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Abstract

The purpose of this study was to compare the characteristics and the efficiency of
sugarcane base cutter blades that are imported from abroad and are popular in Thailand in the
2019/ 2020 production season and the use of reverse engineering techniques to find out the

types of raw materials and manufacturing processes. The cutter blades that were used in the
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investigation were 3 brands, 12 of each, one imported from Australia named "P" and
two imported from Taiwan named "S" and “K”. The analytical instruments consist of
Metallurgical Microscope, Scanning Electron Microscope (SEM), Universal Hardness Tester, and
Charpy Impact Test. The cutter blades were installed in the sugarcane harvester, John Deere
model CH570, and harvested the sugarcane in Chaiyaphum province to evaluate overall
performance. The results showed that The “S” brand has the highest overall efficiency followed
by brands “P” and “K”, with 1 set of knives capable of cutting sugarcane on average 750, 680,
and 650 tons respectively. All of the cutter blades had the same mechanical properties, with
average hardness between 44 - 47 HRC, and toughness between 7 - 12 J. The chemical
composition analysis found that all of the brands are made of spring steel, standard grade
SAE9260 or JIS: SUP6, SUP7, in which the important elements are Silicon (Si) 1.2 - 2.0 %wt. and
Manganese (Mn) 0.9 - 1.3 %wt. The microstructure analysis has shown that the heat treatment

process was used in the manufacturing process to improve mechanical properties and it causes

a difference in overall performance.

Keywords: Sugar cane base cutter blades, Reverse engineering, Microstructure, Spring steel
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96.77, 1.78, 1.17 uag 0.25 %wt AIUa1RAU

dl a 5 a % v
29090 6 NsiaRsludnlusafnoes

o K s iilussdusznauiidrdnlaun
\an (Fe) 3aneu (Si) unsnada (Mn) uas
Tasifloy (Cr) Tneiidndau tiadu 96.70, 1.21,
0.97uay 0.20 %wt MINAIRU HA15UBl 0.33 %

o S swilduesdusznauiidrdnlaun
wian (Fe) 3aneou (Si) wazwusniida (Mn) lneil
dmddu iU 97.07, 1.36 way 1.07 %wt
ALEIIU ASUBU 0.4%

o o
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-5-

ssuIna
nsvINw

nsasise LT

msafl 1 Sevazvessiniliuesdusznouiiddny
B0 | dndanlasmtnueasin( %wt)
Fe Mn Si Cr C
96.77) 117 | 1.78 0.25
97.07 1.07| 136 0.4
96.70| 097 | 121| 0.2 | 0.33

3.2 laseainegania

MnMTTATERRuivesiuu ey
WA BverLUNTE UM ITININ T OLLNLAN
dunaldanindudmuasiasuaduindugng
jhvidluiin WeRasanlassademdnnud b
“p» qefinsurwinlug uarsniiiussduszney
dunszaneegiinly Wudnuuzihlvesaseads
qan Ay bainite [7] Ao daude “K” uaz
“S” eilanwagIseUaILAiYnc nsEAeg
il Fadudnuaelasiadiauuu pearlite +
ferrite [8]

89ie (n) 8vi”P”

a I3 - '
AN 7 29AUsENaUYBIlALAaY
(V)Evie “K” (p) 890 “S”
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ferrite

a Ay

(Mungna K (1000X)

AfindTe S (800X)

a1 8 laseainagania

3.3 auUALdeNa

3.1A11Uuda (Hardness)

TunsAnwadeiiazSaannuudwedutia
fivnsfnuniianun e Briear 12 Tu 4 av 3 99
\@SaudmnAnadsvesusaslu s19azSenvaee
anuudadusemnsed 2 wazamd 9

3.2 Anununu (Toughness)

nsnmaiinegeuaununiuley nns
Fadnsgadundsnuiitunuudasuaunsody
IdnewiAnnsunniin Aigsagvnefianansagn

(Y [

FUNF1UNTEENNLAANIN Tan1anazwanitnain

o o

Uil 16 atufl 2 nsngAx - SunAu 2565

aw ssuUIna
MTETI W( nsyinw

N1INTEUNNAINIITUNIUATAIN1TRATUA
S18aLLBUALARILUASIN 3
AN5197 2 ArAundsvedluln

lun auudeadluindse (HRO)
“s” “K” “p”

1 46 a4 44
2 46 45.5 48
3 49 a4 49
q 46.5 44.5 46.5
5 46 a4 45
6 a7.5 a5 51.5
7 48 45.5 47
8 a7 46 46
9 455 445 43
10 49 45 46
11 49 46.5 a4
12 46.5 44.5 46
wie | 47.17 4492 | 4633
54
o P

| %° S

&

5'_;, a8 m

T
a4

42

40

2T 9 NS BULTEUAIULTS
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f15197 3 ANAATUNAINULTINTZUNN

AN IRATUNTINULTINTIUNA (J)
B " §u [ du | du | 4u | wde
fit | 2 | i3 | 4
K 8 9 8 8 8.25
8 7.6 7.8 7.6 .7
P 8 7.4 8 7.6 7.75

3.3 AUATUNIUNITENYTO

msneaeun1sanuselaeldindeamnaeu
ANSENNIOWUY Pin-on-disc zuanaliftiud
auanansatunsBamisatuietan Weldsy
ASHund mﬁgwmaﬁammmmsalumi%
witlash gnNsdNVTeATEa TUasBunfn1s N
7 4 wazn it 10

A1519 4 Utinfianasmeniigiui (g/cm?)

A5 AL52 300
200rpm rpm
#800 #1000 | #800 | #1000
K|l1 0.032 | 0.027
0.0249 | 0.0461
8 5
2 0.033 | 0.026
0.0236 | 0.0399
6 5
3 0.034 | 0.026
0.0248 | 0.0425
5 8
qa 0.033 | 0.027
0.0237 | 0.0442
8 2
LﬂgﬁJ 0.024- | 0.0432| 0.033 | 0.0270
S|11 0.016 | 0.019
0.0111 | 0.0126
6 2
2 0.015
0.0106 | 0.0118 ; 0.0168
3 0.015
0.0124 | 0.0115 6 0.0183

Uil 16 avufl 2 nsngiay - Suna 2565

asansive LI ﬁ’éﬁfﬁ’ﬂa
a 0.016
00113 | 00114| 0.0179
lady 0.016 | 0.018
0.0114 | 0.0118
2 1
Pl1 0.015
0.0108 | 00118 _ 0.016
2 0.015
00119 | 00114| 0.0178
3 0.015
00115 | 00138| 0.0165
a 0.014 | 0.017
0.0115 | 0.0125
6 3
dy | 0.0113 0.015
0.0114 0.0169
8 3
P310 P38 P210
P28 S310 S38
$210 mS28 K310
K38 K210 m K28
—
0 0.02 0.04 0.06

N | A
UNNRUNNAARINDNUN

A9 10 Wsusuihminiianaslunisnaasu

3.4 NMSNAFBUENTTOULNNSITIU

nsnadeuialIouisuaussauznis
THuvesdinurazive naaeulaenisiniinusay
Bvelulduass Tnefvusliansnsnageufe
AN LAY AUMULLLYDISDY wiriulunnis
NAEIY Fan5NAFRUASIlu AR LR 108
Aoudls danindugll ganiandn 2563/64
YRS ALARI ISR 5 - 7
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AN5199 5 Hndvie K dnoaalasnuiu 751 fu

No. |— yﬁfmﬁﬂ (9) _
noU | was | anae | anay/siu
1 616 | 472 | 144 0.1917
2 616 | 472 | 144 0.1917
3 616 | 459 | 157 0.2091
4 621 | 460 | 161 0.2144
5 599 | 474 | 125 0.1664
6 623 | 469 | 154 0.2051
7 614 | 447 | 167 0.2224
8 631 | 476 | 155 0.2064
9 609 | 465 | 144 0.1917
10 614 | 459 | 155 0.2064
Ay | 6159 | 465.3 | 150.6 0.2005

AN5199 6 Hndvie S dnoesle 654 Fu

No. |— _ Yo (9 _
fou | %ad | anay | anay/siu

1 694 | 590 104 0.1590
2 694 | 578 116 0.1774
3 689 | 595 94 0.1437
4 689 | 599 90 0.1376
5 695 | 595 100 0.1529
6 695 | 579 116 0.1774
7 695 | 577 118 0.1804
8 695 | 564 | 131 0.2003
9 685 | 565 120 0.1835
10 690 | 570 120 0.1835
Ay | 692.1 | 581.2 | 110.9 0.1696

Uil 16 avufl 2 nsngiay - Suna 2565

-8-

o sS1sUIAa
msanidy LT nsuiNw

A15199 7 Tndvie P dnoauls 730.4 fu

\o. . :j’mﬁﬂ (e) _
NOU UGN AN | APAY/AY

1 647 508 139 0.1903

2 616 506 110 0.1506

3 629 507 122 0.1670

4 624 478 146 0.1999

5 624 509 115 0.1574

6 633 514 119 0.1629

7 633 489 144 0.1972

8 632 503 129 0.1766

9 624 517 107 0.1465

10 628 493 135 0.1848

sza 629 502.4 | 126.6 | 0.1733

4.2AUT8KA

NNHATBINIANYINUT Wanildvindingn
Trudosvessspimatu fosdsznouressy
#19 9 agluszivlndidsaiu yndviednaglundgu
wianndiaisveudiunansfinisveudu
o9fUsznavaYsEning 0.2 - 0.5 % [8] lunguil
wngfunsldiduervatudiuieiesinana wn
WeulAgsfumdninsauinsgiudiall wudnd
asaUsznoulndiAvsiuiman S45C (JIS GA015)
ogalsfny lefinnsansnfidussduseneud
d1AyAo Siway Mn WAIWUIT Mn ddadau
TndAsafuman SA5C (0.6 - 0.9 %) st Si Aiwud]
dnaufigandn sasC Aoudnann daludsfinnsan
wianlunguiiidaney Wuesdusznoulusesiu 1.8
~ 2.2 % WUINKANNTA SAE 9255 (JIS:SUPS,
GB:555i2Mn) wazianlunguimanauss 1y SAE
9260, 9262, SUP6, SUP7 %#5® DIN :60 Si7,
GB:60Si2Mn Lumandifiganeusglutaedisnan
Fatuanunsnagulain Yanfivhunldvindiadu
wanlunquinanay3a insaunsgufe SAE926
¥3oin3n SUP6,SUPT Miduinsaannsgiuvesdiiuy
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Lﬁ'aﬁﬁ]ﬁmwﬁn%umummam Imaﬁu
ﬁmimmﬂmmaamma Senuin uiazivieus
fdsuariiasvaiuiniy wandiiiuiiioudas
SorIuNTEUINNIINIIANSoUNILET ForIu
N3¥UIUNITOUYY (Quenching) LAz UAUR?
(Tempering) muﬁaé’qLﬂmlﬁﬁnﬂmmmlﬁqﬁagﬂu
seuge uagArnununuliigeunin ey
NILUIUNITOUYULALDUAUMIN LA dlothludes
AlAssas1eiiendesganssal desAdedians
Wasulassadefiunannssuiunismennnudou
fe Mndnvarvedtassadieiiny vesiindve «s”
wag “K” 2ziilaseas1auuu Pearlite + Ferrite
drudvie “P” flassadradunuu Bainite uandly
wiui ludupouveamseusy e “S” uay “K”
Snsnsidusiazdinindve “P” asidudaiith
m'wLﬁaqmmﬂmmﬁaqmsmaqﬂwém “38813L70
MNTURBUTBINSHARALY FIograrunsEUIUNNS
wamvmmimaaumamumunaumvwaﬂumﬂm
uda mvavmmqmﬂﬂfmvm‘mamwmsumﬁuumu
amaqamaﬁm6']Lw5’1ﬂumwaamsmaaumasﬁumu
nsiemaufouaindaiinesnlugduinden
movenlasfennedusanansiudeniiensins
WHushin viFonsyuiiinisguianzuinuauves
fnudentu ilevdesliiantsdiememumgiian
druidsounduindinuiin uavillothdousoun
finAdoinnsidusadauiy [9] egrslsiinuiis
aude Tillassadauwuu Martensitic dainann
naduietismiuanddiifiuiinsouguiy
ﬂwmﬂummmww&uﬁw W3ENITYULRIZANAR

Nan1sILATIZYANANLLl sesludnunay
BrenuinAAudsesdve “P”, “S” way “K”
Ay 46.33, 47.17 way 44.5 HRC A1u&16U
dlenaaaumanuwandslaenisiasiziag
wU5U3IUNIABT (One way ANOVA) Wu31 p-
value =0.007 Fasninszduifoddey (0.05)
wneANUIAIANLdanAsiusgeite Aty
MERATIsERU 05 (Seaidendmnsnedl 8)

Uil 16 avufl 2 nsngiay - Suna 2565

9.

asansive LI ?\;?Jfﬁ]v?a
sov SS df. MS F P
A 0.00340 2 000170 162714 <0001
B 0.00005 1 0.00005 5183 <0.001
C 0.00010 1 0.00010 9433 <0001
AB 0.00018 2 0.00009 8842 <0001
AC 0.00006 2 0.00003 3048 <0.001
BC 0.00019 1 0.00009 8879 <0.001
ABC  0.00047 2 000024 22576 <0.001
Error 000047 3 000024 22576
Total 000450 47
61'15'1\117; 8 ﬂ’JW@JLL‘UiUi’JuGUEJﬂﬁ”lm”IEJLLGTN
sov ss df MS F  Pvalue
Between 0.00
Groups 31.06 2 1553 587 7
Within
Groups 87.25 33 264
Total 11831 35

TunsalAmiAuuvIy (Toughness) 1o
ﬂm/lmaaummmmialumi@ﬂ%’uLLsﬁﬂizLLwﬂﬁu
maﬂs’mmwﬁm?jﬁa“P’ﬁ “S” Ay ‘K’ dAuade
MsgATuLSINSEUNAWINAY 7.75, 7.7 uay 8.25)
audsy WovegouAiauLAnaNEdR g
MMTAATIZAAIANLUTUTIU WU A1 p-value
whiu 0.214 gendnAtedrdzy (0.05) vuneay
eeuuueaslduanseiy (m15199 9)

=] |
M135199 9 ANULUTUSIUYBIAIAUNUNIU

sov SS df MS F  Pvalue
Between
Groups 0.67 2 033 266 0124
Within
Groups 113 9 013
Total 180 11

dlefiansandrnudiuniunisanused
nogauluieslURn1sNUIINTANUTOUANENATU
wilunsdifinsyaeneiinuaziBununnanety
waznsanldanusiseusanansiy lunsmeass
adiiiduniseanuuunveasssinunavelSea
771U (General factorial) filadun1snnass 3
J938 Yade A Aedvovesiia & 3 szdufie S, P, K
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Y238 B Aemnasiseu & 2 sedude 200 way 300
seunoud wardade C launmnuazidunves
N3EATUNTIY A 2 S¥AU Ap 800 Wag 1000 NANTS
ATITRNUI AaRRnadeuTastevesiin Foss
=1627.14, p-value = <0.001) A213L5250U F
=51,83, p-value = <0.001) LazNIEAIYNINY F136
=94.33, p-value = <0.001) #1718 UUIBAIIUIN
Svv09iln AIINL5I50U wazNITATENTIY 3
SvEnasenisdnusensau Tnevilvnsanases
‘13mﬁﬂﬂuaq%umumaauLLmﬂﬁmﬁuasmﬁﬁaﬁ’]ﬁag
wariladuswiiansnasenisanasosivtinyes
Fununiensanusevestunuuien

A15197 10 ANULUSUTINYRIUITLANa

Sov SS DF. MS F P
A 0.00340 2 000170 162714 <0.001
B 0.00005 1 0.00005 5183 <0.001
C 0.00010 1 0.00010 9433 <0.001
AB 0.00018 2 0.00009 8842 <0001
AC 0.00006 2 0.00003 3048 <0.001
BC 0.00019 1 0.00009 8879 <0.001
ABC  0.00047 2 000024 22576 <0001
Error 000047 35 000024 22576
Total 000450 47

00

L 300

800 1000 800 1000 800 1000
S P K
A9 11 nslwanaiudnivneluvesduau

NN WU S fivngluuesiia
%0 S uazdve P dalndiAsstunazainindie K
nsAnuseasifintuiionnuiisoulunisnagey
fiutunasAnnuayiSonveanseauns1e Al
nsanuseunnansiuluynvliavesiaguazlunn
ANLEIsEUvRINIINRdeU S liAadnveaey
dAULANA1SAY

Uil 16 aliuil 2 nsngiAu - Surew 2565 -10 -

o S1¥UIAa
MFATIY W( nsJinw

dlefiansaniladesu AB (Bvfevesiinfu
AuEaseu) nuiniienugaseuniindy tmn
fianasesdln fAnadofiudy Tnstwinflanas
voudlnde S uaz P flalndifssiu usdve K avd
Aadefiuana1aande S way P Tuszduunds
NANIINAABUADAAADIAUNYANTINNITANNTD
Wluiidlonnugwesnsdudaiiviunisanused
utudedadunaunananudeuiitintuly
vauriinnnsidendiu [10]
dlofiansaniasusmac@veiintuniu
asldEvDINITAENTIE) Nu Wenszaunsed
AuazLdnfiuiy n1sanusevesdinfiuduge
Tnedve K Lﬁuﬁﬁaﬁﬁmaﬁwaaqmﬂﬁﬁaﬁu

AR ‘ A

800 100

e 200 == 300)

800 1000

] a a Y
AN 12 Lansdndwavestadesiu

defianwtleadesin BC (Anuaseu
LazALALLEEATDINTEATENIIE) NUT Lield
AsTAENSIBLUBS 800 TisEAuUAIILEITOU 300
soufeuINiinIsdnnsegenin woilorfinaany
aziBunvasnszaensaduued 1000 innuis)
50U 200 50UABUINNITANNTOFINTT wansdl
svswavesiadusan BC Aldonisnnasdlundail
yonNtudmUIn nsdivesdve K tu snswa
su9a9tady B (Ausisev) war Jade C (Any
aziBunveenszaunie) lnewdlofuauiseu
910 200 soUsaunT 1B 300 sousaunT uaziiiu
ANNNALLBUAYBINTEATYNII8INLUBS 800 LU
wa3 1000 g lsinsd@nnseanas agrelsiniy
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dlefinsananadesiuiuinedug wualduudy
wuldlufiemadiontu fe Arnudaseuiiinty
ﬁmﬁ’ﬂﬁammﬁmgﬁu wiliiAn p - value 194
Hadesamdasnisesudeddy luynnsdl
dlewnlunageuldeuaseluiiufifonta

1Y a '

Funll WU ANNISENUTENIDUNUNTaNAIRDAY

Y

Savvosfinunazdeiaiuuandieiuagid
ﬁaéwﬁ@ymﬂaﬁaﬁs:ﬁu .05(F,27 =8.35, p-value
= 0.001) wazleRarsansedvonuindve “s” &
Anadsresimiinfianas vie n1sdnusesifiae
sosasleuABwe “P” uway “K” muarsu (ms19
7 10 uaznwil 13)

= =~
M990 11 ANUWUTUTIUUDIANTIOULVDIUA

sov SS DF MS F  Pvalue
Between 0.00
Groups 0.0057 2 0.0029 8.350 1
Within
Groups 0.0092 27 0.0003
Total 0.0149 29

0.2 i

== —

i |

Yntinianad

o

D]
°

WS Hp WK

AN 13 ANRAYNISANNTERBNISANDRY 1 AY

nuavasmnnaoulfeiuadsinyda
aaenadosiumvaaeuluios foRnsiieve
K fignsmsdnusegean dauivie S was P dulid
AuuAnANaty n13TiEve K finnsdnvsegegail
o1adunavesmmnuudaiisnindvedu silile
Ainmsidend syniavestusuatsangaoentd

Uil 16 aliuil 2 nsngiAu - Surew 2565 -11-

. ssUvna
MFATIY W( nsJinw

1 [11] vilsinsdnvsegenindadveduii
Anuudsgendn wazavniidvie K laifinanuuds
Funnndrd imszminfuauudslasnisiia
drunauidunseniagaia 2% agsilsiindaan
Wyrgaann aldanansaldeuls [12]

5. d3U
Mnnsl#imnssudousosiofnudoya
vosfiadalausasiindnlneusenaaUssme Lie
undudoyalunisidenldfanuay nssuidnis
nanlulsene ielilddssansamiinuindetuy
wuh Janldlunswdnduannsadeuldiuman
LNTALINTZIU SAE 9260, 9262, (JIS :SUP6, SUPT)
Fandnlunsasanarndumdnalse Adeuanld
nAnA3oaile wazndmduuruusasus szt
danpdasiunisldaulaeialy Adeutundn
winvinldlunisudnile AvAuLdswarainy
wumwmmﬁﬂiuﬂfjumﬁﬂaﬂ%aﬁ Wloguan
w1z Bvswavessinuusnalaemaniiduna
nuaniafiudu 1 % sgvinldanuduns iy
a9t 100 fadfu/uu  uaresAusznouiiddydn
atwilsiodanaurhlimdniiauudsusmuse
nsidond fiuAusada (Yield strength) Tigedy
e
NNSRIITUINITANNTDIN T NULTBU
fulassadresdinusazdrenudn fndve «s” &
émemiﬁﬂma@?wﬁqﬂ fassadremdndiniudy
WU Ferrite + Pearlite at8unaunainnisifusy
Tudumeuresnisguidulunuud 4 wunisyu
awizendn vieidunsdadmiearsyu Taldns
91 udlunsdlvesdvie “P” filassadraduuuy
Bainite #slassadrauuuiiinansnsinisdusai
37 L HulUlE ludunouvesmsyuasifuns
Ju vion1sdaruinluuTmnasnnsanlulseine
dielldszavsamifundatu wud Tanifldly
nswdatuansafieuldfumSninsaunsgiu
SAE 9260, 9262, (JIS :SUP6, SUP7) %qmﬁﬂiu
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unAnga

AT Uszasdifiofnuilieudioy Tanuaiiondndidninsnsedaditunssuiuns
Sntugulangnsuarlinszurunisimeslangdgluin fe¥andidnlnsn 3 viin Usznoudaetan
didninsavewns Tandianivsaveandlnimienlulasd (Cu-TiIN) uaztandianinsavewadmmien
asTululasd (Cu-TICN) FanBidnTnsaiamungninlusiunssuiunseuwniinfigamnd 1050 °C wa
nsvaaesaUriafanmsUiumsdwesiaglinszualuiih wuiudnszudlnihiisinaderanuiFeu
AN9IT UL ImaJmi‘mmaaaam%ﬂ%yumui’a@ﬁaaLmumﬂuﬁﬁué{umnmﬂszLL&"LWWTﬁ' 9, 15 wag 25
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ABSTRACT

The aim of work is to compare powder materials for producing different types of
electrodes processed by powder metallurgy and electrophoretic erosion processes. The three
types of electrode materials consist of Copper (Cu) electrode materials, copper-titanium nitride
(Cu-TiN) electrode material, and copper-titanium carbonitride (Cu-TiCN) electrode material were
all samples into a sintering process at 1050 °C. Experiment results by adjusting the current
parameters found that only the electric current affects the work efficiency and surface quality
of the samples. This experiment spark with tungsten carbide was started with a current of 9, 15
and 25 Amp. Using 9 Amp gave the lowest average surface roughness resulting in a maximum

removal rate of 0.0047 g/min of copper-titanium nitride (Cu-TiN) electrode material, and highest
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the electrode wear rate. The lowest surface roughness was 33.72%), as well as the results of

the surface roughness experiment to obtain the lowest mean surface roughness of 9.76 pm.

Keyword: EDM, electrode, tungsten carbide, powder materials.
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ABSTRACT

This research work is aimed to experimentally study the structural behavior on strength
capacity and deformation of under-reinforced concrete beams strengthened in flexure with
externally epoxy bonded steel plates to the tension face of the beams under four-point bending
test. In the experimental program, a total of twelve simply supported beam specimens that
consist of four ordinary reinforced concrete beams as control beams and the remaining eight
reinforced concrete beams externally reinforced with bonded steel plates, have been designed
and all tested in laboratory under monotonically increasing symmetrical loads. The interested
parameters involving the concrete compressive strength, the steel plate thickness, and the type
of reinforcing steel bars on the beam sections which may be singly or doubly reinforcements
are simultaneously considered and investigated. The obtained results are dealt with for the
load-deflection relationships, initial cracking load, yielding load, and ultimate load. The failure
mode and cracking behavior of tested beams are presented and discussed in details. The tests
indicate that the premature failure due to plate-end peeling is one of the major factors to
decrease the efficiency and performance of flexural strengthening reinforced concrete beams.
Keyword: Externally Epoxy Bonded Steel Plate: Flexural Strengthening: Plate-End Peeling:
Premature Failure: Reinforced Concrete Beam
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Beam cross section

Stress distribution

Strain distribution
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Moment resultant

Cnlzl Cdllll

Force equilibrium
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SB-1D-3mm  AULATUAY 240 doubly RC 3
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SB-25-3mm  ANULETUNNAY 280 singly RC 3
SB-2S-4mm  AULESNAAY 280 singly RC 4

CB-2D ATUAIUAN 280 doubly RC -
SB-2D-3mm  AULESNAEY 280 doubly RC 3
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Strengthened Strengthened
singly RC beam by doubly RC beam by
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(Strengthened beam) (Strengthened beam)

(n) ()
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sansiv LITC ﬁ%ﬁf#&‘ ;

AU Quit, test (ton) Mutt, test (ton-m) Mutt, mat (ton-m) Mutt, des (ton-m)
CB-1S 6.776 2.372 2.185 1.630
SB-15-3mm 7917 2,771 3.828 3.026
SB-15-dmm 7.688 2.691 4.503 3.465
CB-1D 7.213 2.525 1.922 1.402
SB-1D-3mm 8.068 2.824 3.409 2.994
SB-1D-4mm 7.936 2.778 4.681 3.497
CB-2S 7.219 2.527 2.202 1.649
SB-25-3mm 8.372 2.930 3.873 3.084
SB-25-dmm 7.883 2.759 4.566 3.539
CB-2D 7.760 2.716 1.921 1.401
SB-2D-3mm 7.203 2.521 3.409 2994
SB-2D-dmm 7.225 2.529 4.681 3.497
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sansiv LITC ﬁ%ﬁf#&‘ ;

AU Qc, test (ton) M, test (ton-m) Mer. mat (ton-m) Mer des (ton-m)
CB-1S 2.1 1.470 0.536 0.517
SB-1S-3mm 2.1 1.470 0.641 0.623
SB-1S-4mm 3.1 2.170 0.676 0.657
CB-1D 1.5 1.050 0.523 0.533
SB-1D-3mm 2.5 1.750 0.660 0.641
SB-1D-4mm 24 1.680 0.695 0.677
CB-2S 1.7 1.190 0.556 0.558
SB-25-3mm 2.4 1.680 0.665 0.672
SB-25-4mm 2.4 1.680 0.701 0.710
CB-2D 1.8 1.260 0.573 0.576
SB-2D-3mm 2.6 1.820 0.685 0.693
SB-2D-4mm 2.7 1.890 0.721 0.731
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M19199 5 Umidnussynengg 9NANUENTUSIEn I MTINUTINNTEYINLAEN1THEUR

AU Qc (ton) Qy (ton-m) Quit (ton-m) Qdebond (ton-m)
CB-1S 1.598 5.996 6.776 -
SB-15-3mm - - - 7.903
SB-15-dmm - - - 7.688
CB-1D 1.320 6.232 7.213 -
SB-1D-3mm - - - 8.068
SB-1D-4mm - - - 7.936
CB-2S 1.710 6.360 7.219 -
SB-25-3mm - - - 8.372
SB-25-dmm - - - 7.854
CB-2D 1.656 6.466 7.760 -
SB-2D-3mm - 6.415 7.203 7.118
SB-2D-dmm - 6.325 7.225 6.501
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ABSTRACT

The undesired phenomenon of debonding failure initiated at the ends of the FRP plates
can cause these bonded FRP plates to peel off before the design load is reached to the
expected appropriate value. In this experimental study, it is concerned with the flexural
response and strength capacity of the singly reinforced concrete beams strengthened by
externally epoxy bonded carbon fiber-reinforced polymer (CFRP) plates together with providing
plate-end wrapping on four sides of the beam section. The objective of the study has two-fold.
The first is to investigate the load carrying capacity and deflection behavior of the beams and
the second is to examine the effects of applied load position and concrete strength on the
strengthened beams. The tested results are presented graphically in terms of load-deflection
relationships. The first cracking load and the ultimate load for reinforced concrete beams are
determined from both experiments and theoretical calculations. Furthermore, the yielding load
and debonding load can be observed and obtained from the load-deflection relationships for
control beams and strengthened beams, respectively.
Keyword: Carbon fiber-reinforced polymer: Debonding failure: Externally bonded FRP plate:
Flexural strengthening: Reinforced concrete beam: Strength capacity

p1A5vedlATsaialinIstgaviseinudevie
AnTy nsTeuLTunsenistasuindedeiininy
snfuriteliflassadrsiunduanldauldoged
Uszdnsnmdada ewinaaudnmimesu
Tanmanssauiun1sfnuideuaznisuszend

1. uni
nalnddnyfiviliesdenasveddaseasng

AeunsmasLmEnTmalunsdumusethn

vssnnsgyhanmouenilliusziduenliudlu

JUNDUVBINNTBBNLUULATIAS19VS DA UL I

Tnwedlassadratuie aoundmyimiddilunisiu
usedndumEnEs L Rluns3ULs R Tl
Suidloaunainmsundniianuaiunsalunisiu
LLiaé’mﬁQqLwiﬁmmmmsa‘lumi%’uLLiaﬁqﬁ's‘f’l
druveandniasutiufinuanunsalunisunss
Fauazusedndige fedudlevhdevestagisans
wsufurhuhilunsuunsudmdnussnlu
U3nviosmunisiivnzauazyililelassadng
aseiifinnuvasndowazUsenda [1-3] Woosd

o o

Uil 16 2l 2 nsngia - SunAu 2565

ANusludamnssulasaiailinisesumee
NAeUBNaIeTanneduesasuidule (fiver-
reinforced polymer: FRP) Tuguuuuwiiy (FRP
plate) lésuanudsuniuluilagudaemgea
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Ha1NN1sANEITesng 9 Aflutluefiari
T sWaILLINISlUNIT90ALUUNITLASY
MaIINABUDNAENISERRALKY FRP laagns
Yasnady [9] wazanuisaldvinuiengAnssuds
Tnssa$rdldegnsgnioafivane n1sAnuided
\Aeadeatunisuszgndlifan FRP lunisiasa
madassadaldinisAnuiuedssaiiosnin
afAnufalaqUu Chajes, Thomson, Januszka
wag Finch [10] ANYINATDINITLATUAIAI91N
AeusnluaunpunIALESUAN (Ada) Tneyi
nsgafaLdunedluesiasutdulysisiiia
(aramid FRP) t@ulewia (glass FRP) wagtdule
unslusi (graphite FRP) wafiléannnisfinuinuin
ANAIUITOLTINAVDIAIU (flexural capacity)
Wity 36-57% uazA1ANILASIBRA (flexural
stiffness) WiuT 45-53% wenaniidanuia i
A530RWULENYIA (rupture failure) WAnduly
NIAUVDINTTLATUAELEY glass FRP Way graphite
FRP Tuonanuinaesmuiiluuudfngsgn
(maximum moment region) @1UN153UALUY
unsauanlureuNSMART UTUNNTIET LR I8 W
aramid FRP

Varastehpour Kag Hamelin [11] gyl
LUUSIA0UBIILATIZITLUUN15IUTA (terative
analytical model) 11l491a09ngAnTTUN1TEN
wzuazideuloa (bond-stip) wazaulsidadu
193740 (material nonlinearity) ﬁag}umﬁug’m
AaniulaveINsde U (compatibility of
deformations) kasaunavoks (equilibrium
of forces) WiansThunemALsUsEds Nsuey
i LazAudunusTEnIluudLazaulAs
131 (moment-curvature relationships)

Ramana, Kant, Morton wagaug [12] (5
NITUINAVDIANS MUNITLESUAISS (degree of
strengthening) Y9IAU AdA AIBNITAALNUNDA
wesiasuiduloasuau (CFRP) Tnevinnsmagey
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wwdeud (displacement control) 31nA15AnN®
WU NA9LTIAA (flexural strength) Ay
agadidedfilonnunvesudmasuids
(plate width) 1iinTu drunadildannisiasey
\Gang e (theoretical analysis) ﬁagﬂjuuﬁugm
299AL N ULATIAMNUATIANUIT @5
ulgviuemasssdonasngfAnssusening
ANULIUABAYATINITLEUAIVBIAULA Azevedo,
Juvandes Wag Henriques [13] vin13@nwilng
WS B UL ULNUIINIT9DALUUTENINUUINISUDY
ACI uas FIB lunkuiiy aaa 7iviinnsiasumigs
INABUDNABLAY FRP WU A15%1UY
AMLENS LTINS Ye NS AU
aoslinadnifindnefunazlianfilndidestuna
nsvadey eeslsAd evinsuszgndldad
UsgnauUfuamniad (strength reduction
factors) ¥@e7as FRP aumkugi1ves ACt wuil
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AU

Rosenboom uag Rizkalla [14] Anwwa
Guaam'mqma’auﬁmﬁmmmﬂmsLﬁmﬁﬁmaﬁaa
$190181uAU (intermediate crack debonding:
IC debonding) wazlausliuuiaesdInuyinuey
Ansninildannsvaaeudmsuauneunin
Sausefidgraninenn (long-span prestressed
concrete beam) Ta3ufIdsdaaury CFRP us
lLafin1sleusanisuaugusag (U-wraps) wuin
mﬁﬁ’aﬁLﬁmsﬁuim&Jﬁ"almﬂmwuquméau
lesanseednnielu (IC debonding) uaziiied
A15LULaU U-wraps AA0AA21UA10E1IATY
WU @5aLfinAIAIERda (tensile strain)
Tuusu CFRP ladnUseunal 20% 989n15LAANTS
JUALUY IC debonding

Perera liag Bueso-Inchausti [15] U1l@ue
TBnsaanda (spectral method) nUszenaly
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1889 TIVARUUNAARBUAIBLUUTIABUTING
(mechanical modeling) 1alaavinn13Hia15un
ANFURUSIZIINAMUAULAZANLATYAYD
ManaunInkas NSy dsuiaduiastuing
WHu FRP Lagpouninlavinn1sinasslnenislyd
ngn1sBainizuagnisideulaaaniziiuuy 2
L@ UM 39 (bilinear local bond-slip law) Hamed
wa Bradford [16] ANwNgANTINNITUANT T
FafiuUsiun11L2a1 (time-dependent flexural
cracking behavior) kagngANITUANYNFINT
WAN317 (post-cracking behavior) ¥93AU Ada
fasurdwhenisiauu FRP n1ewen lasaula
NANSENUAINNISTAU (creep) Bnitaldvianas
Wanuuuaoudmguiidnisfionsansuwa
YBINTAU HANTUANEITIUSHUmLA LT HE
‘U’eNmSLﬁﬂﬂi’]ﬂgmiﬂiﬂ’ﬁLLﬂi'ﬁﬁ?LﬁiJ‘ﬁUﬂﬁﬂﬂﬁ
74 (tension-stiffening phenomenon) uenani
IfinsanansdegUldvesdutagussauan
N3 3oURaBAANNUITULUUIIABY Bykov LAz
Kalugin [17] Y l@usnuudnassfigisn159819
PNEFMTUNTAIUIUMAIAIULATEANAN DU
YDuHY FRP (FRP debonding strain) kagiins
Uszifiumnudiede (reliability assessment)
TngléfimsiSeuiisuiudeyaitldannimeaes
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ANaAsEAvgAgeull FRP

Ding, Wang, Huang wag Chen [18] @ula
ANuUuAzRinNTNATEIAINENILEY CFRP 713
HaregULUUMTIUR (failure mode) sUnuUsOY
317 (crack pattern) WAZNITUNVEIBUDITOHT
(crack propagation) TumuaSurdafifisesuin
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wanaslURaANE1IVeEY CFRP 7l way
ofiansannsdlituasvesusiu CFRP agean
gusessuluszey 0.10 1 wudn dnsguuuy
n33URaINTes$1LBe (inclined crack) fivane
usiy CFRP uazifloagegsinaangiusesiuiu
sz¥ 0.10 - 030 1 WU JULUUMTITRGwAR
ﬁ]’mmil,l,w"u&nEJﬂJaﬂiaEJ%W’JLﬁﬂG] (smeared crack
propagation) ssU3afidsesuniEuLsA LU
wWIRIFNREUDILNY CFRP Bennegadi, Hadjazi,
Sereir warme [19] WWiaveuuudasuiievinng
nsnsTaTTeIRTIA UL euLaTATIAUA IR N
fiindufaannisiinsesdidnnieluuky FRP
oImuEsNMAaT Inglunuudnaoadanguglals
auRgiureIngIBanizuarmaidenlaauuy
2 Wdupsedmsunisvandeuainsesinnigly
WU (intermediate crack-induced debonding)
inuadnsTilanuin Wemnunuivewdu FRP
Lﬁ'wﬁuﬁﬂﬁmmmuWia%’uﬁmﬁfﬂmmﬂmaamu
s danfiadu msﬁmsmwﬁwﬂ"’mﬁnusmﬂﬁ
Fasninluduneurenissoush (softening) U84
ABUNTALALAITUAAGDU (debonding) VeLlHY
FRP wun fidnunnnitlunsdfilifinnsannaves
AMUNUIVDILHY FRP Tuluudnass

Mostafa tay Razagpur [20] TalUsunsa
Iluvilorauiuuunamansliidadu LS-DYNA
AATITLALYITINENGANTTUVAUAANTAAT DU
YOIUNU FRP (post delamination behavior) Tu
AU Ada Tasuindedeudy FRP wagsiinig
Wisuilsutunadnifildannnismeaey wuin
faudirauasiniafanisvaadoutuuiunsday
(partial delamination) sTiaLﬂumaﬁ'ﬂUgiﬂﬁamaa
summmmmiﬂiuﬂws%’uﬁmﬁﬂmmﬂﬁummu
uiidlensideguiinaifiusnntudelusn nui
auiinsifinArduresauaunsalunisdu
dhmiinussnlEsnmelinsiudveansdesy
fiflenan (large deformation) dangRnssuiuil
Ueiauiianumileaiia Inefinnsseauna
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nsfnuiluedntu diulugfldszyliiiaiud
ngAnssuduwuusng (orittle behavior)

Nguyen- Minh, Phan-Vu, Tran- Thranh
wazAMY [21] TN19ANYINGANTIUTIANUDY
AU paa Tivhnssaussteunuulifnistauniy
(unbonded post-tensioned concrete beam)
wagdinsiEsuAIRIINAEUONAILUNY CFRP WA
AMIANEY WU DRTIAIUTDIUINIANTLETHLHY
FRP fnalun1saiuauAuaIansoidedin aau
19195085 (crack width) nswausafinanans
AU (mid-span deflection) LazAI1uLile)
(ductility) ve3a1u FeUszAnSamveanisiasy
184 (strengthening efficiency) fiA1anaiiied]
AsiiusuIuture sy CFRP wananiiuda
nsifinAIduBa (anchorage) Feuau CFRP U
#g (U-wrapped anchors) luusiiagaensideu
(shear span) danansznumUuuuMTIURLAY
WORANTTUVDIATULATUANRNS

Chen, Wang, Sui hagauy [22] laanen

LINARDILATAS1IUUT1aDNTNAT 1L U LY

ANYIBNENAVDIAMIUNUIVDILNY FRP LAz
NaNTENUBINISlausA (confining effect) fifivie
AUTIOULLTIA (flexural performance) UAU
asuiaslaeldnisanizuuunay (hybrid
bonded: HB) nadnsa1nASANWILEASLALTALIN
mmmmm%’uﬁmﬁﬂmﬂqﬂﬁml,ﬁm%mﬁamm
wuveIuY FRP 1iinduuaziinisleudadiuan
dleRensanaussausduanunies (ductility
performance) Wui1 aglsAnAigaidenunis
VaneanvaeiIfuln (fastener detachment) U
NSouAuUAUINISRNYIAVRILHY FRP flaun Zhou,
Guo, Wang wazang [23] tauanisuAtyminig
vianaeulazsimuinisldszuvanedudnfivane
LUUNANLTIUINNTIY (innovative hybrid end-
anchorage system) lun1sdudnalanaefiies
(self-locking) T3k CFRP fignRinainnieuen
(externally bonded CFRP sheets) 31ANAN1S
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VAAeINUIN N15luRY CFRP fidluauninsdina
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ﬂauﬁmmﬁffﬁﬂ'ﬂqvﬁu Al-Negheimish, El-Sayed,
Al-Saawani Wag Alhozaimy [24] AnwiNansgnu
YeaUSunauvanyasn (steel stirrups) fidsnsznu
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(plate-end debonding failure load) vapudle
LESNANRIA8UEY CFRP 31nNAN1SANYINUIN
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1111 (large amounts of stirrups) LAANIFIVRAIN
nsmaedeuivatsusiuiesainnisuendieen
yosmpunInmaniasy Tuvasiiruadumgs
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of stirrups) NUNNSITRIINNTNGAABUTENIN
Raduifafivanowsiu wiedin1sivAainnisvaa
dousuiileannainsesd1muesingd (critical
diagonal crack-induced debonding failure)

olduruund Zhou, Wu uay Yin [25]
‘L‘hLauaaummmLé’u@aui’mﬂisuﬁagjuuﬁugm
YDIUIMNUTIIATIEA (innovative stress filed-
based analytical approach) iialdUseiiufds
ARveInIsLenfoanUoInaUNIANIANESY
UShaUaeau IuAumMsILUIMINTIAT YA
YDINAREY (extended sectional analytical
approach) filéfa1sasIunaTes09AUTENDY
AULASEARIUTEAVBHATBY FRP (components
of effective tensile strain of FRP) Fadunad
Taurannnisaatagnisideuninnisussidiv
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= ar sBUIAAa
AT W( nsvinw

AU Ada uananginssudusuuniefniuie
FoansimaniasuiinnsBasunvsefiendn
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JALANYBIABUNTA (concrete crushing) fvdu
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waAnsulaevialuvesnu aaa AU
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sErgluudnn (M) wasauldad (@) d
mwﬁ 1[3] é?iuﬁamwé’&mﬂﬁmﬁma%uﬁmi
AsINLARTUaLNsodanalEd ArAuTAa
nswWasunvasegrannaeldnisiiniuves
Tuwudgniides Tnafidanuldsiidduiugiu
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woAnsIuUIAIU Ada Uy lnedruluglonld

LUUSIRDINgAnsINeg e TikansnuduTus
sendndlauuddauazanulaaitlusiiuy 3
WEumse (tri-linear model) fan il 2 [2,3]
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w@uloainnieuena1u (externally bonded FRP
plates) #e87eondisdu (epoxy resin adhesive)
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(1) Concrete compression failure
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Applied load Q

E :  (4) Shear failure » i
! - . !
I | 1
E (6) Anchorage peel / i
i shear in cover zone » l
[; 1
P !
L—...—..E :

(7) Plate- end
Peeling

(8) Peel due to flexure crack

(2) Rebar yielding and flexure crack
(3) Tensile failure of plate

/

(5) Peel due to shear crack

A 3 JULUUNNTI0RT
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hld t1—1-RB6 @ 9cm

2-DB12

Singly RC beam

(n)

sBUJIAAa
ns‘alnw

MIE1TINY UT|

CFRP sheet

h

V4 wrapping

1-RB6 @ 9cm

d, 73

2-DB12

~— CFRP plate

Ap
Strengthened
singly RC beam by
bonded CFRP plate
with end wrapping

(%)

AN 4 FRENAUNAFDU (N) ATUATUANLAE (1) AULEINAAS

2. Wandun1sAnwide
wHuAunsAnwIdeUseneauluae (1)
FUNDUTBINITEBNLUUNSAN BT MAGD (2)
FumpunsnIouFiegan unageU (3) Tuneu
YoensIAsENIASalonsIv TN TMRdeUsagNs
Anu (4) Fumpusiiunisneaeuuay (5) dunau
A1sulanan1snagaeu laels1eazidunuednng
Anwideseiolul]
SususenisiusliiinisvaeinIey
Fro819m1ulud (cast-in-place) Taglddinasld
ADUNIANANLAST (ready mixed concrete) ﬁi‘i’f
TunnsAnwmaaoutiusiuiusiaay 14 g
Ay Geanansoutseenlaidu 2 ngumdn auen
MAATEYVRIABUNINFUNTINTEUAN (Nominal
concrete cylinder compressive strengths) Aiadl
A1 240 ksc hag 280 ksc waglamnualimdunu
AIUAL (control beams) 31U 8 L Uavdl
ANUTIINNSLE3UEY (strengthened beams) 7i
dnsdafnmsununadiesiasuduleaisuou
(CFRP plates) 97U 6 $20874
ImEJéhaEJ'Nmumaaunﬂﬁaaéwﬁfuﬁmi
mMuualAdnidan11g (b) 15 cm @n (h) 25 cm
LAaYATULAINNYIITIN 2.4 m LagdlANe1IY9
WIAsEViNegIuTesdy (1) Weansdiede 2.1 m

Uil 16 avufl 2 nsnga - Sunau 2565
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dmsulunndiegrsnudnisiasumansunseis
melufiléfe DB12 Fuamam SDA0 uaxdinisld
wiinUaeniuusaideususiay (U-shape) Sawndin
WESUAULWILIFR RB6 sf?uqmmw SR24 4N
il a(n)
dnsunsasumasluiuamulyiauned
wostasudulearsuauuuuuiunds (plate) lng
fndefedseaysey 29000 ksc hagilAueagda
Bangju 1.65x10° ksc Aisia1unT1a (by) 5 cm
817 1.9 m uagnu (t) 2.4 mm Laziinn15en@n
TneldsRondfilansela (Sikadur®-30) dwiu
1¥8afnuasuids wazuenanilaviinisde
souUansur CFRP plate edoadnedaouniy
CFRP WUULKUBBY (sheet) lnadina1uning 25
cm waznun 0.16 mm Aueiildsaseude
FIUTTYLULAIAD 95 cm LagyiN1senfnlag
T48ftend Sikadur®-330 Fannd 4 ()
waziduavesn1siuniodmsusiiet
auitldmneaeulduanslilumsnedi 1 dawnnsedl
2 wansrnpauanlifvestag i mundiseylunis
AMweenLUULarATlaINASIaaeU
dusunmsveaauiiognemuinlaensli
dwidnussmnnsgiiduiuuadiouiusdense
ANdUUIN 30 AU NAAIUUATUAIRNBWSS (transfer
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beam) wagdsinudmtdnusimnnssyiasuuny
I ) a P a

NAFRULTULUY 2 97 69019 5 e i 11

AN5199 1 51982 D8AVIRIDLANUNAREY

sSBUJIAa
ns‘dlnw

MSEATIVY erl

AU Uszlanenu  Massnmeunsn (kso) isasﬁmﬁfﬂminﬂﬂssﬁwmﬂgwuim%’u (cm)
CB-1S-L/3  AuAIUAY 240 L/3 =70
CB-1S-1.5h  muAIUAY 240 a=15h=375
FB-1S-1.5h  AULAIUANAY 240 a=15h=375
CB-15-2.0h  AUAIUAY 240 a = 2.0h = 50
FB-15-2.0h  AULAIUANAY 240 a =2.0h =50
CB-1S-2.5h  AuAIUAY 240 a=25h=625
FB-1S5-2.5h  AULAIUANAY 240 a=25h=625
CB-25-L/3  mumAuAy 280 L/3 =170
CB-25-1.5h  A1uAIUAY 280 a=15h=2375
FB-25-1.5h  AULATUNIAY 280 a=15h =375
CB-25-20h  A1uAIUAY 280 a = 2.0h =50
FB-25-2.0h  AULAIUA&Y 280 a =2.0h =50
CB-25-25h  A1uAIUAY 280 a=25h =625
FB-25-2.5h  AULATUNNAY 280 a=25h=625

msefl 2 AuawiRvestanild
Tain) ASEURBNKUY  A1RINNISYIAARUTER
fdensiniuén DB12 4000 ksc 5484 ksc
fdensinuén RB6 2400 ksc 4129 ksc
G GIIGEE 2.04 x10° ksc -
ADUNINANAIDN 240 ksc 240 ksc 259.58 ksc
UaQTAnUNTA 235632 ksc 245056 ksc
ADUNINANAIDR 280 ksc 280 ksc 279.39 ksc
UBNHAADUNTA 254512 ksc 250235 ksc
ARReUTEAELNY CFRP 29000 ksc -

uaAAaLHY CFRP

1.65x10° ksc

A 12 ilenuvesdnsdiuiuden
[4] Bsrimualifianviniu a/h ve a/d laeiian
a fe szezdrndeudetnaingiusesiulude
fumisesiniinussynnszshidusuugn dau
h fle arwdEnAuLa d Ao mnudnUsyavsHad
TAINAITUUTIBAYDIABUNTAT IR UL

Uil 16 avufl 2 nsnga - Sunau 2565 - 52

¥

oundniasusuusane lun1s@nwiivuald
Sadwdradewdu ah dmsunmd 13 wans
ALMUINTIINAINITHEUAITDIAUMIERUN Tl
ns19¥aAINISIAReuTinSIUABULUULT O EY
(linear variable differential transformer: LVDT)
Tu 3 WMFARsIUTINASIAUENAUTIS WL
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PEFGEFRLL] W( nsanw

vosmtnusInnserindunuuiandreuas wiagwidaldviinisnsiained 2 drundsde
N9 MLaENAIWALININanaANueIAUlagly eunn (T A) karaunae (Mt B)

Section A-A Section B-B

Hydraulies jack Applied load = 8| 2-DBI2
1-RB6 @ 9em
Load cell 2| 2-DB12

OE ;

A L
Bearing steel plate
Rubber pad

L3 L3
L=21m

r i
Control singly RC beam loaded at L/3

Al 5 msininussynnseyiuuaualuay CB-15-1/3 way CB-25-L/3

Section B-B

%] 2-DB12
Hydraulics jack || 1-RB6 @ 9em
| 2.pB12

A
Bearing steel plate
Rubber pad

a=15h R a=15h -I

Control singly RC beam loaded at shear span a = 1.5/

nwil 6 mﬂﬁﬁmﬂ’ﬂmmnmsv‘huumumuqu CB-15-1.5h uag CB-25-1.5h

Section B-B

2-DBI12
Hydraulics jack 1-RB6 @ 9cm
2-DBI2
I

Bearing steel plate
Rubber pad

a=2.0h a=2.0h
L=21m
I

F
Control singly RC beam loaded at shear span a = 2.0h

awdl 7 mﬂﬁﬁmﬁﬂusmﬂﬂszﬁmumummu CB-15-2.0h uag CB-25-2.0h

o
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Section B-B

2-DB12
1-RB6 @ 9em

+| 2-DB12
Bearing steel plate

i\

a=25h a=25h
L=21m

I 1
Control singly RC beam loaded at shear span a = 2.5k

awil 8 nslihwinussynnszyiuumueuAy CB-15-2.5h Way CB-25-2.5h

Section A-A4 Section B-B
2-DBI12
Hydraulics jack 1-RB6 @ 9cm

A
by Bearing steel plate CFRP plate with
Rubber pad Scm width and
Lt 2.4 mm thk.
I 1.9m 25 em
v i)

a=15h L=21m a=15h

Singly RC beam with epoxy bonded CFRP plate loaded at shear span a = 1.54

Al 9 Mslvimdnussynnseyinuuaasuings FB-1S-1.5h uag FB-25-1.5h

o |F

Bearing steel plate CFRP plate with
Rubber pad Sem width and

2.4 mm thk.
L 1.9m 25 em
r 1l
a=2.0h L=21m a=2.0h

Singly RC beam with epoxy bonded CFRP plate loaded at shear span a = 2.0k

A 10 Ml mENUITYNNSEYULATLESUATEY FB-15-2.0h Uay FB-25-2.0h

o
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Section A-A

Section B-B
Applied load o
Hydraulics jack Dplien fon

1-RB6 @ 9cm

CFRP sheet
0.16 mm thk.

Bearing steel plate L CFRP plate with
Rubber pad Sem width and
R 2.4 mm thk.
l 1.9m 25em
._' 1
a=25h L=21m —ﬂ=2.sh

Singly RC beam with epoxy bonded CFRP plate loaded at shear span a = 2.5k

A 11 sl mnusTyNnseyuuAILESUAN&Y FB-15-2.5h uay FB-25-2.5h

Applied load 0
a

Epoxy resin

Plate (Steel or FRP)

Shear-span ratio = a/h or a/d
2N 12 N5ty ueeIAIsnTId@1us9L2euU (shear-span ratio)

Hydraulics jack Aylied load

Load cell
bi i LVDTs

CFRP sheet
0.16 mm thk.

]7/2

! ] T— “FRP plate with
LVDTs LVDTs 5em width and
Al BI A2, B2 A3,B3 2.4 mm thk.
25cm 1.9m J
f 1
‘%" L=21m F%’

Position of LVDTs measurement for RC beams with bonded CFRP plate

AN 13 FUNLINIIRTIINAINITHEURIYBIANUAUNEN (M1 A) Meaunsainsiain LVDTs
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!

o “’ _"'I. y w5 : l,
=
AT 14 AupuAN CB-15-1.5h feuliminussnnnssyi
= Ty
da LOLp e HAL b, IR o |
o, et | sl 324 y
D e - pmrn
e mimiat ] Bes s DUEEL EEmEs
=Sy A

AnAl 15 auAuAY CB-15-1.5h Wengalidminussynnseyi
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MR 17 auasui1as SB-15-1.5h Wevgalvmtnussnnnseih

o o
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fegreInInagd s unageuly
ns@nwiuanslslunnit 14 wazn it 15 3
WEAIFIDE19909AIUAIUAN CB-15-1.5h ey
uazngalimiinussnngyin auddy daw
A A 16 waza i 17 Wunmenevesnuasy
f1&3 SB-15-1.5h sereuliuasngaliimin
UIINNNTLIN AUEIY

3. NAANSIINNITNATDUY

AMendsInnsnedeuiiegnanui 14
Fr08199unseiimuAanI TR L1097
Anuduiussewinsanivdnussnnseian
uiusdlensednd (Q) wazAnsususaifanans
F2m10 (O vesmunaaaudsliuiannisifiv
Juiinteyavewinsinisd (load cell) ua
gunninIImTInInANITIAdouil LVDTS deyp
gUnsalsrusIudioya (data acquisition) Tnedian
yaansusuiafildidunismuainuandsves
NM3uBUABITIDENAUNAADUTIRIU A LAz
AU B Y9I

A 18 wagnwdl 19 uansruduius
iswjmfmﬁmﬁmﬂﬂisﬁwLLasmiLLéu&f’Jﬁ’m%'U
nsdlvesnuAIuANAIeg AfAidssnszyve
AounIndilife 240 ksc uay 280 ksc MUY
Tnelundaznmifuldfinisuansdrgosimin
UssYUAN RSN (Qc) AnbminussynasIn
(Q) wagAnminusINNUsEdy (Qu) AlFan
N15AITUIHAVDINTNAGDURI0E1909A U Y
iuefgIfuiuANduRusIEnIeluLuuddn
wazA1AUlAR I TukuY 3 Wdunse Aauanslilu
A 2 dw¥unindl 20 uagnnd 21 Téuan
mm51’11‘1&“146‘3wdwﬁmﬁﬂmmﬂﬂizﬁwu,azmi
LeUFIveIAUAIUALLAL AU N & ATl
fdsdasyyresnaunaiilife 240 ksc uay 280
ksc auddu uardinsszyanintinussynan
nsngaaeu (Q) vewsu CFRP luauasuringa
LLazmﬂfwwﬁﬂmmﬂﬂizé’a (Quir) VBIPUAIUA
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16

/=240 ksc

QII!I = ‘5502
14 | ©O,=14573

0, =11.942

Load (ton)
*

g =6.726
0. =2512(0,,,,, =25)

40, =1573(0,,,,, =2.0)
0, =1517(0Q,,, =15)

1 —CB-18-L/3
2 —CB-1S-1.5h
- 0, =1411(0, ,,, =1.5)—CB-1S-2.0h

Singly Reinfo‘rcement —CB-1S-2.5h

0 4 8 12 16 20 24 28 32 36
Midspan Deflection (mm)

A9 18 AUENUEIENIUMTNUSIYNUAL
NIHBUFINNNANAUAIUANTINAISATEYTD
ABUNTA 240 ksc

16

0, =15.140 £ =280 ksc

14

0,=13238

12 | Q,=11527 /

Load (ton)
*

"0, =8.097
0, =6578

0., =24T3(Q,,, =20)
0, =1.657(Q,,, =2.0)

crobs

—CB-2S-L/3
=1312(0,,, =10
0. (O, 0 ) —CB-2S-1.5h

. 0,=1034(0,,, =10) —CB-25-2.0h
|Singly Reinforcement | —(CB-2S-2.5h

~

0 4 8 12 16 20 24 28 32 36
Midspan Deflection (mm)

MW 19 AuduiussenisdminusInnUaL
NSHBUAINININANANUAIUANTINAIBATE YYD
ABUNIA 280 ksc
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22
/=240 ksc
=21.044 )/
20 | ¢
18 1 Plate-End
16 0, =15.502
=15.045
14 ’Q
= . L =12.297 0, =11.942
12 LRI [ o B ok
=
=
10
d
8 Qll’/ = 7‘961
—CB-1S-L/3
¢ —(CB-1S-1.5h
—FB-1S-1.5h
g —(CB-1S-2.0h
—FB-1S-2.0h
2 CB-1S-2.5h
Singly Reinforcement | —FB-18-2.5h
0 L I L L L

0 4 8 12 16 20 24 28 32 36
Midspan Deflection (mm)

AWA 20 ANNFURUSTENINNTTNUTIYINLEY
N1TLBUAITININGNATUATUANKAL ATULETUAAS
NIMASATEYI0IABUNTA 240 ksc

22
/=280 ksc
20 |
18 = | Plate-End
"I Debonding
16 0, =15.140
. e
4 0=12.864
= Y\ = 0, =11527
e12 | 4 1 e = -
; #& 2
210
iJ Qu/: = 8773
8
>
" —CB-28-L/3
—CB-28-1.5h
—FB-25-1.5h
4 —CB-25-2.0h
—FB-25-2.0h
: CB-25-2.5h
[Singly Reinforcement | —FB-2S-2.5h

0 4 8 12 16 20 24 28 32 36
Midspan Deflection (mm)

AN 21 AnuduRusTEnINninuIINLaY
NTLBUMINININANATUATUANLAL ATULESUNAS
MIMASATEYI0IABUNTA 280 ksc
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Funaluawdl 19 wazawit 20 Salad
ﬂ?iixqﬁﬂmaﬁﬁﬂﬂﬁﬂviiwﬂLLmﬂ%’W’JL%IJJLLiﬂﬁI
lAu191NA1SEUNAA8E18ALUTENI1NIT
NAABUATY (Ocrobs) Lﬁ'aﬁmuﬁmﬁmﬁﬂminﬂ
ey AfilaSediauuanaisluainaadilaann
AN USIUN N

4. aAUs18NANTISANEN IR
dlofinnsananuaiunsalunisiutinen
Uiinﬂmaamumuqﬂumwﬁ 18 wazAINd 19
wui Andwnussnuand1aEuesn A
usINNATINLAEATIMTAUT TN U dBtian
Lﬁuﬁﬁul,ﬁaﬁwLmu'waﬁmﬁnmmﬂﬁmzﬁwﬁms
vfunlndgiuseasu LLazmﬁmﬁﬂmwﬂmdwﬁ
:,JLLquwamaaLmamaqamvwamauﬂwmm
meul,uammﬂﬂismmavi witanmd 18
LLazmww 19 IULLmasﬁl’lLLMuﬁ‘U@JU’]MUﬂUSi‘I@ﬂ
Weatufinseyhasuunu

2 —p=31044
20 | [Plate-End | -~
Debonding|’ [ =240 ksc
B G806 )
1é /=280 ksc
14 |
Sz |
=
=
S10
—_
8 L
6 -
sl 0. =403200,,, =40)
T 20, =3667(0,, =45)
2 —FB-15-1.5h
Singly Reinforcement —FB-25-1.5h
" ‘ : : : ;

0 4 8 12 16 20 24 28 32
Midspan Deflection (mm)

AN 22 M15USEULTIBUANUFUNUTTL NI
U UIINNRAZNITUBUAINNINA1IYDIATU
L3189 FB-1S-1.5h wag FB-25-1.5h
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22

20
18
16 =
o 0=15.045 f'=240 ksc
14
0=12864
Si2 | s
&
= Plate-End
g10 Debondin g ‘
S gl f'=280 ksc
8 |-
6 -
4 =
i . 0,=3.061(0,,, =4.0)
T 0. 527860, = 35)
2 —FB-1S-2.0h
[Singly Reinforcement | —FB-2S-2.0h
0 I L 1 1

0 4 8 12 16 20 24 28 32
Midspan Deflection (mm)

dl a a o v s '
A9 23 1T UBUANUFANTUSTEIN
WIMTNUTTNALAZAITLBUMNNINA1IVDIAIY
\@30AAY FB-15-2.0h uag FB-25-2.0h

22

20
18 |
16
14 [Plate-End Debonding]
A £'=280 ks
§12 F 0=12297
=
g10 f=240 ksc
S 3
8 =
6
4 |
0, =27T11(Q,,,,, =25)
2 V:er =2516 (ch,ohx =25) —FB-1S-2.5h
[Singly Reinforcement| —FB-2S-2.5h
0 : : ‘

0 4 8 12 16 20 24 28 32
Midspan Deflection (mm)

AN 24 N15IUTBULTBUAIUFURUGTEWIN
U UIINNRAZNITUBURINNINA1IYBIATU
LA3UNASY FB-15-2.5h tay FB-25-2.5h
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ﬁ’m%‘uﬂ’]iﬂ’ﬂ]’]im’]ﬂ"]ﬁﬁﬁﬂ’ﬂiﬁinﬂﬁﬂﬂ
MIVRAGBUVBILKY CFRP (Q) Fuandliluusas
ANDBININT 20 waznInd 21 tunuia fian
amaaLﬁasﬁ’wLmﬁwaaﬁmﬁﬂmmﬂﬁmzﬁwﬁmi
ydusenvinsliangiusesiuuasiiuunliufianas
Fonounindldfianmdadassyiuinntufeain
240 ksc 1y 280 ksc lanzlunsanuiiuaziile
MnsRarsaUSoudisuanzaudiasuiigs
Frewsy CFRP winty uasfuualsiliumiwes
dhwiinussyninssvhuuauilssesdoinfudld
wansl3lunnd 22 fan it 24 wudn Ardawedn
UTINNAINNTNRAFEUTBIALTTIAEISaTEY
YBIABUNTA 240 ksc HAFININATIBATEYYDN
AaunIm 280 ksc snviulunsaiidiunusaes
ﬁmﬁfﬂvimﬂﬁﬂigﬁwumuﬁmwhﬁ’w 2.5
8IANNANATU (a = 2.5h) 1agyinn1TinNr19a1n
gusesuaosiaiudalndiAsefiuun

TunsiUSsufisuAmuSuadsiiases
um'azamazmmmmsa‘lumi%’uﬁmﬁﬂmmn
Y9AIUAIUANLAEAULAS A LA uan sl Tlu
A15797 3 Bam519Tt 5 Tnemsneit 3 wansien
dhwiinussnUsydouasaluiuddause Sofils
PNATNAFOUATUFIDE1T AlULLUARAUTY Y
nMsiwInmgudiaelaldrmdvesian
FlannnIsnadoULaYINAISAIUINREARIE
sryoonuuudsildlillunssil 2 daumsed
4 uansrnvasimnusmauAn LA Tuud
fauandiildannisdunnsesdngieansnn
sEIaNdunIsnadaularinisanduiinan
ddnusmnuandilurmsduwezaiildun
INHANTTAIUIUVDINRITEYLALAIIINATT
naaouianiiaimnsananld dmiunsnad 5
\unisaguuavesatmiinussyneieg v
nnaruduiussewinmdnusmnnsssh
LarNSLBUSITBIAUMAGDUTY 14 feE1aAy
saimanlFnesduiussihaimdnusan
ATEVUAZNITUIUAIVDIAY
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P S o Y & o 'Y
M99 3 UWMUﬂU§iV3ﬂﬂixaBLLaSIMLuumﬂmﬂixaa

AU Quit, test (ton) Mutt, test (ton-m) Mutt, mat (ton-m) Mutt, des (ton-m)
CB-15-L/3 7.961 2.786 2.223 1.657
CB-1S-1.5h 15.502 2.907 2.223 1.657
FB-1S-1.5h 21.061 3.949 - 6.927
CB-1S-2.0h 11.942 2.986 2.223 1.657
FB-1S-2.0h 15.488 3.872 - 6.927
CB-1S-2.5h 8.561 2.675 2.223 1.657
FB-1S-2.5h 12.297 3.843 - 6.927
CB-25-L/3 7.806 2.7132 2.239 1.676
CB-25-1.5h 15.140 2.839 2.239 1.676
FB-25-1.5h 18.350 3.441 - 7.431
CB-25-2.0h 11.527 2.882 2.239 1.676
FB-25-2.0h 14.160 3.540 - 7.431
CB-25-2.5h 8.773 2.742 2.239 1.676
FB-25-2.5h 12.369 3.865 - 7.431

Qutt, test WAE Muts test AD ntinussnnusedeuazluuuddnlseaeAmuiannsnaasuay
Mutt, mat Wa% Muts, des AD TUIUAGAYUTEENAMUINAINAINITNAADUTANRALIINAITEYBDNUUY

M19199 4 UminuIsYNuan3ILazliuAdauAn3I?

AU Qcr, obs (ton) M, obs (ton-m) Mer, mat (ton-m) M, des (ton-m)
CB-15-1/3 1.5 1.050 0.536 0.517
CB-15-1.5h 2.5 0.938 0.536 0.517
FB-1S-1.5h 4.5 1.688 - 0.557
CB-15-2.0h 2.0 1.000 0.536 0.517
FB-15-2.0h 4.0 2.000 - 0.557
CB-15-2.5h 1.5 0.938 0.536 0.517
FB-1S-2.5h 2.5 1.563 - 0.557
CB-25-L/3 1.5 0.700 0.556 0.558
CB-25-1.5h 2.0 0.750 0.556 0.558
FB-25-1.5h 4.0 1.500 - 0.601
CB-25-2.0h 2.0 1.000 0.556 0.558
FB-25-2.0h 3.5 1.750 - 0.601
CB-25-2.5h 1.0 0.625 0.556 0.558
FB-25-2.5h 2.5 1.563 - 0.601

Ocr, obs WAE Me, obs A0 WIMLNUTINNUANT1IMALIUNUAAAKANS1ITIFLNAINNTVIROUATY
Mer, mat %88 Mer, des A0 LULARAWANT1ITIATIAINANTVIAFOUTAR AL A MAITEYBBNKUY
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ABSTRACT

Predicting flow rate and sediment transport are essential for water
transportation, water resources management and drainage systems in lowland areas.
This paper aims to develop simple models for predicting flow rate and suspended
sediment transport in the lower Chao Phraya River, which has complicated flow
characteristics. The predicted flow rate equations were developed based on genetic
programming (GP) and the relationships among flow rates, water levels and flow
directions during spring and neap tide periods. The prediction results for the short
term show accurate performance with correlation coefficient (r) values greater than
0.88 for the training and testing processes (with the flow rates of -3,000 m%/s to
+3,000 m®/s). The flow rate and nearshore sediment transport rate using the GP model
in spring tide show more accuracy than those in the neap tide. During spring tide,
there is a change in the water level that had a great influence on both the flow rate
and the flow velocity. The flow direction is one of the important parameters for the
proposed GP model that can be used for practical engineering applications for
predicting flow rate and nearshore sediment transport rate for water management in
the tidal river.

Keywords: Artificial intelligence, Flow characteristics, Genetic programming,
Modelling, Suspended sediment transport.
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Notation List

A = cross-sectional area (m?)

MAE = mean absolute error

n = manning’s roughness
coefficient (s/m%%)

N = number of observations

Q = discharge (m%/s)

Qf = discharge of non-uniform
flow (m%/s)

Qo = discharge of uniform flow
(m3/s)

s = nearshore sediment transport
rate (g/m?/s)

r = correlation coefficient

R = hydraulic radius of the river
section (m)

RMSE = root mean square error

St = friction slope
(dimensionless)

So = bed slope or bottom slope
(dimensionless)

Sw = water surface slope
(dimensionless)

Vmax = maximum velocity (m/s)

Vmean = mean velocity (m/s)

WL = water level (m, mean sea
level)

XPbs = observed data

XP"¢ = predicted result

Xobs = mean observed value

XxPre . = mean predicted value

y = flow depth (m)

1. INTRODUCTION

Tides can be described as
phenomena resulting from gravitational
attractions among the Sun, the Moon
and Earth. These attractions of the
gravitational forces differ depending on
the Moon’s and the Sun’s positions
relative to that of Earth. If they are on
the same side or directly opposite to
each other, the resulting tide is called
spring tide; if they are perfectly
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perpendicular, the resulting tide is called
neap tide [1]. The Chao Phraya River is
located in Thailand’s central region and
has a flat plains area in the lower part,
which is influenced by the tide. The tide
characteristics of the Gulf of Thailand,
which is affected by mixed tides, consist
of two high and/or low tides on each
tidal day. The height of each tide varies
from day to day, resulting in changes in
the water levels in the lower part of the
Chao Phraya River, which ranges from
the river mouth to Bang Sai, Ayutthaya
province [2-3].

When the seawater level starts
to fall from the highest level, it causes
the water to continually flow into the sea
with a profile of vertical velocity. The
maximum and minimum flow rates in
the river do not occur at the time when
the water level has reached its highest or
lowest points. The maximum flow rate
into the sea is generated when the sea
level sharply drops and approaches the
lowest level, due to the extremely
different upstream and downstream
water levels [4-5].

The tide results in flow rate and
sediment transport in two directions;
where the river flows into the sea and
where the seawater flows into the river.
Consequently, the tidal affected area is
where sediment accumulates that cause
rivers to become shallow, blocking them
from draining into the sea. Therefore,
predicting flow rate and sediment
transport in rivers is essential for water

resources  management, planning,
navigation and environmental
protections, including sediment
problems in the factories’ cooling
systems.

Chen and Chiu (2002) proposed
a quick and easy method to predict flow
rate in a tidal river. The method is
determined by the ratio between mean
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velocity (Vmean) and maximum velocity
(Vmax) and considers the relationship
between velocity and area. Additionally,
Chen and Chui reported data from the
Tanshui River based on tidal effects
obtained using this method. Their
results provided evidence that this
efficient method is effective in
predicting tide-influenced flow rates [6].

Recently, machine learning
(ML) techniques have been used for
many applications in water resources.
These models can capture data’s non-
linearity,  non-stationarity,  noise,
complexity and dynamism. These
models can be categorized into four
groups: classifiers and machine-
learning  approaches, fuzzy sets,
evolutionary computation and wavelet
conjunction models [7]. Comprehensive
reviews of different ML techniques and
their applications in water resources
engineering can be found in [8-10].

Genetic programming (GP), a
subset of ML, is an evolutionary
approach. It is one of the most popular
evolutionary computing techniques that
use a Darwinian algorithm to solve
problems [11]. This approach generates
input-output relationships as explicit
symbolic mathematical expressions. It is
often regarded as a grey-box data-driven
technique rather than as a black-box
data-driven technigue, such as Artificial
Neural Networks (ANNSs) or Support
Vector Machines (SVMs) [10]. In recent
decades, GP has been a successful tool
in solving various kinds of engineering
problems and has undergone early
advancements, and its accuracy is
higher than that of traditional programs
[8, 12]. Moreover, GP can be applied in
various water resource problems for
estimation or prediction. Examples of
such problems include rainfall runoff
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modelling [13-14], probabilistic flood
forecasting [15-16], reservoir
management [17], flood forecasting
system prediction [18], water-level and
storage-capacity curves [19], lake level
prediction models [20], groundwater
level forecast models [21], runoff
forecasting  [22], wave  height
forecasting [23-27], and suspended
sediment modelling [28-33]. However,
GP’s utilization for tidal rivers has not
yet been achieved.

Therefore, this research’s aim is
to develop simple models to predict
flow rate and suspended sediment
transport in the lower Chao Phraya
River based on the tides’ characteristics,
which are rather complicated. The
important  hydraulic ~ factors are
determined and analysed to obtain
their relationships.

2. THEORY
2.1 Relationship between water
level and flow rate in the lower
Chao Phraya River

For a uniform flow in an open
channel, the discharge can be computed
using Manning’s principle as:

1, 22

Q@ = CARS: (1)
where Q, is the discharge of uniform
flow (m¥s), n is the Manning’s
roughness coefficient (s/m'?), A is the
cross-sectional area (m?), R is the
hydraulic radius of the river section (m),
and S, is the bed slope (dimensionless).

However, in the case of non-
uniform flow, the water surface slopes
depend on flood hydrograph of
upstream and tide from downstream.
When the Manning’s principle is
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applied, the discharge could be
expressed as:
Q =  ARSE (2)

where Qy is the discharge of non-
uniform flow (m%s), and Sy is the
friction slope (dimensionless).

When the flood waves and tidal
waves, moving through the river, the
friction slope (S5) does not consistently
equal the water surface slope (S,,) or the
bed slope (Sy). Therefore, a unique
rating curve could not exist and the
relationship between water level and
flow rate in unsteady conditions leads to
the loop pattern.

As mentioned earlier, the flow
in the lower Chao Phraya River is
influenced by tides. The study of this
relationship between water level and
flow rate was conducted at the Wat
Bang Hua Suea station using field
measurements during Oct. 2015 and
May 2016. These months cover all tide
seasons, including spring and neap tides

[5].

2.2 Prediction by GP

GP is an evolutionary
algorithm, which is a process inspired
by the Darwinian theory of evolution.
This approach offers results in the form
of mathematical equations, involving
various variables [11]. GP has many
advantages: for example, it can be
applied to areas where the
interrelationships among the relevant
variables are poorly understood or those
where  conventional — mathematical
analysis does not or cannot provide
analytical solutions [34]. GP algorithms
are often used as data fitting tools, thus

Ui 16 atiuil 2 nsngraw - Suneu 2565

s N SsUYAa
sty LI Asonw

making GP applications highly similar
to those of other ML algorithms, such as
artificial neural networks or support-
vector machines [10]. GP’s most unique
and distinct feature, which differentiates
it from other ML approaches, is its
ability to test relationships and present
the best ones. Practically, in stream-flow
modelling and forecasting, evolutionary
computation has scored higher in
accuracy than other ML techniques such
as artificial neural networks [7]. Many
researchers have demonstrated
evolutionary computations’ capabilities
[35-39].

The GP algorithm begins with
random initial populations called
potential solutions. During the training
phase, the solutions that demonstrate
high performance (during the fitness
evaluation) survive to the next
generation and are considered as parents
to create offspring. Next, three
evolutionary operators - namely,
reproduction, crossover and mutation -
are used to act on each individual
solution to improve it to achieve a
desired state [40]. Reproduction is the
process of transferring the single best
solution into the new population set
without any change. Crossover refers to
producing two new individuals by
selecting a random subtree (i.e. function
nodes) in each of the two parents and
swapping the resultant subtrees, with the
new individuals being the offspring. In
the mutation, a subtree is randomly
chosen and is removed and replaced by
a randomly generated subtree [41]. A
flow chart of the GP algorithm, which
expresses the conceptual framework of
the study, is shown in Figure 1.
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Create random
initial population

l

Evaluate fitness of
each individual

Reproduction
Crossover
Mutation

l

Maximum number
of generation
reached ?

Selection

Stop

Figure 1 Simplified GP flowchart.

These looping processes are
repeated until the optimal results are
found or the maximum number of
generations is reached. For testing, GP
is used to determine various parameters,
such as population size, crossover
probability,  mutation  probability,
reproduction probability, max tree
depth, function set and generation
numbers to find the optimal values for
problem-solving. The probabilities of
crossover and mutation are determined
based on the application, but the
probability of mutation is typically
much smaller than that of crossover.

3. METHODOLOGY
3.1 Field data collection

Field data such as current
velocity, sediment concentration, and
flow depth were collected at the Wat
Bang Hua Suea station between October
and September 2019 (Figure 2). Water
levels were collected at Bangkok Port,
the Wat Bang Hua Suea and
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Chulachumklao Fort stations. The
hydrographic  department  provided
some hydrologic data. Bangkok Port’s,
the Wat Bang Hua Suea station’s and
Chulachomklao Fort station’s distances
from the mouth of the Chao Phraya
River are 30 km, 14 km and 3 km,
respectively. Instantaneous  flow
velocity was measured at any flow depth
using a propeller current meter.

Bangkok Port

G
EN P/:,
¥,

Bangkok i N

Wat Bang
Hua Suea

Samut Prakan
Province

Phra Chulachomklao
Fort

Figure 2 Locations of the field
measurement.

The flow depths were measured
using an echo sounder and a GPS, which
were installed in a flat aluminum boat
that travelled throughout the study area.
The echo sounder works by pulsing
ultrasonic wave signals transmitted
from the sound wave transducer toward
the river bed, from which the signal is
reflected back to the sound wave sensor.
Computation of the water depth value is
based on the celerity of the sound wave
and the travel time for the sound waves
to reach the bottom and reflect back. The
accuracy of these water level
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measurements is within £(1 cm + 0.1%)
of water depth.

The flow velocity at the area’s
boundary was measured using the
current meter (model FP211, Global
Water). This tool features water flow
velocity measurements ranging from 0.1
m/s to 6.1 m/s and a measurement
accuracy within 0.03048 m/s. The front
of the impeller was parallel to the
direction of water flow. The
measurements were taken when the
water flowed, and the device’s propeller
was rotated around the horizontal axis
for N rotations each time. The meter was
installed at the downstream location to
measure the flow velocities at different
points in time during the test.

Suspended concentrations data
were collected using the OBS-3A
concentration meter, which uses the
nephelometric method: It emits infrared
light to the suspended particles in the
water. Then, it uses infrared sensors to
detect the scattered suspended particles.
This tool’s accuracy depends on the type
of sludge: 2% for mud and 3.5% for
sand.

3.2 Process of model development

To predict flow rate, flow
depths are used as the input data. To
predict sediment transport rate, the input
data include flow depths, flow rates and
water surface slopes. The data (current
velocity, sediment concentration and
depth) were measured in the lower Chao
Phraya River between November 2015
and December 2016, which cover all the
tide seasons [42].

GP testing and determination
was achieved through the determination
of parameters. Population size consists
of the number of individuals involved in
each generation; Crossover probability
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is the possibility of a crossover in a
generation; Mutation probability is the
possibility of mutation or creating a new
generation in  each individual;
Reproduction  probability is  the
possibility of individuals with high
fitness to be selected for producing
offspring of the next generation; Max
tree depth is to avoid excessive growth
of its individuals; function set is the set
of calculated parameters consisted of
arithmetic operations; and generation
number is to determine the length of the
genetic algorithm process.

By experimentally, the values
of parameters used to set up GP in this
study are summarized in Table 1. These
parameters were set as constants,
whereas the generation number was
tested at 500, 1,000, 1,500, 2,500 and
3,000 to obtain the appropriate
generation number.

After the appropriate generation
number was obtained, it was fixed as a
constant, and the next parameter was
varied until it was found. To control the
solution’s complexity, only basic
arithmetic operations were used as the
members of the functional set. The root
mean square error (RMSE) and
correlation coefficient (r) values were
used in the objective functions to train
the GP model.

To create a GP-based model,
the software GPdotNET v5.0 [40], an
open-source computer program for
running tree-based GP, was used. The
data were split into two periods: the
spring tide period and the neap tide
period. The spring tide and neap tide
data were each divided into 2 parts, one
of which was used for the training
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processes and the other of
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the study areas, the input data for the

which was used for the testing  predictions contain the following
processes. elements.
Due to lacking of data of the
mass influx and out flux of sediment in
Table 1. Parameters selected for GP set-up.
Parameter Set-up value
Population size 500
Crossover probability 0.90
Mutation probability 0.05
Reproduction probability 0.20
Max tree depth 5.0
Function set +,-,*and/
Generation number 500, 1,000, 1,500, 2,500 and 3,000

1) To predict the flow rate, the
input data are the water levels at the
Bangkok Port station and
Chulachumklao Fort station. The data
sets for developing GP models to predict
discharge were 131. Those data sets
were divided 70% (92 data sets) for the
training process and 30% (39 data sets)
for testing process. Mixed data of
spring and neap tide were used.

2) To predict the sediment
transport rate, the input data are the flow
rates and flow depths at the Wat Bang
Hua Suea station. The data sets for
developing the GP model to predict
sediment transport rate were 41. Those
data sets were divided into two types,
i.e., 25 data sets for spring tide and 16
data sets for neap tide. In addition, for
spring tide, the data sets of 25 were
divided 56% (14 data sets) for the
training process and 44% (11 data sets)
for the testing process. Those data sets
for neap tide were divided 50% (8 data
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sets) for the training process and 50%
(8 data sets) for the testing process

3.3 Criteria for evaluating model’s
performance

The correlation coefficient (r),
RMSE and mean absolute error (MAE)
were used in the model efficiency
comparison. The correlation coefficient

is used mainly to indicate accuracy
because when the correlation coefficient
is exactly 1, it indicates perfect
accuracy. In contrast, when the
correlation coefficient is close to 0, it
indicates low accuracy. The
performance evaluation criteria are
given as follows:

I (X0 —x e ) (X =X )

N b b 2 |aN pre pre 2
\/Zi=1(xio S_X#lesan) \/Zizl(xi _Xmean)

r

®)
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N

RMSE = 4)
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MAE = %z{‘;ﬂxiobs - XP| (5)

where X?P$ is the observed data, X7

is the predicted result, X225 is the
mean observed value, X522 s the
mean predicted value and N is the
number of observations

4. RESULTS AND DISCUSSION

The flow rate and sediment
transport rate field data were collected at
Wat Bang Hua Suea station between 8
October and 21 November of 2019.
There were 45 data sets, which were
divided into 19 sets of spring tide data
and 26 sets of neap tide data. The GP
model was used to simulate and predict
the flow rate and sediment transport
rate, and the predictions were compared
to the field data to evaluate their
accuracy.

4.1 Hydrologic characteristics of
flow influenced by tides

The relation between water
levels (m) and flow rates (m®s) in the
lower Chao Phraya River involves
multiple loops, in which the water levels
are associated with various flow rates
depending on tidal levels. Accuracy in
flow rate prediction is measured by the
similarity between the rating curve and
the data format.

The relationship between water
levels and flow rates at Wat Bang Hua
Suea station between October and
November 2019 is indicated by loops,
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where the flows were in the range of -
2,300 m?/s to +2,000 m?/s and the water
levels were in the range of +0.10 m to
+1.50 m (mean sea level), as shown in
Figure3. The discharge during the ebb
tide (falling tide) was positive while the
discharge at the same stage during the
flood tide (rising tide) was negative.
Those discharges at the same stage were
different in magnitudes. Moreover, the
maximum and minimum flow rates in
the river did not occur at the time when
the water level reached its highest or
lowest. Because seawater levels are
influenced by tides, as shown in
Figure4, the minimum flow rates
occurred when the water level reached
its peak and sea water flowed into the
river and impeded the river from
flowing into the sea. In contrast, the
maximum flow rates occurred at the
time when the water level reached its
lowest, when the water in the river
flowed into the sea.

0 Measurad

— Prodicted

MSL)

WL (.
>

4 8]
]

0003000 2000 <1000 1} OO0 2000 3000 4000

Q(ms)

Figure 3 Water levels and flow rates at
Wat Bang Hua Suea station
(Oct. - Nov. 2019).
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Figure 4 Water levels and flow
rates at Wat Bang Hua Suea
station (29 - 31 Oct. 2019)

The relationship between water
levels and  cross-sections  was
determined in the form of power
regression using Chen and Chiu’s
method [6], which uses a constant ratio
of the mean velocity (Vmean) and
maximum velocity (Vmax) of the
considered river section. Within the
range of data measured this study, the
cross-sectional area of flow was
determined and the flow rate at Wat
Bang Hua Suea station can be expressed
as follows:

Q = (0.6415Vmx) A (6)
where Q is flow rate (m®/s), Vmax is the
maximum velocity (m/s), and A is the
cross-sectional area (m?)

4.2 Prediction of flow rate using
GP model

Based on literature reviews, no
previous study of river flow rates has
used flow direction in a machine
learning model. The lower Chao Phraya
River’s flow has two directions: (i) flow
from upstream mentioned above, the
flow rate has two directions (either
upstream fresh water flows into the sea
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[flow rate is positive: +] or seawater
flows backward into the river [flow rate
is negative: -]), with flow rates of -3,000
m®/s to +3,000 m%/s. The trend of flow
rate closely relates to the flow velocity
during spring tide. During neap tide, the
flow rate is unidirectional: The seawater
flows into the river, meaning the flow
rate out to the sea (+) and (ii) flow from
the sea into river (-). This study’s flow
rate  prediction is based on a
mathematical model using GP
principles for correlation analysis,
which is used to convert data into
mathematical equations.

Using data sets of 131 for field
survey during November 2015 and
March 2016. The developed equation
containing flow rates (m%s) and water
levels (m) covers all tide seasons,
including spring tide and neap tide, and
can be expressed as follows:

Q = f1 (WL, WLy, flow direction) (7)

where Q is the predicted flow rate
(m¥s), WLy is the water level at
Bangkok port station (m), WL, is the
water level at Chulachumklao Fort (m)
and flow direction is represented by a
positive or negative.

The predicted flow rate results
using GP and the looped rating curve
were compared with flows in the field
measurement. As is negative. The neap
tide period has a smaller flow rate range
than the spring tide period, with flow
rates ranging from -2,500 m®/s to +2,050
md/s.

The flow rate forecasting
performance of this method was
satisfactory. The relations between
observed and predicted flow rates
during the spring and neap tides are
shown in Figures 5 and 6, respectively.
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Figure 5 GP model flow rate
prediction during spring tide.
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Figure 6 GP model flow rate
prediction during neap tide.

The GP model (Egq. 7)
demonstrated satisfactory performance
with a correlation coefficient (r) of
0.887, an RMSE of 710.491 m®/s and an
MAE of 539.885 m®/s for the training
processes. For the testing processes,
those values were 0.943, 818.988 m®/s
and 665.242 m3/s, respectively.

4.3 Prediction of sediment
transport rate using GP model

Spring tide and neap tide
influence the behaviour of flow rates
and sediment transport rates in the lower
Chao Phraya River. In the case of spring
tide, flow rate and sediment transport
rate have two directions, while the neap
tide features a unidirectional flow,
where the seawater flows into the river.
Moreover, the estimated sediment
transport rate closely correlates with the
flow rate.

The sediment transport rate
relationships may be classified into
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three forms: (i) the relationship between
the sediment transport rate and the flow
rate, (ii) the relationships between the
sediment transport rate and depth and
between flow rate and depth, and (iii)
the relationship among sediment
transport rate, flow rate and water
surface slope. These relationships can
be illustrated using the linear and GP
equations by further analysing the flow
depth and surface slope data. As a result
of the water level change caused by tidal
influence on the river, water depth
change causes changes in the flow and
sediment transport rates. Additionally,
the difference between the upstream and
downstream water levels determines the
water surface slope and the flow
direction caused by the tide’s influence.
All of these factors influence the
sediment transport rate. The hydraulics
data indicated that sediment transport
rate changes in the tidal river are
influenced by spring and neap tides.
The developed equation can be
expressed either functions of flow rates
and flow depth or flow rate and water
surface slope can be expressed as
follows:
gs = 2 (Q,y, flow direction)  (8)

gs = f3(Q, Sw, flow direction) (9)

where @s is the nearshore sediment
transport rate (g/m?s), Q is the flow
rate (m*/s), y is the flow depth (m), Sw
is the water surface slope, and flow
direction is represented by a positive or
negative.

Prediction results obtained from
Egs. (8) and (9) were compared with
field measurements. Then, statistical
indexes were used to compare the
predicted results to select the most
optimal model. It was found that the GP
model using Eg. (8) based on the flow
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rate and flow depth variables predicted
the sediment transport rate with the
value closest to the observed data in
both spring and neap tides. These results
had high correlation coefficient (r)
values in both the training processes and
the testing processes. It was found that
the model’s prediction results reflected
satisfactory performance and were
highly accurate in both the spring tide
period and neap tide period, as shown in
Figures 7 and 8.

These results had  high
correlation coefficient (r) values in both
the training processes and the testing
processes. It was found that the model’s
prediction results reflected satisfactory
performance and were highly accurate
in both the spring tide period and neap
tide period. However, it is noted that the
model is incapable of predicting the
sudden increase in the sediment
transport rate.

The GP model using Eg. (8)
demonstrated satisfactory performance
during the spring tide period with a
correlation coefficient (r) of 0.960, an
RMSE of 0.054 g/m?/s and an MAE of
0.027 g/m?/s for the training processes.
For the testing processes, the values
were 0.728, 0.147 g/m?s and 0.113
g/m?/s, respectively. During the neap
tide period, the GP model shows a
correlation coefficient (r) value of
0.969, an RMSE of 0.026 g/m?/s and an
MAE of 0.017 g/m?%s for the training
processes. Whereas the same values are
0.645, 0.060 g/m?/s and 0.045 g/m?/s,
respectively, for the testing processes.
For this case, the value of r is quite low
because of the limited amount of field
data and the nature of variation of
parameters involved in the tidal
phenomena.
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Figure 7 Spring tide period sediment
transport rate prediction

Figure 8 Neap tide period sediment
transport rate prediction.

The results demonstrate that the
proposed GP model with high r values
and low RMSE and MAE values can
predict the flow and nearshore sediment
transport rates with  satisfactory
performance. The proposed GP model
identified the flow direction as an
important parameter affecting flow and
sediment transport rates in the studied
tidal river. Additionally, it is clear that
this GP model can be used for practical
flow and nearshore sediment transport
rate applications in this tidal river.

5. CONCLUSIONS

The flow direction, which was
used in the proposed GP model, was
shown to be an important parameter
affecting flow and nearshore sediment
transport rates in the studied tidal river.
The prediction results show accurate
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performance, correlation coefficient (r)
values greater than 0.88 for training and
testing processes. Regarding the
sediment transport rates, the GP model
equation used to predict these rates
demonstrated good performance with
RMSE and MAE values close to those
of the observed data. The spring tide
flow and sediment transport rates
determined by the GP model are more
accurate than those for the neap tide
period. This difference is because
during spring tide, there is a greater
water level change than the change
during neap tide. For this reason, water
level changes during the spring tide
period had a greater influence on the
flow rate and velocity than the changes
during the neap tide period. Given that
compared to for the spring tide period,
the predicted flow rate was a little bit
more accurate for the neap tide period,
the predicted sediment transport rate for
the neap tide was a little bit more
accurate as well. Hence, this model can
be applied to effectively predict the flow
rate and nearshore sediment load in the
lower Chao Phraya River.
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ABSTRACT

This paper presents a power distribution system 33 bus simulation by connecting a
distributed photovoltaic power generation to improve power loss. Reducing power loss is a
factor affecting the efficiency of the power distribution system. It has technical impacts under
limitations such as intervals of load and distance from source point to load group. Therefore,
this paper presented to solve the problem of power loss in the power distribution system
synergy photovoltaic power plant usingmathematical modelling of a 33-bus distribution system
in MATLAB program and a power flow algorithm in conjunction with a distributed generator type
photovoltaic power plant. The results showed the connect photovoltaic power plant can
improve the power loss in the distribution system.
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ABSTRACT

Power supply is very important to the distribution system. If distribution system has less
power loss of system, result in a good power supply performance and increasing stability of
system. The purpose of this research is to increase power supply performance in distribution
system with reduction power loss of system, using 85-bus distribution system model, which was
tested in MATLAB/Simulink program, to simulate operation in 4 cases. Case 1 no photovoltaic
distributed generation was installed. Cases 2, 3 and 4 installed the photovoltaic distributed
generation with total installed capacity of 2,700 1,950 and 1,800 kW, respectively. The results
obtained from case 2, 3 and 4 found that the power loss can reduce for 30.27 49.37 and 51.07
percent, Consequently, the power supply performance of the distribution system was improved.
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wsesulninvessyuudvuneladn Tuszuu
Jmunglniinisarvanusasulninvesseuy
[11] Hunumddgy gunsalluszuulasunis
gonwuulivhaulugivesusaiulniidismue
fhgunsalgnanelasussiuluiiiiginindisve s
ArgunsalangnsiduvesgunIaiazinnny
W@oungenadwmalviinainuidansesluszuy
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Imhgliiaiunsausulsaussaulnilanie
nsee

1 mMsdnneastug edeluanliiems
sulasananuenvesasdou wavUSualvan
Tuaetou

2 amﬁqymﬁuﬁuﬂiqu‘*/\lﬁw (Capacitor)

3 find Lﬂ%lmm‘uQmmvﬁ”ﬂv\lﬁﬁmiuﬂa
(Automatic Voltage Regulator)

4 Fasapderidaliiiuuunszaed

2.2 \Waduase1ing

Asuan Wi nwaduaIe1fing (PV)

Tondsaunyuidsundusssuvid azeoln
Uaensiy uazdsdu lwansiwadiJugunsaliuias
waseindidundsaulnilaeldaiuiduves
wage17ing [12] szuulniindaaunasefing
Usznausie wrsleansivad suiedinadfivi
wifwdasndsulaiinssuanse (00) 1y
was Ul sEuaaay (AC) WNURIVDITEUY
I loansiwas saandlunnd 3

[ DC/DC  —H - —_
converter (W)

Photovoltaic
Inverter
il
g é ég: Transformer  Power Grid
=
&I = ey
=

_l Load §= Transformer Power Grid

Transformer

A 3 wudswesszuulniinleandiad

NI ULaI019ng [13] WWundeey
‘vmLmu‘uﬁwﬁﬁﬁmaﬂuwﬁwmﬂixLm/l
nFsumyuiouiliudaintulnlldnasninm
Fandauuaseindausadsumdundsanu
Tnihlalnelfisaduasoniing Fsgnudnlasansns
FENTANDUHIUNTTUIUNSNINGFERSYIN LA
Fanouviavsiitendnduniudaney msidsy
ndunaseindiundulniiassugied
LESANNTENUVLUNLITaaLEDTINE Sedupauas
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Afeyninvesndsnulnaeuazdemwdasnu
Trfungsnudianasousuiingdanuuinwedioz
n5¢lAneanu1AINsIAIAveIanauinly
waeudildetidasy Weddnnsoundoudinsu
29955 9l AR AN ST Lans Ty Badlnans
Yadeiifnaronisndnliiveswaduaending
wu quvgdl egamaiiveswaduatendingiiia
1 sarwaldoa niswanlniinezanasiosas
0.5, AANIINITTULAIVBILYAAUAIRITAND,
UssAnBa1muesduosines, nansenuvesds
ANUSNUULNILARLEID19RE, UseANSA1nued
Sunesines wunwes Wudy

2.3 WUUIIARIARINAIENS
LUUTABIASTIVDITRALEIDITINE LAY
2995b91an AIWARILUNINT 4 [14]

¥ Rs Ish

AN 4 LUUINARIAINVDLYARLAIRTINE
1nen99sbalen

ANMUFNRUSTENIILTITweANe U
wanszualnanansanmualanail [151-[16]

U +RI
IZIL_IDZIL_IO{eXp(%J_]} (1)

Taefi | Ao nszudlvian
I fe  nszudwaduLaseding
lo fio nszuadusn
U fe  usesulniwneen
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AdinAanveIn1smasliiihgadennanuuifn
n1sdennasliiln laezunsudufeiveassuu
Sanurelufruuuisifea 2 Ua aeuanslu
A1l 5

Vn<én Vn+l<gn+l
R(L) X(L)

Busn Bus n+1
: »Branch L :

AN 5 szuusmtnglinuusiea 2 Ua

Tag@ida nuaz nel L¥oudariy
W13 mesav L anunsamiidalniande
359 wagirdslvfirgeyideSuaniivain
a1 (243)

R 2
Ploss(L) = [—P”“ — JQ””} ‘R 2)
oss( L) \Vj L L
n+
Py —iQ., )
_ 1 1
QIoss(L) _[ n+v = J .XL (3)
n+1
Taef Poss1y AR Mdsihgaydessad

@171 L ay QIoss(L) A Masihaydesweniv

1811 L nsaadeiaslninggs waziasing
FUONTINTIMUAVDITTUUHUAILNTARITUIN
dunisi (4)

nl
Ptotal _loss = tzl I:)Ioss( L) +Q|oss( L) (4)

Vol.16 No.2 July — December 2022



2.5 uuuaeeszuuaunglwin

Tuunauinageusisuuusiaes
sruusmglni 85 Ta daanslunnd 6 uaz
wuunaneszuusmuieliii 85 Ua d1analuy
TUswnsy MATLAB/Simulink srauanslunnd 7
Usznaudig 59 9alvan Agiuvedivandu 100
MVA kagA1g1uesanuae 11 kv Inansiuves
JYUU 2,570.28 kW wag 2,622.08 kVAr Toya
Tnan Fenanslun1sed Al wagdoyaanyds
é’fﬂLLaqumiNﬁ All [17-18] LNUATNYDINTT
przvinsivavesidslndih Fuandlunind 8

() Distributed Generation

Sectionalizing switches  (JJ) Transformer

2 6 wuUIaeITEUUTIINg LN 85 Ua

B oo e
[ i
Load - ma ome mam
g Cmwm-owm-
Transmission Line = :

Bus =

AW 7 wuussuus gl 85 Ya s1andlu
TUsunsy MATLAB/Simulink
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faasiasasmiiaiuuunszaeda

uamasussofiagln
szupsmsing i

!

Suldsunsaszuusminglwi |—7

awimnsivazasias i

Wuidamsriavesiaioglndife
fuaiiusedulndnn 50 kw

usealnli uaziasliigandeln
szuudmialih

usesiulwrvasszuvagly
1ASFIU 0.95-1.05 p.u,

3 o ¢
| HUHAAND |

ANA 8 LNUANYDINITIATIZINT I NaUDS
Mdsludin

3. NAN15IYUaZAUTIINE
3.1 nsAnw
TyunaludAanwinisiiiy
Uszansnamnrsangludnlussuudanunglni
Frenmsansaadosiidaliiiuuunseaesiuin
waduasefindlasuwuseandu 4 nsaldnwl
Fauanslumsned 1 A§ennsuanfngesIues
ww3eandalwiuuunszatediviaead
WA nglunsain 2, 3 uay 4 A 2,700 1,950
a8z 1,800 kW anuansu
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A15199 1 ASAANYINISNUSEENS 1NN
T lusguudnineliilinign1sinmnansas
AMullalniiuunseanemvinwaaunaiening

NSl AU Tadivh A

AORTIY CRET Y. (kw)

2 3 15, 36, 54 1,500,
600, 600
3 6 12, 15, 300, 300,
36, 300, 300,
51,54, 76 300, 450
q 9 12, 15, 200, 200,
36, 47, 250, 100,
51, 54, 200, 250,
62,74, 76 200, 200,

200

91nA150991 1 A5l 2 WARHATUNIS
ontainsaaiossudalufituuunszanes
PnasLaIingTIvE 15, 36 way 54 esan
utaifussiulaiiiiiaalussuuiiloriing
AnTgnadiugiu dnlunsdd 3 wag 4 1Ju
nnstiunisandaaiastndnluiinannnsdd 2
Ju 6 uaz 9 wedewmudsu Tnavhnsiiansan
snvafiiuserulafiinnseasliiiiodinses
Mdslnigadevesssuuiiouiisuiunigs
nsuansanveaasostudnliiiuuunszaies
silalwaauaseing

3.2 NAN1539Y
nsnageuMstinUszansatmmsanelaly
syuudmglniihdennsindaaseafinlai
LUUNTEUARALYaa LA IR NAaNSLT
§21a9909N1INAABUNS 4 N3l Fenanaly
A5197 2
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A15197 2 NAGNSNITNAFBUNSANUSLANT AW
nsaelndnluszuusmnglddalenisineg
vaseendatdidwuunsyatediviaigas

WaseN9ing
usessulnd - Adsladh  Sewaz
nsdl g goudes  Adslndn
(p.u.) (kw) goyvdey
1 54 (0.87) 313.27 -
2 76 (0.95) 218.44 30.27
3 75 (0.95) 158.59 49.37
4 42 ude 43 153.26 51.07
(0.95)

dlovimsvaaeulunsdit 1 ldfinnsindandos
Aufialddrwuunssaesiviawadiaseniinglu
szuus el nsdlfifunsdifiugiu wadng
wudriAndrdelddrgyide
313.27 KW wsaulniihdida 8-15 uaz 25-85 ¢
N91u1M5§1U 0.95-1.05 p.u. wazTaid
wssiulliheniiga Ae Jadl 54 (0.87 p.u)
lunsdlit 2 n1sdanaadosdnidalalfiiuuy
nszefviawaduatefingfiva 15, 36 uas
54 U1 1,500 600 kay 600 kW #1610 U
naansnudnfnmaslndigapds 218.44 kw fin
\Jufesas 30.27 veafdalwihgadensdli 1
wagdaiiiussiulniiefian Ae Uad 76 (0.95
p.u) nadndSeuiisuuswiulrhnsdnishings
ww3nanndalufuuunszatedlrviaiead
waseinsiva 15, 36 uay 54 LLasmniﬁyugm
sawanslunng 9
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—case 1

1.00 A~ P — —case 2
NN D -
098 F\ ' -\~ \ |
Jos | N Iy
095 sl
2094 f
8
3 0.92
>

[0 T T T T T T Y A B R
1 4 71013161922252831343740434649525558616467707376798285
Bus

29 9 wadnsiUSeusuksasulainnsainng
AnfaAIpanialniuuunsranemviaiwas
waNoIngNUa 15, 36 way 54 wavnIanugIy

Tunsd@d 3 nasansaaisssndaliiiawuy
nszanefeiawaduateindfiva 12, 15, 36,
51, 54 hag 76 Yu1m 300, 300, 300, 300, 300
wag 450 kW Auaau nadnswuIAnmadluin
geyrde 158.59 kW Antludesay 49.37 189
fdalwigaydensdi 1 uazdaifiuseiuluin
fiige fe Tadl 75 (0.95 p.u.) nadwsUTeuITiBy
wseulaiinsdinisfnsandasindalwiiuy
nszaefvdaraduaseindfiva 12, 15, 36,
51, 54 way 76 LLaSﬂiﬂj‘ﬁquU Fauandlunind
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102

—case 1

100 — —cased
0 | \ A

3 \ \ ~

(io'ge- - h/¥"[ \\4_/'\/”\’-’

086 NN T N N T T N N Y T T T T |
1 4 71013161922252831343740434649525558616467707376798285
Bus

Adi 10 wadnsiussudisuusssulniinsdinig
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Waaonfindfiva 12, 15, 36, 51, 54 waw 76 uaz
nsdlitugu
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Tunsd@f 4 nisanduaissdndaliiiuuy
nsvaefviaraduasenfind fiva 12, 15, 36,
47, 51, 54, 62, 74 wag 76 YuUm 200, 200, 200,
250, 100, 200, 250, 200, 200 W @& ¥
200 KW A1ua1iu wagwsnuinianiaalaii
aoide 153.26 kw anduiesas 51.07 909

U
o w

mMasliihgeydensali wasdantusaiulniiem

=

fign fie Uail 42 uaz 43 (0.95 p.u.) NAAWS
Wasuuussuliinsdinnsinaandasiue
Tiluuunssaresvinaduaseing iva 12,
15, 36, 47, 51, 54, 62, 74 Lag 76 Wagnsal
ﬁugm Fanandunmii 11

——case 1
— —case 4

088

O.SGIIIIIIIIIIIIIIIIIIIIIIIIIIII

1 4 71013161922252831343740434649525558616467707376798285
Bus

aadl 11 wadnsiusoudisuusesulnihnsdnis
adandearidaliiiuvunseanedvinwad
wasefindfiva 12, 15, 36, 47, 51, 54, 62, 74
WAy 76 uaznsdifugu

A A 11 wadwdnsdi 4 arungo
Yuugawssrulnilmndalussuudming il
aglulNueININTFIU 0.95-1.05 p.u. LALAN
fdalnilgydoldgefiqniesas 51.07 veq
fdslwihgadonsdii 1 dwalifiuussansnm
amasaglninlussuudminglwinldgsdiae
nswWseuisuidlnigade uwagidenis
nAnTmveuaIosiudalwiwuunszedvie
LsaduaseIing deuwanalu
At 12
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3,000
. Total capacity of PVDG
|:| Total power loss

2,500
2,000
> 1,500
1,000
500
0 [] M |
1 2 3 4

Al 12 MmsdSeuiisuidslnigode way
AdansuansInvaLaIasiLlabuiiwuu
ASEUMIVNALYARLAID1TINE

Case

4. d3Una
unAauiTeddiiauenisifiy
UsganSamnisarelnirlunvudiasessuu
Sminglalilh 85 Ua funisinsaniasiiie
T uuunszatefedngaduaioniing e
Sraosmsvineuly ¢ nsdl nadnsnuinnsdi 1
winlsifinsAndansasiuialwiiwuunseay
sadawaanaseninglussuusiminglniala
anunsatfiuuszansninnissnslalusyuy
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muasy Welsutunsdlf 1 nadwslunsdidl 4
aunsausuussusulninvesssuudmingli
aglulnuauInTgIy 0.95-1.05 p.u. uazan
Adalwihgadeldifandanaliszansam
nsdrelwillussuusiaingliifsdugaiian
nustlusuARd e insE UL UNS 3 ULie
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network  using Optimization

7. NMANUIN
19199 Al Teyalvanveiuuudiass

syuuTmiglnih 85 Ja
Ud oL < Ud i <
(kW) (KVAr) (kW)  (KVAr)
5600 5713 46 3528 3599
3528 3599 47 1400  14.28
3528 3599 50 3628  37.01
11 5600 5713 51 5600  57.13
14 3528 3599 53 3528 3599
15 3528 3599 54 5600  57.13
16 3528 3599 55 5600  57.13
17 11200 11426 56 1400  14.28
18 5600 5713 57 5600  57.13
19 5600 5713 59 5600  57.13
20 3528 3599 60 5600  57.13
21 3528 3599 61 5600  57.13
22 3528 3599 62 5600  57.13
23 5600 5713 63 1400  14.28

24 3528 3599 66 56.00 57.13
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13197 Al Teyalvanvoiuuudiaes
szuudmihgliiih 85 Ua (o)

e l:)L QL ¥4 |:)L QL

(kw)  (kVAn) (kw) (kVAr)
25 3528 3599 69 56.00 57.13
26 5600 5713 71 35.28 35.99
28 56.00 57.13 72 56.00 57.13
30 3528 3599 714 56.00 57.13
31 3528 3599 75 35.28 35.99
33 14.00 1428 76 56.00 57.13
36 3528 3599 77 14.00 14.28
37 5600 5713 78 56.00 57.13
38 5600 5713 79 35.28 35.99
39 5600 5713 80 56.00 57.13
40 3528 3599 82 56.00 57.13
42 3528 3599 83 35.28 35.99
43 3528 3599 84 14.00 14.28
44 3528 3599 85 35.28 35.99
45 3528 35.99

M15199 All Tayadtedevesluuiiags
syuuImhelni 85 s

wnelay e dla R(Q)  x(Q)
1 1 2 0.108  0.075
2 2 3 0.163 0.112
3 3 4 0.217  0.149
4 4 5 0.108 0.074
5 5 6 0.435 0.298
6 6 7 0.272  0.186
7 7 8 1.197  0.820
8 8 9 0.108  0.074
9 9 10 0.598  0.410
10 10 11 0.544 0.373
11 11 12 0.544 0.373
12 12 13 0.598  0.410
13 13 14 0.272  0.186
14 14 15 0326 0.223
15 16 0.728  0.302
16 17 0.455 0.189
17 18 0.820  0.340
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19197 All feyadiedivesiuudnass  A1519% All feyaaredavesuuuiiaed

szuudwngluih 85 U (vie) szuudwnglih 85 U (vie)

wnglay nda dla R(Q) X (Q) wnglay  anva gla R(Q)  x(Q)
18 18 19 0.637  0.264 52 52 53 0.455  0.189
19 19 20 0.455  0.189 53 53 54 0546  0.226
20 20 21 0.819  0.340 54 52 55 0546 0.226
21 21 22 1.548 0.642 55 49 56 0546 0.226
22 19 23 0.182  0.075 56 9 57 0.273  0.113
23 7 24 0910 0.378 57 57 58 0.819  0.340
24 8 25 0.455 0.189 58 58 59 0.182  0.075
25 25 26 0.364  0.151 59 58 60 0546  0.226
26 26 27 0546  0.226 60 60 61 0.728  0.302
27 27 28 0.273 0.113 61 61 62 1.002  0.415
28 28 29 0546  0.226 62 60 63 0.182  0.075
29 29 30 0546  0.226 63 63 64 0.728  0.302
30 30 31 0.273 0.113 64 64 65 0.182  0.075
31 31 32 0.182 0.075 65 65 66 0.182  0.075
32 32 33 0.182  0.075 66 64 67 0.455 0.189
33 33 34 0.819  0.340 67 67 68 0910 0.378
34 34 35 0.637  0.264 68 68 69 1.092 0.453
35 35 36 0.182  0.075 69 69 70 0.455 0.189
36 26 37 0.364  0.151 70 70 71 0546  0.226
37 27 38 1.002 0.416 71 67 72 0.182  0.075
38 29 39 0546  0.226 72 68 73 1.184  0.491
39 32 40 0.455  0.189 73 73 74 0.273  0.113
40 40 41 1.002 0.416 74 73 75 1.002 0.416
41 41 42 0.273 0.113 75 70 76 0546  0.226
42 41 43 0.455 0.189 76 65 7 0.091  0.037
43 34 44 1.002 0.416 7 10 78 0.637  0.264
a4 a4 45 0911 0.378 78 67 79 0546  0.226
45 45 46 0911 0.378 79 12 80 0.728  0.302
46 46 a7 0.546  0.226 80 80 81 0.364 0.151
a7 35 48 0.637  0.264 81 81 82 0.091  0.037
48 48 49 0.182  0.075 82 81 83 1.092 0.453
49 49 50 0.364  0.151 83 83 84 1.002 0.416
50 50 51 0.455 0.189 84 13 85 0.819  0.340
51 48 52 1.366  0.567
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Automatic mango weight and color sorting machine equipped

with microcontroller
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ABSTRACT

Mangoes are essential to Thailand’s economy and most of them for exporting. The
sorting is mostly based on size and quality. The process of mango grading is usually undertaken
by humans, which leads to administration costs, time constraints, and errors.
The researcher designed and constructed an automatic microcontroller-based machine to
classify mangoes and other fruits. The machine can sort mangoes into two categories based on
weight and color, utilizing a conveyor belt to transport the mangoes and load cells to measure
weight. The mangoes were moved along a conveyor, and their color and ripeness were
determined. The data was transmitted to the Mega2506 microcontroller, and the mangoes were

sent straight to their proper classification. The experimental results reported in term of
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inaccuracies, revealed that 100 Keow Savoy mangoes had a 0.00% error in quality sorting and

ripeness. Meanwhile, 100 Nam dok Mai Si Thong mangoes had a quality sorting error of 3% and

a ripeness error of 3%, respectively.

Keyword: Microcontroller, load cell, conveyor bel
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