors, and distinguishes
genuine overtime reduction from delay redistribution across zones. The framework also
provides practical deployment guidelines without requiring full-year simulations, with
validation errors close to zero across benchmark days.

Future research may explore real-time adaptive dispatching using machine learning
based rule switching, integration with digital-twin systems for continuous monitoring,
incorporation of cost-based objectives balancing overtime and service equity, and application

of the representative-day DES framework to multi-facility or port terminal environments.
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