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ABSTRACT

This research presents the method of using the Volterra series for MDOF nonlinear system.
It is displayed in the form of a matrix to simplify the presentation. To achieve an
understanding of the use Volterra series with MDOF nonlinear system. Volterra series is
applied to the two degrees of freedom nonlinear system in single input multi output (SIMO).
The calculated first and second-order transfer functions are presented as graphs. The
graphs of the second-order transfer functions are presented at frequency @,; = @,,. It can
be seen the subharmonic frequency is half of the fundamental frequency. The graphs of the
third order transfer functions are presented at a diagonal line at @, = @,, = @,;. From the
graph, it can be seen the subharmonic frequency is lower than the fundamental frequency,
which is one-third of the fundamental frequency, and it is found that some frequencies
interfere with the fundamental frequency. This kind of frequency cannot be seen in the first-
order transfer function. In practice, this subharmonic frequency may appear in the transfer
function obtained from the signal measurement.

KEYWORDS: Volterra series, MDOF, Subharmonic frequency, Fundamental frequency

1. UNw

T,@yﬂsnﬁu,ﬁamgmmaaaaama%‘ﬁ [1] a=fonldiusTusT AN UET T A A LS
\§u ilasandadanmsinianeWastudislangeueng 9 VDIDYN IV walunstaadseuy
TEAUAMULEINAT wzw,ﬂaﬁwmgmwam aataasnun e a:ﬁﬂmﬁ@mwajamnlums
WILRUD muﬁa‘i’wftazﬁmauamsﬂs:qﬂm"l"ﬁap‘lmwamaamas‘swﬁ'mzumm”umﬁma’%‘vxmﬂ
ufidauselidaduunuatn esnluanuduasifianmeesusifiifianusdsoazuys
nulUnuszoznsianauazfianisvasnisianavesadss I@muﬁmlﬁagiugﬂaums
wasndiiaaaanusudonlunsiiians wsumIwisineusasszuuaunmsazldnis
AWML TIAUATAR ﬂTﬂiLmsuﬂauﬁamai‘ﬁﬁﬂﬂugﬂuuummwaw"l,am’% lagazvinnng

v A

° 6 o ' o 6 & & ' o
AW UWIRTHEN ElIau“lla\‘ﬁ:‘U‘]_lLLE‘]&’LLE‘T@\‘]NE‘]&W‘E“}J 29NTINNINTHE ElIEJ%“DBGiZ‘LI‘Uﬂ’]@‘]J‘Y]

]
P ] LLRSRIA

Faculty of Engineering, Kasem Bundit University Research Article




3AonssuaIsinuuUruzia Jn 11 alun 3 NUYNYU-SUIIAU 2564 3

2. wineITag

Boonmalert and Chouychai [2, 3] VL@TLLaﬂﬁﬁmﬂﬁagmmamaamai’ﬁ BLRENIINRN
Wi diaofliigaduvasszoulidafuue s uusrauanuEITw A dsmansanin lols
Tumsdfuale

Peng et al [4] lduaasmymWertumnslausasszuuszauanuisinaeduua: lausn g
msﬁwmmmﬂaﬁfumzf[awuaas:uulugﬂmaaﬁwmm%asﬁau

Worden and Tomlinson [5] VI,@T‘L‘hLauamﬂﬁﬂmﬁmﬂﬁswﬂﬁL%dLéTuslugﬂmem 9
Aarnangeuazifuia

3. NOBj
320101 59§% (Nonlinear system) Nfigwanatndu u(t) fisyyrmeanasszuy
o A A o & ° o o
u () dauaaslugud 1 laofidygimeanlujduuveyninzaneaaeis Mniszuuzay

ANULEITWLAL (Single degree of freedom, SDOF) 1Tt

u(t)

\4

Nonlinear system [—————» y(t)

(%
Qs =

P 1A ¥ [ )
E‘].I‘Yl 1 ‘szfufuvlau,mLawsmnwnma‘sm%mm

y(t)y= 2, y(t) (1)

n=1

lauAMINOUALDIENAUN n maam}ﬂswamaamas‘ﬁlﬁu

y(t) = T Chu(t—7)dr (2)

—00

fNTLULIEALANAEIRAIETW (Multi degree of freedom, MDOF) asuseilugufl 2

= a vV )|
RINNIDLVYUNIIR auauaa‘lugﬂ Lll@]iﬂsﬁwl,@] (S15%)

o} =x{ v} @

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




4

Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

ot {yie }{ 0 v - y,0]

T
WAz { y(t I: y (t)y [y, (@) .. nyNo(t):|
( ny1(t) I "h11(‘['1,2'2,-.,2'n) nh12(z- Tz’ "T,.) nh1NF(T1’T2’. ’Tn) | EU1(t_Ti)dT
.Vz(t) nh21(z- Tyoee ’T) nhzz(TUTz'“’Tn) o n 2NF(T Ty ’Tn) lﬂ[uz(t_rr')drr' (4)
=[..]
nyNg(t) nhN1(T1’T2""Tn) nhN 2(1-1"[2""1.") nhNN (T1‘Tz""z-n) .
Lo w, , N - HuN;(t—T’)dTi

J

A A a A . o @ A 6
lagh Ly, (t) Ap SYRIBENHIYA i §1OUN N VBIBRNINIDALADTT

A o o A ¢ da
nhij(t1,t2,...,tn) fla MIADUFHIULLAN KIAUN 1 VBIBRNINIBALABINN

VLA TaTaka"s
aaﬂﬁq@ i LLa:ﬁé'tyry'lmL“ﬁnﬁq@j (i=12,3,..,N,; j=123.,N;)
u,(t) Ao dygomdnniae

)

o

N, fia SwImsu I meanninnTa

[

D-

Ny 78 ST I URU N AN NTNNNTIA

[

LA o o = & P & P
’Lm:uu"l,umemmumwmwmmmmugﬂ“n 2 BWRINIOMININTWE S Ta LU

o o o o . o ) o ' =
daduldlaslfanudunussznivdyyiseandedyyisudiadesn Gaaansadou
V'\l'aﬁ‘*ﬁ'udwiaumaai:uulugﬂmaal,m%ﬂfﬁwlﬁl,ﬂu

[ H,(@)  H,() (@)
(@) H, (o) o, (@)
[H(w)]= (5)
H, (@) H, (o) Hy, (@)

Faculty of Engineering, Kasem Bundit University

Research Article



3AonssuaIsinuuUruzia Jn 11 alun 3 NUYIYU-SUIIAL 2564 5

P A & A w Aa o P . Py
I@]FJV] Hu(a)) Ao W\‘m‘ﬁumEJIE]%LLUUL‘NL&WHEN‘S:UUVIN fyfy’lmaaﬂﬂﬁm I WRSURTUTUTH

o A , %
L“ll’]“/]’i;@] J ‘ﬁ\‘l"ﬂtﬂ’]vl(ﬂ"ﬂ’lﬂ

H (0)=— (6)

gnnsunsrigudalonliiBadusani n la 9 PBITTUUITA [6INaUNTNTRIBAIADTT)
Woanudnlafitaandu luuissiazvesndadnslasinnisfiansanssuuszay

A resud B s wunitssuarmdrwanedyunmesn (Single input multi output,

SIMO) @T@melugﬂﬁ 3 %as:uuﬁaﬁ%ﬂajL%aLﬁqugﬂLLuuaumsﬁ'}ﬁ‘amu (Cubic spring)

A = a a_ ¢
aumimimaaumaqszuumglugﬂ WUULUGINDGL

m 0 ||y, () c,+c¢ —C y.(t) k, +k —k y,(t)

2 2
.o + . +
0 m y,(t) —C c.+c y,(t) —k k +k y,(t)

2 2 2 3 2 2 3

By () +7y.(t)=B,(Ay) —7,(Ay) f(t)
+ 2 3 2 3 = (7)
B,(Ay) +7,(Ay) + By, () +7,y,(t) 0

laofl Ay =y, —y; (Ay) =y.-2yy,+v.; (Ay) =y.-3yy. +3y.y,-v.,

- I 1 ~ = 1 a a a a o w
wae By (1=12,3) dumasivesalslidudulumennieaasian uazasin awdiey

ult) ————» SN 20
uy(f) —— |  Nonlinear system E— 2 ()]
Upe(t) ———— > —> noll)

[ ¢
311 2 s2u B ABIZA LA ETHA T

dlddygoutudu £(t) =FF(t) Taouwssfuandfyadu F usslisynonduduwaritu

I 0/ 6 I
PN f(t) argty'lmaaﬂmaoi:uulugﬂ LL‘]J‘LI“IJQGFJHT]?&I“UEO']G@L(ﬂaii’]ﬁ]uﬂu

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




5 Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

LY.

0} =3F { yi}=XF Y
v} =2F{ yif=% 7, ()

Y, Y,
k() P: L) K (y) k,(y)

c Q __Q c [ONN®) c

1 2 3

2 2 2
k(Y)=k +By+Yyy : k)=k,+By+Y,y; k()=k,+By+}Vy

31N 3 STUUsEALAMNLES FaIIwN N a9 Loz dn

A ¥ o a o a & P A v
Waunuaums (8) luaums (7) wavinmsiieusudsednt F' (@ n = 1) S9azla

[MI{ 7} +[cl{ vy} +[KI{ yir} ={roy = 1| y)] ©)

lagn H[ ] @e lowediniaas (Operator) vasWuritumalonsuaud n vasszuy
—1 A ') o v o A
H'[ ] deTawasiniaesuniu (Inverse operator) sa3Wsritudslousudui n vas
JTUU
o o & e o oA A a @
fmsuWsnTuanelansuaunnisaassruuaansaidonlaidu

1H11(a)) 1H12(a))
H = 10
Lrol= 4w "

. A A
\ia H (0)=Y—"—+2—— (11)

Faculty of Engineering, Kasem Bundit University Research Article




3AonssuaIsinuuUruzia Jn 11 alun 3 NUYNYU-SUIIAU 2564 /

Tagf j:\/—_1

A fa fasnngiuiow i

ﬂri = _é/n'a)ri ija)ri V1_§r12

@, = ANNATTINT@A WignningIuiio |

A A @8 dyadiietau (Complex conjugate) 184 A uaz A anud1eL
p Ao Jaf gy ITean (output)
=

o

q fia aNIaFY YN (input)
Tymeanvasszuuluzueinisdszau (Convolution) 1

()= i h (0)f(t —7)dr (12)
v, (= T h (Df(t —7)dT (13)

fwsuWaiTuinslausuaufized sunsamlalasunuaums (8) M (7) usvihmafiey

o a &% 2 A A v
ﬁ&lﬂiza‘nﬁ“ﬂa\‘] F (Yl n= 2) sﬁ\quzvl@]

By ()= B(Ay)

[MI{, v} +[cl{,y} +[KI{,vt)} = s+ pyien|

By )= B (Ay) u,(t)
=—H (15)

%30 y()g=—H , , 1
Ly} B,(Ay) + B.(,y, (1) u, (1)

LL&:I%gﬂm a9mIvszanidn

V()= i h (7)u (t—T)dT = 71 h (T )t —7)f(t—7,)drdz,  (16)

LY, ()= T Jh (D)u,(t—7)dr = Ofo T Lh (7, 7,)f(t —7)f(t —7,)d7 dz, (17)

—00 —00

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




3 Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

Waunu u (f) was u, (t) 3NFUMI (15) Tuauns (16), (17) waznuaun1y (12), (13) Tu
auMs (16), (17) azle

00 00 00

Y0 ==1 11 h @I h(&-1h(& D

_ﬁ2{1h21(§1 —f)1h21(§2 —Z')—2 1h11(§1 —Z')1h21(§2 _T) (18)
+ ., h (& —71),h. (5, —ONf(t = &)f(t —&,)drdS dS,

2yz(l‘)=—_f _f _f h, (DB, h, (8, 1) h, (S, —7)

+ﬂ2{1h21(§1 _T)1h21(§2 —7)-2 1h11(§1 _T)1h21(§2 —7) (19)
+,h, (S, = 7)), h (S, —ONF(t = &) (t = &, )drdc d,

Walflsugums (18), (19) AUFNMT (16), (17) 3 ldmInauauasnuuaaauaufzasdn

2h11(§1’§2) = __I 1h11(T)[ﬂ1 1h11(§1 _T)1h11(§2 _T)
_ﬂ2{1h21(§1 _T)1h21(§2 —T)—2 1h11(é:1 _T)1h21(§2 _T) (20)
+ 1h11(§1 _T)1h11((§2 _T)}]dT

[ee]

2h21(§1’§2) :_I 1h21(T)[ﬂ3 1h21(§1 _T)1h21(§2 —7)

—00

+ﬂ2{1h21(§1 _T)1h21(§2 —7)-2 1h11(§1 _T)1h21(§2 —7) (1)

+ 1h11(§1 - T)1h11(§2 —7)}dt

waztia knnsuasa aavxlﬁm%aaaﬁﬁa:ﬂﬁﬁoﬁ%’uriw glanauaungadiiln

2H11(a)1,a)2) = 1H11(w1 +a)2)[(ﬂ1 —ﬂ2)1H11(a)1)1H11(a)2)
(22)

-2, H, (@) H,(@)+p, H, () H, )]

2 1 N

12 2 12 271 21

Faculty of Engineering, Kasem Bundit University Research Article



3AonssuaIsinuuUruzia Jn 11 alun 3 NUYNYU-SUIIAU 2564 g

H21(a) 602)=1H21(6()1+602)[2ﬁ2 1H11(a)1)1H21(a)2)—,82 1H11(a)1)1H11(a)2)

~(B,+ 1) H, (@) H,,(@,)]

2

(23)

v

o o o A 6 v A ot a A€ 3 P
zyzy’lmaaﬂamunmmaqaunsmaamassw ‘Iﬁ’]vl,@]’ﬂ’]ﬂﬂ’ﬁlf‘(]?_mﬂ&lﬂizﬁﬂﬁ F-(nn=3 )vl(ﬂ

208, - B,),y.(t),y.(t)+ (¥, —7,).y.(t)

208, +B,),y,t),y,()+(r, +7,) v, ()

28,{y,(0),y,(t) = y,(0),y,()—,y,(1),y,(0}
(24)

w28, {y,(0),y,(0~ v, (0,7, (0~ y,(0),y,(0)}
24 yi-3 vy m+3 vy, 0]

w7, { VI -3 y 0 yi+3 yi(),y, 0}

WarihlWegluzdsasnisdszaulasldnannisdornunusunis (20, 21) sz ldle
o o o A A ¥ a 6 aa v & & 1
Fygnuuuasduaufisuuaziiialgnsudasresyiissunmaddaz ldWaddudolan

o o A
auAUNR VLD 1

H11(a)1,a)z,a)3)=—1H11(a)1 +a)2 +a)3)[2(ﬁ1 _ﬂz)1H11(w1)2H11(w2’a)3)

3

+(71 _}/2) 1H11(w1)1H11(a)2)1H11(a)3)

—2ﬁ2{1H21(a)1)2H21(a)2,a)3)— 1H11(a)1)2H21(w2’w3)
(25)
—2H11(6()1,602)1H21(C()3)}

1= 1

_72 {1H11(a)1)1H11(a)2)1H11(a)3)_3 H (a)1)1H21(a)2)1H21(a)3)

+3,H, (@) H, (@) H, (@)} ]

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




]” Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

3H21(a)1,a)2,a)3) =—1H21(601 +a)z +a)3)[2(ﬂ2 +ﬂ3)1H21(CO1)2H21(C02,0)3)

+(]/2 +}/3)1H21(a)1)1H21(a)2)1H21(a)3)

1727 21 27773

+2ﬂ2{1H11((01)2H11(6()2,6()3)—1H11(C()) H (a) a))

(26)
_2H21(_2H11(w1’a)2)1H21(a)3)}

+7/2{1H11(a)1)1H11(w2)1H11(a)3)—31H11(a)1)1H21(a)2)1H21(a)3)

+3,H,(@) H, (@) H, ()} ]

' o o o { A&
IMNFUNIT (22) LA (23) ‘wu:nﬁﬂaﬁmumﬂauau@uﬁ%uﬂugﬂ H. (0 +0,) uaz
s \ A \ o v a a o a
H, (0 + o)) maglugﬂmaammn o, + o, lagazsinariliiiaanuiguansluiia

auwAUTIF89(Subharmonic) WLAZENNTT (25) WAz (65) azinaw H (o +o,+0)use

A = d' ) 1 o v Aa 4:1' ot a
H (o + o, + 0)5adianuide o + o, + o, lagazssuarldiieanuisuailaia

121

™ Qs dl A a v =3 1 é’ o 6 o 1
auaungd Gilasdsndusranslufainaitanany ba lunisdiwi N nTwan s Loy

Y(a)) d o o o @ { o
H (@) =— efapdﬁﬁﬁms’mmyryﬁmmmn@m'}mmﬂﬁm@ﬂmﬁLﬂu@'hl,mmi,waaﬂmuﬁw N
U (@)

(Resonance frequency) 16 watnv¥insuangyuianand biidwdaduaiuauias [2,3]
WEAABLFNMITAUFNNNT (22), (23), (25) LAz (26) LAINITENNITDWANUANBINUTSI Lo
fRIUNITAaTUES L uRA WL AN TIIWINTHEN 8 Lana kA UNFaILAZEIN IZWLIN
Iuaumsﬁ]:ﬂszﬂauﬁaﬂﬁaﬁ“ﬁ'ufhﬂIaué'u@”uﬁﬂﬁaﬁﬁﬂaﬁuﬁwauagﬂ@Uﬁaﬁﬁ'ufimiau
o o A A A A a = o [Z
auaUnNEIIzlney H (@,0,) Wil o, + o, =0 Wi o +o, = wrzﬂazmh
a o v o A J S v & a A A < {
LLauﬂagmaaﬁaﬁﬂmmfﬂauau@uwaaagwumi%mumﬁaum@mwnﬁssumm Ny 9N
AN @, WAT o, HINANAININAIMNDTITNTIAVINIATUEE Lo waUNRHI wazln

° = o o e o o A = A . A o X
Y]’]uaﬁl,@ﬂ’]ﬂuﬂuﬁﬂﬂ“ﬁ%ﬂqUI@%Q%@I‘UY]a’]uﬂﬁ]zl,ﬂ@ﬂi’]ﬂgﬂquﬁul;@ﬂjﬂuu

4. WHANIIATUID
A v & R ad P ] o o, Aad AN vo o
LW@iﬁLV\%ﬂG’Jﬁﬂ’li%'lﬁdﬂ‘ﬁ%ﬂ'lEJIE’J‘I«LE]‘H;@]U@IWG 9 @l’lﬂJ’l‘ﬁﬂ’]TﬂvL@]%’]Lﬂ%avLﬂ YNNI
ﬁ’]u’JmL‘Ti\‘)@T’JLﬂ‘IJ"IJEl\‘lSZfIJU@I’IMEﬂﬁ 3 laoinual® m, = m,=1kg; ¢, = 0.3 Ns/m, ¢, = 0.2
A o @
Ns/m, ¢; = 0.3 Ns/m; Wae ky = k, = ky = 10 N/m G932z A le @, = 3.16228; @, = 3.15872;

Faculty of Engineering, Kasem Bundit University Research Article




3AINSsuaIsINUUUnUna Un 11 alun 3 NUYIYU-SUIIAU 2564 ]]

1
1
¢ =004743; {u}, :T [ WRE@= 5.447723; 0= 5.46603;¢ = 0.06390;
2
1 1
{u}, =— wazFnvasaUSslailaawmdn B, =1, B =2, L =3ua =1 = 2;

J2 |-

° { Y ' o { A {
7% =3 wamidwinluzuf 4 usasWsigudnslonduauiniaauaunis (1) az lugud
5uaz 6 lawWenTuatalonduauizadIauaNnT (22) Laz (23) NZUAINAILARI
A A a [ 6 o ' v o A A ] = 6 6 a
anudyag I (ANuATIINTA) asinuiituinlonduaufinil udwzdglidesaniueiia
a & 4 A \ A & ' A o P =
Wadunanuddusarivesanudyagiunigeswny sauanuidgualufiaazidunlelu
o d ) A <& = '
myaualugtf 7 uaz 8 luuwadunuosyn Jadunsvveslualuunuasuuufon s
luzuf 9 uaz 10 iunmlualuwnuuandfgauuuianvasfaidudinloududuiauau
A & o v { ld ~ Qs a
aumT (25), (26) Fudunsiiaualuuwidunussgui o, + o, + o, Taniutualaie

naNuddNIANUIYA AN

5. &3l
NMIUIEYNA L TauNINTBIBAIADTI ALTZULIZALAMUIRTNOITUULLRDIF YT
‘d o U = 1 e 1 o o 1 o v
sanwilsggyIondn anduwitmemiisiTuanlanduauds 9 aa9szuvazilasnn aan
& ] o o ' 13 & ' & & '
nWvasiaitudolauduaueng 9 sasaunIuzaaaiaa s Weidudislan
duaufirasuaza takiauaunudadsidisuanlfaaunuien aziuldatetaauii
Wargudislandtualafinlsngodretaian Wendudalowswaunaasezdgualufian
{ o . A 2V e A
anuddnianuiysgusesrindildinanenud o, + o, =20 lunsuuinzassums
(22) waz (23) daularituislanduauiiany sxliduanilufiananuddiniianudyagiu
' = a -
RIULYT TINIIINLNBULINNIIVINABVBIFNNNT (25) WAE (26) TIN1INLNEY
] a o o a & ' & o '
o, + 0, +o, =30 SilunmujiGmesdualuianiibizdinguegluiaitudie
Y ()

v o a4 A Py & a ea
lausuaunnits thasanmamNanguaislowlunsdjideswinn H(w) = M3

U(w)
a a A a 6 @ ' a on 3 v o A
naniassnnuAanaalumyianstsuaslanlunmed fiidaansavh leleslsay g o n

= v té o v td' T a v v
YIwWIauad ¢ 51Tx1’ﬂ$7]’]1‘|ﬂLY]QNVIVLNL"Ii\‘JLﬂ‘l«Lﬂiﬂﬂg:]E’]E]ﬂil’]%ﬁlﬂ

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




I

35 35
. 3 . 3
52.5 %’2.5
32 3 2
‘;:1.5 ;;‘1.5
— 1 — 1
0.5 0.5
0 0
0 2 4 6 8 10
@ (rad / s)

(n)

Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

0 2 4 6 8
@(rad / s)

(2)

gﬂﬁ 4 Worguanelonsuauinite Bode plot) (n) H (@) waz(2) H, (o)

@y (rad /5

23 25 00 2%

s 5 Wenzuaralonduaviiges H (o, ,)

Faculty of Engineering, Kasem Bundit University

Research Article



3AonssuaIsinuuUruzia Jn 11 alun 3 NUYNYU-SUIIAU 2564 ]3

-
8]

(dB)
o © =]

H21 (601 ’ wz)
o~

2

1 13 45
@ 719 2 p 25
1(rad/s) 27 29 31

sufie  Worzwanalonsuauiiaes H (o, @,)

40

20

(dB)

-20

-40

1"

zH ((01.602)

-60
Subharmonic

-80

-100

-120

0 1 2 3 4 5 6 7 8 9 10

@(rad / s)

s 7 Wenzuarelonduaviiges  H (o, ,)

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




/4

Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

(dB)

-1

-2

21

-3

H,(o,.®,)

2

5

-6

40

20

-20

(dB)

-40

-60

1

H (0. 0, 0,)

-80

a

-100

-120

-140

)

Subharmonic

0 1 2 3 4 5 6 7 8 9 10
@(rad / s)

s 8 Wonzuarelondwaviiaes | H, (o, ®,)

0 1 2 3 4 5 6 7 8 9 10

@ (rad / s)

suie  Wenzuarelonduaviiawn H (o,.0, 0,)

Faculty of Engineering, Kasem Bundit University Research Article




3AonssuaIsinuuUruzia Jn 11 alun 3 NUYNYU-SUIIAU 2564 ]5

30

20

(dB)

-20

3H21(w1’w2’a)3)

-30

40

-50

0 1 2 3 4 5 6 7 8 9 10
@(rad / s)

suUfi 10 Werzuarelonanaviiaw H (0,0, 0,)

References

[11 Schetzen M. The Volterra & Wiener theory of nonlinear systems. New York: John Wiley
& Sons; 1980.

[21 Boonmalert P, Chouychai T. The first and second order transfer function of hysteresis
damping non-linear system. Kasem Bundit Engineering Journal 2019;9(1):152-65.

[3] Boonmalert P, Chouychai T. Nonlinear parameter extraction of SDOF viscous damping
system. Kasem Bundit Engineering Journal 2020;10(1):81-92.

[4] Peng ZK, Lang Z Q, Billings S A. Analysis of multi-degree of freedom nonlinear systems
using nonlinear output frequency response functions. Research Report. ACSE Research
Report 2006; no.927.

[5] Worden K and Tomlinson GR. Nonlinearity in structural dynamics detection,

identification and modelling. Florida: CRC Press; 2019.

UnAIIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




]5 Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

a

1EFe)

U A

IS T REY

Yo ygada Tadudisediunienasddzdianin
SAINITULATAING ATKRAFINTINANRAS NANINENR LIRS INIANT

0-2320-2777 6181203 E-mail: parinya.boo@kbu.ac.th

5 RYAY ﬂﬁ]ﬁ;‘ﬁ'u@‘iﬁa@'ﬁmemmiﬁﬂs:'«i‘hawﬁm
FAINTTNLATOING AMZIAINTINANRAT VRIINLIAYLN BN A A
TN3AWH 0-2320-2777 6181203 E-mail: thanu.cho@kbu.ac.th

Article History:

Received: May 28, 2021
Revised: November 10, 2021
Accepted: November 12, 2021

Faculty of Engineering, Kasem Bundit University Research Article




3AINSsuaIsINUUUnUna Un 11 alun 3 NUYIYU-SUIIAU 2564 ]/

MINAWILLUTIaaIN I ABAFFATIRa A ana 51Uz
sruuilaanadan CRV TN PRI RIS E EG TR I, DN
DEVELOPMENT OF A MATHEMATICAL MODEL TO SELECT THE
WORKING FLUIDS OF HEAT PUMP SYSTEMS FOR MEDIUM-

TEMPERATURE DRYING APPLICATIONS
8539 FAUETS FUTIY SUIAGETEGS Uas ’“Jqﬂfrl,vﬁua:m@a
813134, ﬂmeﬂﬂIuIaﬁqmm%ﬂim WAINERUTNTADNUREIATIY
156 Wi 5 GIUANAUTUNE 5’0%?”@ﬁﬂn¢1aﬂ 65000, sorawitsonsaree@psru.ac.th
29127198, AUILITUNRINUELINN ATULINIENFAT VRIINLRLWLIAT
99 1y 9 G‘immh‘[wﬁcaumi‘@ﬁm%“[aﬂ 65000, somchaij@nu.ac.th
97139138, ANPRUNRINUNAUNWURZENTANTANALUIAE VR INERUULIANT

99 i 9 duariIwd Jsnianwmlan 65000, Wisutc@nu.ac.th

Sorawit Sonsaree’ Somchai Jiajitsawat2 and Wisut Chamsa-ard®
'Lecturers, Faculty of Industrial Technology, Pibulsongkram Rajabhat University,

156 Mu 5 Plaichumpol Sub-district, Phitsanulok 65000, sorawitsonsaree@psru.ac.th
*Lecturer, Energy Research and Promotion Center, Faculty of Science,
Naresuan University, 99 Mu 9 Tha Pho Sub-district, Phitsanulok 65000, somchaij@nu.ac.th
®Lecturer, School of Renewable Energy and Smart Grid Technology (SGtech),
Naresuan University, 99 Mu 9 Tha Pho Sub-district, Phitsanulok 65000, Wisutc@nu.ac.th

unanga
Nwispilidumsnamuuusassmsadiamaaiiioldenasrinausesszuuiuenyfou
fniunuauuisgamnndliunany luns@inen 7 aandsdrandsznavlddls (1) aan
m3lnsvasssvineuluszuuaatsunmanutouiszsuunaald (2) sasmslnaidlsunas
Pa9g13uluszuy (3) Usunasmssaluniassale (4) mmé"uqa@i”mm%amm%u
(5) qm%gﬁmsﬁﬁmuﬁaanmmﬂ%adé’@vl,a (6) ATIFINANNGU Uaz (7) ANFNUITANT
ausInuznhAasauasiuaIuiau (CoR,, ) vL@Tgﬂﬁnmlﬁﬁiaﬁmsmﬁm‘%ﬂmﬁﬂu

miﬁ"mulm:uuﬁummi”auﬁﬁmu 15 813 Namiﬁﬂ‘mLﬁaqmﬁgﬁﬁmm%aamuuuuﬁ

UnADIUIRY ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG




]3 Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

A A &/ ] (3 A =3 a v A t}’ a [
gaunpfivingsdu wod aaudsf (1) 8 (6) sxfiuwmlilningsluavgunniuazanuai
| { A & . @ 4 & o A X A o
LANAINANT® Fauautsn (7) wu azfuwrlduaaasanunisiinduzasguny ianu
{ | { A {a & . A o & |

3daIuutY lasnansanilanansanisnansznufiiiodudafsuiasan Nalua1uvas
myianslalauluussenmeasuaaslaailos (ODP) uazAnsawlunisvinldiianae
lansau (GWP) sanflsnnutasansdanisldaiu (nMydalnuazanadufe) wudn
R-1234ze(E) (lumsrhnuiminzaungaiosdisdnaniznudaiuiadaniosnga uaz
A @ a a5 o Y A A A ) a A

fdrdudsz@nanssauzmaviianuiaungalai sunuansang 1998980 Aa R-1234yf
R-1234ze(Z) R-1233zd(E) R-290 R-600 R-245ca R-245fa L8 R-236fa ANRIAL

o o

AEIAT: LUDSIRaInNamamaas, Tuanusan, 813709

ABSTRACT

The purpose of this research was to develop a mathematical model for selecting the working
fluids of the heat pump system for medium-temperature drying applications. In this study,
seven variables consisted of (1) Mass of refrigerant per unit heat output (MPH), (2) Vapor
volume flow rate, (3) Displacement volume, (4) Discharge pressure, (5) Discharge
temperature, (6) Pressure ratio, and (7) Coefficient of performance of heat pump (COR,. ).
These variables were used to compare 15 substances used in the heat pump systems. The
results showed that when the condenser temperature increased, the variables (1) to (6)
tended to increase with the difference in temperature and pressure. As for variable (7),
it tends to decrease with increasing temperature and pressure on the condenser. Moreover,
the results showed that when the environmental impact of both low ozone depletion potential
(ODP), low global warming potential (GWP), as well as safety (non-flammable and non-toxic)
of use is considered. R-1234ze(E) was found to be the most suitable substance because
it has the least impact on the environment and has a high COR,,, compared to other
substances. Then, followed by R-1234yf, R-1234ze(Z), R-1233zd(E), R-290, R-600, R-245ca,
R-245fa, and R-236fa, respectively.

KEYWORDS: Mathematical model, Heat pump and Working fluids
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QCond = rﬁr (hz - h3) = (mcp )w (AT)Heatsin k (2)
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Inpl“: T.Eucr.p' TCond' RVCHP: QEuap- n(.‘omp.l'sen- SH' SC' ATemp
Y
v v
Condenser: Evaporator:
Ty = Teona — SC Ty = Tgpep + SH
Peong = f(TCond) P.Evap = f(TEmp)
hs = f(Tza PCond) hl = f(Tl- P.Eucr.p)
V 7 Sl = f(Tl-P.Euap)
Expansion valve: Vy = (T2 Proap)
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$ Compressor:
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m, = ———~ 2.5 1
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<
+
B~
W
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5
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;saJ‘ﬁz ARADUNITANWIMVDIUUUINADINIIAMAFITAS

- qm%gﬁmaam%aﬁwszmy (Tewp ) A8 50 °C (LﬁaauualﬁqmmﬁmaaLma'amw%’au
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gamnnITy Ludu)
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- qm%gﬁmaam%aomuuﬂu (To,q) A8 60 fi9 80 °C (Lﬂumaqmﬁgﬁﬁ%ﬁ’mﬂﬁmu
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- lifaenuduan (Pressure drop) Aitindulwea3asiszng uaziaasnuin

- Usshnsnwloamlnsdnvesniassale (Isentropic efficiency) fia 80%

- qm%gﬁmawaammlﬁuﬁam@ (Sub-cooling, SC) LLazqmﬁQﬁmadam'zz"la’s"auﬁdsrm
(Superheating, SH) fla 5°C

- guUavaIsIvNwluszuusridsanlysunsn REFPROP Mini 7.0 (Free License) [18]

]
v s o

-wpudraainadiasaainldgniaurszgnduimlaslillsunsy MATLAB
(Academic License)
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-
srwaTaaiazing [19] nduswaasaiawmail (h) wulnsdsumwz (s,) wazuSanes (V)
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Comp

) antuenang g dduwamldle gmnﬁuqm%nﬂﬁmmm%m
AV (ATemp) AsI8z 1°C (60, 61, 62, ..., 78, 79 14 80 °C) a:gnﬁqmﬁwmmmé’mw
m3lnavasssrinnuluszuudesinmenuiouiszuunaale (Mass of refrigerant per unit
heat output, MPH) 8a3NT aLTIUSuIaTVRIRIIIN Ul uTT LY (Volume flow rate of
refrigerant, V. ) USu1asn1ssaluiadasdale (Displacement volume, DV) AITNAUGS
FIULA3IAILLIL (High-side pressure) qm‘ﬂgﬁmsﬁwmuﬁ'aanmmﬂ‘%'aaa“’ﬂvl,a BATIEIN

Qo 1 Qo a Qg o k4 4
AITNAK (Pressure ratio, PR) LazAd@ulsz@NTaussnuen13fi1n1u3an (COR, ) 1D
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ﬁ&lSJalﬁizﬂﬂﬂuﬂiqw§a%ﬁﬁﬂqiLﬁN'FlILLﬂ'W‘Wﬂ’T]N%ﬂu'ﬂ’mLL%E‘iGﬂ’J’]&J%’ﬂ%E}‘m%Qﬁ(ﬁ’] Uszuno

50 °C lﬁLfluLLmiaﬂ’nm’auwﬁ’aﬂ"ﬁmuﬁﬁaﬁmﬂgﬁagslwﬁ'ao 60 119 80 °C

]
~

A19191 1 auﬁ?m'm?laﬂﬁmaamsﬁ'm'm‘luszuuﬂumw%’auﬂgﬂﬁﬂmﬁmsmﬂ [10,

20-24]
Critical
Working Normal Boiling Critical Safety
ODP' | GWP? Pressure
Fluid Point (°C) Temperature (°C) Class®
(bar)

R-290 0 0 42.00 96.68 4.25 A3
R-236fa 0 9,810 -1.40 124.29 3.20 A1
R-245ca 0 693 25.00 174.42 3.93 -
R-245fa 0 820 15.10 154.01 3.65 B1

R-600 0 4.0 -0.50 152.00 38.00 A3
R-1234yf 0 <1 -26.00 94.70 33.80 A2L

R-1234ze(E) 0 <1 -19.00 109.40 36.40 A2L
R-1234ze(2) 0 <1 9.80 150.10 35.10 A2L
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ABSTRACT

The objective of this research is to design and develop a plate cutting machine for community
enterprises. The machine was designed to adjust the speed at a maximum of 800 rpm and
its was able to cut fresh bamboo shoots with a plate thickness of about 3 mm. Moreover,
the test in differences of the cutting time of 3 types of bamboo shoots in the community
involving in Kimju bamboo shoots, rough giant bamboo and sweet rough giant bamboo
shoots. The results of the timing performance test of the plate-type fresh bamboo shoot slicer
showed that Kimju bamboo shoots average time was 36.73 seconds per kilogram, rough
giant bamboo had an average time of 32.74 seconds per kilogram, and sweet rough giant
bamboo shoots had an average time of 27.48 seconds per kilogram. The average time of
the bamboo shoot slicer is 32.32 seconds per kilogram. Data were analyzed by One-way
ANOVA with significance level of 0.05. It was concluded that bamboo shoot type had no
effect on cutting time and the mean time of slicing of all 3 types of bamboo shoots is
representative of the plate slicer. The efficiency was compared with the traditional strand
and plate pickled bamboo shoot slicer. It was shown that the average time was 25.31 minutes
per 10 kilogram at the blade speed of 800 rpm, which was an average time of 151.8 seconds
per kilogram. Nevertheless, the time the representative of the designed disc shredder was
32.32 seconds per kilogram. It was found that it took 119.48 seconds less time, representing
a 78.71 percent improvement in performance.

KEYWORDS: Sliced Bamboo-Shoots Cutter, Bamboo Shoots, Cutting Speed, Efficiency
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IMPACT OF SAFETY MEASURE ON LABOR PRODUCTIVITY
IN CEILING ACTIVITIES
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ABSTRACT
The purpose of this research is to study the impact of safety measure on labor productivity
in ceiling activity by studying 4 — story 42 units residential buildings in Bangkok. The safety

system composed of (1) stable scaffolding system, (2) providing clean and not slip walkways
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on the scaffold, (3) providing personal protective equipment for workers, (4) responsible for
scaffolding and (5) scaffolding permit document. Productivity rates for prior and after the
used of safety measure are 1.85 and 1.66 m? /person/hr., respectively. The productivity
declines for approximately 10.27 %, the working time for ceiling could take longer for 5.35 %
and labor cost could increase for 10.26 %.

KEYWORDS: Factor, Productivity, Ceiling, Safety Measure, Cost
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ABSTRACT

This research was aimed to study the kinetics of drying raw banana chips in two solar
greenhouse systems: System 1, normal greenhouse drying; and System 2, greenhouse and
supplementary heat system controlling by smart phone. The two systems were observed
and controlled via smart phone app. and an auxiliary heat source from a heat gun. the
system was setup to dry raw bananas to find out the efficiency. The system was able to
control the specified temperatures very well via a smartphone and the drying performance
could be monitored on the smartphone screen. The result of the quality of bananas after
drying revealed that at the determined temperature, they took only 4 and 5 hours respectively
where the final moisture content was at 8.01 %db. In term of color quality, bananas from the
test had almost the same brightness (L) as raw bananas. The overall color difference were
17.01 and 17.45. There were no statistically significant differences (p<0.05). The water
activities (a,,) were 0.577, which were below the standard (<0.6).

KEYWORDS: Smart Solar Greenhouse, Raw Banana Chips, Internet of Things
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AND BONDED RUBBER

Chaiwute Vudjung1 and Suwimon Thiakthum?

'Lecturer, Department of Chemistry, Faculty of Science, Ubon Ratchathani University,
85 Sathonlamark Road, Muang Srikai Subdistrict, Warin Chamrap District,
Ubon Ratchathani Province 34190, Thailand, chaiwute2110@gmail.com
®Lecturer, Department of Production Engineering and Management,

Faculty of Agricultural and Industrial Technology, Phetchabun Rajabhat University,
83 Moo 11, Saraburi-Lom Sak Road, Sadiang Subdistrict, Mueang District,
Phetchabun Province 67000, Thailand, suwimon.thi@pcru.ac.th

ABSTRACT

This research aimed to study the preparation of shock-reducing paving blocks. Typically, the
paving blocks are made of concrete mixed with three different materials, namely crumb
rubber, bonded rubber, and shock-absorbing rubber. This research focused on studying the
effects of crumb rubber on the characteristics of concrete and the impact of fly ash content
on the properties of bonded rubber. The tests showed that concrete had less density and
compressive strength when the crumb rubber content increased. The concrete with 10%
crumb rubber content by sand weight had the highest compressive strength (156.32 kg/cm2).
The vulcanization test of bonded rubber using fly ash as a filler revealed that MM,
increased when the fly ash content increased. However, the scorch time (Tg,) and cure time
(Tcgo) of the rubber were somewhat stable. The mechanical properties test of bonded rubber
found that tensile strength, elongation at break, and rebound resilience tended to decrease;
on the other hand, the hardness appeared to increase when the fly ash content became
greater. However, the bonded rubber with fly ash as a filler could not be chemically bonded
with the concrete mixed with crumb rubber. Consequently, it is advisable to design the
characteristics of bonded rubber to be physically adhesive to concrete mixed with crumb
rubber.

KEY WORDS: Crumb rubber, Shock-reducing paving blocks, Portland cement, Fly ash
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1. Introduction

The elderly are people who are different from other ages. Most of the common accidents
they encounter are associated with falling because they have deteriorating physical
conditions and unhealthy muscle strengths, especially hip, knee, and ankle joint muscles.
Typically, falling affects body movements and causes poor health conditions and other
complications, such as hip fracture, sprained ankles, and worse quality of life. Therefore,
home construction or landscape design is essential to prevent or reduce the possibility of
accident occurrence with the elderly, and appropriate shock-absorbing materials are
recommended for use. Previous studies have investigated the preparation of paving blocks
that could help to reduce the shock during the walk or movements. They also decrease the
possibility of accidents the elderly might encounter [1]. According to the studies, rubber is
mixed with concrete to reduce the rubber content, which is more expensive than concrete.
With this method, the paving blocks are cheaper, and they can also help to decrease the
severity of injuries from falling. The developed paving blocks consist of three components,

namely shock-absorbing rubber, bonded rubber, and concrete, as presented in Figure 1.

Filled concrete

Figure 1 Dimension and components of paving blocks

Concrete is the most commonly used material in construction. It is composed of
admixtures, such as stones, sand, pebbles, and water. In addition, other admixtures may be
added to yield specifically required properties. After the mixing process, concrete slowly and
gradually becomes hardened, and it is easy to mold and form. The concrete hardening
occurs from the chemical reaction of water and cement, known as hydration reaction. The
cement begins to bond to other materials and eventually forms a hard mass. In light of the

possibility that other materials can be added during the concrete mixing process, waste
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materials and polymer waste have been mixed with the concrete. For example,
Nitisuwanluksa [2] investigated the possibility of substituting polypropylene for sand in the
production of lightweight bricks. The study revealed that the substitution of polypropylene for
sand could reduce production costs. Besides, Amnuaypornlert et al. [3] examined the
mechanical behaviors of concrete mixed with ceramic utensil crumbs gathered from a factory
in Phayao Province. The fine aggregates were replaced with ceramic shavings, and the
substitution of ceramic shavings for fine aggregates increased the compressive and flexural
strength of the concrete. However, if the ratio of ceramic shavings was not appropriate,
concrete strength would decrease. Also, Tirasakkosol et al. [4] studied the repairing and
maintenance of concrete surfaces of roads using synthetic material and asphaltic concrete.
Their study showed that the application of synthetic material and asphaltic concrete could
effectively reduce damage to road surfaces. Road surfaces would not crack or break owing
to their strength and endurance; moreover, the wheel-groove subsidence rate also
decreased. Besides the engineering advantages, repairing roads using synthetic fiber sheets
also costs less than other road repairing methods at about 42 percent. Boonsung [5] also
investigated the compressive strength of paving blocks made from used tap-water filter sand
and found a rapid increase of compressive strength at an early stage of cure time. After that,
the compressive strength decreased. Therefore, the length of the cure time, rather than the
content of used tap-water filter sand, affected the decrease of compressive strength.

In light of the possibility that polymers or other waste materials can be added to
concrete, the research team was intrigued in preparing concrete mixed with crumb rubber or
rubber powder. Crumb rubber and rubber powder are recycled products of rubber wastes,
including old tires and rubber crumbs, which are results from the production process. The
gathered rubber wastes are ground using mechanical tools. Crumb rubber applies to various
uses, such as fillers in the rubber-sheet production industry, paving blocks, floor mats, and
rubber fenders. Crumb rubber is also used to increase the strength of plastic; moreover, it
is applied in civil engineering work. Even though crumb rubber initially has a higher cost than
other materials like stones, soil, or asphalt, it enhances the quality of civil engineering work.
Besides, it also reduces maintenance costs due to its specific properties. Therefore, it is
beneficial in the long run [6]. The application of crumb rubber mainly aims to reduce costs,
modify or improve some particular properties of the product, and reduce pollution by reusing

rubber wastes. Furthermore, the use of crumb rubber in concrete shows that concrete mixed
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with crumb rubber has a higher capacity to absorb energy, higher elasticity [7], and lighter
weight [8] as the crumb rubber has lesser specific gravity than sand or stones.

Fly ash has the main chemical constituents of Silicon Dioxide (SiO,), Aluminum Oxide
(Al,0O5), Iron Oxide (Fe,03), and Calcium Oxide (CaO). Its secondary chemical constituents
are Magnesium Oxide (MgO), Sodium Oxide (Na,O), Potassium Oxide (K,O), and Sulfur
Trioxide (SO;). In addition, it also contains moisture (H,O) [9]. These constituents are similar
to components of Portland cement. Previous studies have investigated the application of fly
ash as construction materials like cement wall blocks and paving blocks. The studies
revealed that fly ash could substitute cement [10]. It could also be a mixing ingredient in
ready-mixed concrete for construction work and additional raw material in the production of
construction materials, such as roof tiles, stakes, pipes, and prefabricated floors.
Furthermore, in their research, Budnumpecth and Tanpaiboonkul [11] examined the
appropriate ratio of fly ash substitution for cement. They found that the proper proportion for
lightweight concrete was the substitution of cement with 10-percent fly ash. Besides its
applications in cement and concrete work, fly ash is also applicable in geopolymer work.
Hanijitsuwan et al. [12] studied the substitution of Portland cement in geopolymer fly ash.
They revealed a positive effect on the mechanical properties and microstructure. The
compressive strength of geopolymer at one week of cure time grew when Portland cement
content increased. The increase of the compressive strength displays the decrease in the
sizes of gaps and cavities.

Consequently, the research team attempted to prepare bonded rubber to adhere to
concrete and shock-absorbing rubber. The preparation of bonded rubber would enhance the
application of rubber, which is elastic and excellent for shock-absorbing, with concrete, which
is durable but inexpensive, to make paving blocks. Therefore, the present research aimed
to study the substitution of crumb rubber obtained from waste recycled for sand in the
concrete-layer preparation for shock-absorbing paving blocks. The elasticity of crumb rubber
would result in concrete with durability, shock-absorbing ability, and lightweight. Moreover,
the preparation of bonded rubber mixed with fly ash was also initiated to enhance the bond
of shock-absorbing rubber and concrete. Fly ash functioned as a filler to create a chemical
bond between concrete and natural rubber to prepare shock-reducing paving blocks for the

elderly.
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2. Research Methodology

This research included three parts. The first part studied the effects of crumb rubber on
the concrete properties, and the second part investigated the impact of fly ash content on the
natural rubber used as bonded rubber. The third part examined the adhesion of bonded rubber
and concrete, which was filled with crumb rubber. The research conduct of the three parts
aimed to prepare shock-absorbing paving blocks for the elderly, as presented in Figure 2.

Figure 2 illustrates the preparation of paving blocks, materials, and research methodology.

Concrete filled with

Bonded rubber Shock-absorbing rubber
crumb rubber

N\ I /

- Testing properties of concrete filled with crumb rubber

- Testing properties of Bonded rubber

N/

Paving blocks for the elderly

Figure 2 Flow chart of research methodology

2.1 Preparation of Concrete Mixed with Crumb Rubber

Concrete mixed with crumb rubber was prepared using Portland cement with a cement-
to-sand ratio of 25:75. The sand was substituted by crumb rubber content of 10, 20, 30, 40,
and 40 by sand weight, and water was used 40 percent by Portland cement weight, as
presented in Table 1. Then all admixtures were mixed thoroughly. The molding of paving
blocks started when the cement paste coated the aggregate evenly. The sample paving

blocks were left to harden for 24 hours. Then they were wrapped in plastic film for a cure

time of seven days.
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Table 1

Mixture ratio of concrete mixed with crumb rubber

39

Mixture ratio of cement and admixtures/water (percent)

40
Cement (percent) | Sand (percent) | Rubber Crumb (percent) | Water (percent)

25 75 0 40
25 65 10 40
25 55 20 40
25 45 30 40
25 35 40 40
25 25 50 40

2.2 The rubber compound used for the preparation of bonded rubber between concrete

mixed with crumb rubber and shock-absorbing rubber on the top layer

The formula of the preparation of bonded rubber from dry rubber sheet and modified fly

ash content is presented in Table 2. The admixtures were ground in a closed internal mixer,

model MX500-TQ, and the rubber sheet was rolled in an open two-roll mill, model ML-

D200L450. The rubber vulcanization was tested using a Moving Die Rheometer (MDR)

before molding. The molding was done by extruding the rubber into the mold.

Table2 Rubber compound formula used in the preparation of bonded rubber
Material Volume (phr)
Dry rubber sheet 100
Zinc oxide 5
Stearic acid 1
Fly ash 0, 50, 100, 150
MBTS 1
TMTD 0.1
Sulfur 2.5
UNAJIUIYY

ACU:3AINSSUANAQS UKIINYNAYINUUUNUNAG



gﬁ Kasem Bundit Engineering Journal Vol.11 No.3 September-December 2021

2.3 Tests
2.3.1 Test of the properties of concrete mixed with crumb rubber

- The density of concrete was tested using an electronic densimeter. The concrete
was weighed both in the air and in liquid. In this study, distilled water was employed in the
weighing process because its density was clearly known. Then the density values were
recorded.

- Compressive strength was also tested. The sample was prepared in a mold sized
10x10x10 centimeters, as presented in Figure 3. After the seventh day of cure time, the
sample was tested for compressive strength using the compression machine.

- Morphology test of the surface of the concrete mixed with crumb rubber was

conducted using a scanning electron microscope (SEM), model JSM 5410-LV.

Figure 3 Concrete cubic mold sized 10x10x10 centimeters

2.3.2 Tests of properties of bonded rubber between concrete mixed with crumb rubber

and shock-absorbing rubber on the top layer

- The vulcanization time of rubber was tested using a Moving Die Rheometer (MDR).
The test showed the minimum torque value (M,), high torque value (M), scorch time (T,),
and cure time at 90 percent (Tcg).

- Test of tensile strength of the rubber was conducted using a tensile testing machine
at a stretch rate of 500 millimeters per minute and with a 1000 N load cell. A dumbbell-
shaped Die-C specimen was prepared, as shown in Figure 4. The test result showed the

tensile strength in MPa. The calculation formula is as follows.
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Tensile strength = F / A )

Where F is the force required to break, and A is width x thickness (the cross-sectional

area of the specimen while not stretched). Elongation at break (%) was calculated using the
following formula.

Elongation at break = [L — L,/ Ly] x 100 (2)

Where L is the length of the extensometer, L, is the initial length of the extensometer

(25 millimeters).

|
ﬁ
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—25
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e
’F
. -

Figure 4 Dumbbell-shaped Die-C specimen

- The rebound resilience of the rubber was tested. First, a round rubber sheet with
12.5+5 mm thickness was put in the rebound resilience tester, model GT-7042-RDA. After
that, the iron ball was freely released to hit the round rubber sheet. Then the obtained value
was recorded.

- The hardness of the rubber was tested using a Shore Durometer hardness tester. A
steel press pin was pressed on the surface of the specimen under the force that made the
stand of the press pin completely touch the specimen surface. The value was read 30

seconds after the press.

3. Results

The research results are divided into three parts. The first part shows the effects of
crumb rubber content on the concrete properties, and the second part presents the impact
of fly ash content on the properties of natural rubber. The third part displays the adhesion

between the bonded rubber layer and the concrete added with crumb rubber.
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30

3.1 Effects of crumb rubber content on the concrete properties

The concrete mixed with crumb rubber was prepared from Portland cement with a cure

time of seven days. The effects of the substitution of crumb rubber for sand at 10, 20, 30,

40, and 50 percent by sand weight on density and compressive strength of the concrete

were studied as shown in Figure 5 and Figure 6.
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Figure 5 shows the density of concrete mixed with crumb rubber. The increase of crumb
rubber content results in the decrease of the concrete density as crumb rubber has 4.11
times less density than sand [11]. Moreover, more crumb rubber content causes more gaps
in the concrete, resulting in less density.

Figure 6 illustrates the compressive strength of concrete mixed with crumb rubber. More
crumb rubber content causes lesser compressive strength of the concrete. Since crumb
rubber has more elasticity than sand, the compressive strength also decreases. Crumb
rubber also has specific particle characteristics of ductility and elasticity. Hence, when it
replaces sand, the compressive strength of the concrete decreases in relevance to the higher
crumb rubber content. It is in line with a study by Amnuaypornlert et al. [3]. In their study,
ceramic shavings were added to concrete to substitute fine aggregates and resulted in lower
compressive strength of concrete.

The study of the morphology of concrete mixed with crumb rubber, as presented in
Figure 7, found that the higher crumb rubber content resulted in uneven distribution of crumb
rubber particles and discontinuity of cement phase, causing hole effect [7] between cement
phase and crumb rubber. Therefore, the compressive strength of the cement decreases
when crumb rubber content increases. However, with 10 percent of crumb rubber by sand
weight, the morphology of cement still shows the continuity of cement phase without hole
effect between the two phases. Consequently, cement mixed with 10 percent of crumb rubber

by sand weight has the highest compressive strength.
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Figure 7 Morphology of concrete mixed with crumb rubber

3.2 Effects of Fly ash content on the properties of bonded rubber

3.2.1 The vulcanization properties of bonded rubber prepared from natural rubber with
modified fly ash content are presented in Table 3. Scorch time (Tg,) and cure time (T¢gy,) of
rubber compounds are not distinct when fly ash content increases. Similarly, Sombatsompop
et al. [13] studied the effects of silica and fly ash content on the vulcanization of natural
rubber and found that the higher silica content increased the cure time (T¢g,). However, the
higher fly ash content resulted in the stability of the cure time (T.q,). The cause of the stability
of Ts, and Tg is that the catalyst is absorbed to the surface of silica, resulting in an increase

of Tego. However, iron oxides, such as Al,O;, Fe,0;, and CaO in fly ash act as catalysts and

Faculty of Engineering, Kasem Bundit University Research Article




3AINSsuaIsINUUUnUna Un 11 alun 3 NUYIYU-SUIIAU 2564 ]0]

activators in the vulcanization process, making the Tg, and Ty somewhat stable.
Furthermore, the mentioned iron oxides cause an increase in My-M_, which indicates the
crosslink density of rubber when fly ash content becomes greater. Since iron oxides stimulate

the effectiveness of the vulcanization reaction, the crosslink density also increases.

Table 3  Vulcanization properties of bonded rubber prepared from natural rubber with

modified fly ash content

Fly ash Vulcanization properties
content (phr) | M, (dN.m) | M, (dN.m) M,-M, (dN.m) | Tg, (min) | Tcq (Min)
0 3.23+0.06 | 6.67+0.06 3.4310.06 1.4210.04 | 1.92+0.05
50 2.83+0.06 | 6.70+0.10 3.8710.12 1.40+0.06 | 2.0410.01
100 2.80+0.17 | 7.07+1.18 4.27+1.01 1.3710.14 | 1.93+0.09
150 2.73+0.15 | 7.23+0.90 4.50+0.75 1.26+0.08 | 1.87+0.01

3.2.2 Mechanical properties of bonded rubber prepared from natural rubber with
modified fly ash content

The effects of fly ash content on the tensile strength of bonded rubber are presented in
Figure 8. Tensile strength decreases in accordance with the higher fly ash content when
compared to the non-filler case. Interactions or acting forces between particles of fly ash and
natural rubber have low strength because fly ash contains high polarity components, such
as silicon dioxide (SiO,) of as much as 24 percent [14] and other iron oxides. These high
polarity components are different from those in natural rubber, which has lower polarity.
Moreover, the addition of a higher amount of fly ash causes lesser continuity of the rubber
phase, resulting in a decrease in rubber strength. Thus, the higher the fly ash content is, the

lower the tensile strength of bonded rubber becomes.
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Figure 8 Tensile strength of bonded rubber

The effects of fly ash content on elongation at break of bonded rubber are displayed in
Figure 9. Elongation at break decreases when fly ash content is higher. The elongation at
break of bonded rubber with 150 phr of fly ash content decreases 49.77 percent, compared
with the non-filler case. The elongation at break tends to decrease when fly ash content
becomes greater since fly ash particles hinder the movement of rubber molecules, increasing
brittleness. Besides, when adding more fly ash content, the continuation of the rubber cycle
also decreases. Therefore, the elongation at break of the bonded rubber decreases. The
morphology of fracture surface of bonded rubber prepared from natural rubber with modified
fly ash content confirms the decrease of elongation at break as shown in Figure 10. The
tensile strength test shows that an increase in fly ash content causes an apparent release
of fly ash particles. It means that the interaction between the filler and rubber is considerably

low [14] due to the incompatibility between natural rubber, which has a continuous phase,

and fly ash used as filler.
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Figure 9 Elongation at break of bonded rubber

Figure 10 The morphology of fracture surface of bonded rubber prepared from natural

rubber with modified fly ash content
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The effects of fly ash content on the hardness and rebound resilience of bonded rubber
as shown in Figure 11. Hardness tends to increase when fly ash content becomes higher as
the fly ash particles hinder the movement of molecular chains of rubber. When the fly ash
content increases, the elasticity of rubber decreases, resulting in higher hardness.
Furthermore, hardness varies inversely to rebound resilience when compared with rubber

without a filler.
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Figure 11 Hardness and rebound resilience of bonded rubber

3.3 The bond between bonded rubber and concrete mixed with crumb rubber
According to the study of the effects of crumb rubber on the concrete properties and fly
ash content on natural rubber properties, the substitution of 10 percent crumb rubber for
sand by sand weight is the appropriate crumb rubber content, resulting in the highest
compressive strength. The proper fly ash content as bonded rubber is 50 and 100 phr, which
results in hardness around 50 and 60 Shore A, respectively. It is consistent with the
satisfaction survey of the elderly toward the hardness in the previous studies [1]. The test of
the bond between bonded rubber and concrete mixed with crumb rubber applied the results
obtained from the satisfaction survey. Bonded rubber could not adhere to the concrete mixed

with crumb rubber, as shown in Figure 12, owing to the shrinkage of concrete from the
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surface of bonded rubber with fly ash as a filler. The concrete shrinkage occurs because of
the hydration reaction and moisture loss in the capillary pores, which change the concrete
volume or the shrinkage of paste. The concrete shrinkage appears to decrease if admixtures
can absorb water well [15]. However, the addition of crumb rubber, which is a low hydrophilic
material, causes a higher level of concrete shrinkage. Moreover, bonded rubber mixed with
fly ash content at 50 and 100 phr, which is commonly used as a hygroscopic material for
mixing concrete, cannot absorb moisture from concrete because natural rubber has a
continuous phase with a hydrophobic property and can have only 7.9 percent water swelling
[16]. Therefore, no chemical reactions that cause the bond occur, resulting in considerably
lower bonding strength between the two layers. Consequently, the design of bonded rubber
characteristics to physically bond to concrete mixed with crumb rubber, as presented in
Figure 13, has been initiated to benefit the making of shock-reducing paving blocks for the
elderly. In the process of designing the green print referenced by the previous idea and was
a concept to research of Vudjung et al. [1], resulted in shock-absorbing rubber as shown in
Figure 14 (A) and formed into paving blocks as shown in Figure 14 (B). For the adhesion
test, performed by lifting paving blocks off the ground by holding the shock-absorbing rubber
part, the shock-absorbing rubber and concrete were found to be well attached together as
shown in Figure 14 (C). Therefore, the knowledge gained from paving blocks research was
put into practice at Ban Mad Town Hall, Muang Srikai Subdistrict, Warin Chamrap District,
Ubon Ratchathani as shown in Figure 14 (D). It was found that the elderly commented that

paving blocks were softer and more comfortable to walk onto than normal concrete blocks.

Figure 12 Concrete shrinkage from the surface of bonded rubber with fly ash as a filler
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Shock-absorbing

rubber

Bonded rubber

Filled concrete

Figure 14 (A) Shock-absorbing rubber [1] (B) Paving blocks (C) Pulling adhesion test
(D) Paving blocks test

4. Conclusion

Concrete density and compressive strength appear to decrease when crumb rubber
content increases. The test shows that 10 percent crumb rubber content by sand weight
results in the highest compressive strength. The vulcanization properties of bonded rubber

with fly ash as a filler reveal that My-M_ increases when fly ash content becomes greater.
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However, Ty, and Ty, appear somewhat stable. The test of mechanical properties of bonded
rubber shows that although tensile strength, elongation at break, and rebound resilience tend
to decrease when fly ash content becomes greater, hardness appears to increase. However,
bonded rubber with fly ash as a filler cannot be chemically bonded with concrete mixed with
crumb rubber. Therefore, it is recommended to design characteristics of bonded rubber to

enhance its bonding with concrete mixed with crumb rubber.
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