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Abstract

This study used genetic algorithms combined with operation tree (GAOT) to
produce self-organized formula for the strength of high-performance concrete
(HPC), and compared its accuracy with five methods published, including
back-propagation networks, regression analysis, macro-evolutionary genetic
programming, grammar evolution genetic algorithms and genetic algorithms
combined with regression analysis. The results showed that GAOT certainly
could produce rather accurate self-organized formula, and it is more accurate

than other methods only except for back-propagation networks.

Keyword : genetic algorithms (GA), operation tree, high-performance concrete

(HPC), back-propagation networks (BPN).
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cBRERKwE KA ARRE ARG EGEECHANZENBAE R o3
/,}gﬁgzé,:.,},@ﬁ(ﬁtness) c RILWBE > PAFHRREAIR DY AEME -
® A & E(fitness function) ' A FAELG S BEAE L L ERGEILE
HREMMEL RAGEIMEPTRFABRE  BREBEEE R R3F
fERERAREABENTR - SR AU K EARBLRRHEBRRIHK -

® EiE(sclection) ! EMRA LW EFRMAMBAATEFLGORE > ARES
SR ER FEAEES RZUFEAERR - BAERGAOLEEMESAY
BRTHEERZ wRIBHEBYBEETRAIAALLEE AR E SR
TR BMALLBEENGER - FALYEEFXF | &8k (roulette wheel
selection) ~ #§ ¥ 18 7k (expected value) ~ 34 4 /& (uniform selection) ~ #} % ;% (tournament
selection) - & & 7% (steady-state selection)$2 ¥ 3 7k (elitism) o

(1) "% SN PEEALERABRELEREINABEYANEH  BEBH
MAZHBETFHORERES - HFIEZREEBRERQAMA  LHAEEFRS IR
FoBRAFTRD RILBA—EEHEER R ERAE BB -
EEBAZLEM HERESHARBIMGER  SBRERHFE—



(2)

(3)
(4)

(5)

(6)

B eBHAREHNEHEF AL E Y > A ARERS RN BRFTR
HE XE DU BAAHNREBGHEA -

YRk A%RBEYUR ERBERARRBAYN  BEELHTEH
BEBGEENS > AL eHAEARAHE - I B FRA KR BIERT -
foldm  BRMAALS SRR 2L TRAERT KA ROSHT LA RS
BBREMEE -

MYk RAESALCRMBH OB EHRE > 2 TREAF | A -
BREE BAEERALSELE  BASRGHMESL UK - Ak HMEL
HWADHBHTBREMEE BB EHEIHAKAS THTHEH -l
EARE BMEERTRARAEE  BEFHRSVE  BEMAAREHEEKX
BT RREAS c A AkE® THEa,  wFEE TEE ) > BT
DB EBFIUMATR  REHALEGRERGERRERE -

L B~ RET X AERA R GERY  T—KEE
BARSYh E—RFLTER - G- ROBLT > AR TFEEMBHEER
B s RSREENIRFEUARKA AR AR IHERERAL -
¥R RBEPSLeERE EBAB - ROAREHEREH TR &
RAZENBE T ESRRK -

® HZav(crossover) : FEHEERGEE I AL ERR AN wALGER RELSH
A FEE - BATE A ey kA =4 - 2 ¥ 2(one point) ~ # Xi(two points) ~ 3
4 (uniform) &% -

(1)

(2)

&)

EnEi DAL AL GTREAR XL | B8 | AW FEEL
He T | A THAE22-

BELEH UMALEAELNSBEBEAR > UL | B X & X
e kAL THEE23 -

94 Lk AR TR &4 0o RATHRE — ML SRR AR 0 B
AL 1 A FES-—SARL - TER_ERE > FHFES 0 B TEE—
BAE - FEE-_BAL TLELE 24 - RALG-EYL AL ERB R
ERURERE > MBZAARRARRZEHRATHNAL - —BAXR
B oBRARBIEFTHEARIGEE - BLHXERHARELHNER £
S R EE RS B4 0 LALSREERS - 4 RRBFHERRF
YTk -



BB 1111111
BAE 8 000]0000
FERE 1 1110000
FER2 000[1111

M22 BmnslxiE (7| BB

LAE g 11111}
ER 0]0000/0
a1 1100001
FEE2 011110

B 23 #3zhisk

LA 1111111
18 A 0000000
WK 0110100
T 1 0110100
T1E% 2 1001011

24 MHEHELEE

® Zg(mutation): AHBEFAMEBAMBELRAR - FlREE 0.1% HATARE
BRPE 0% ARASEAEE - FHARLRTA] - L ERAR - —HEE e
BOAAB= L2 RMH - i 01 % KK 1000 @EAFFRE—EER &0
B1IRG I PORRYME—BHTRI-EEELTUH 8 GARELRFRER
T T IS A SR A — A R PO Ak B oy B MR HR A BB T U
TREHEG  HldoDavis U MEMHHF X AL IREBRRREE B FFILGRIT >
FELE MR 0 BEEH[17]  BookeriR E RBAAAGTH  HEBEIREARY
E.EPRBARTHAM KRS TRABRESL KM FEFRIRE  SHWNEYE
&[20] -
AMERBHAREFEBONELEF X FLEBHEHRARR AL ELETR
BEood H U T R REHRSF9]
(1) ERBA)B1008  $HERB06 EF F150.001 -
(2) EBBEAN BT XHEZH09 REFRAH001-
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文字方塊


® R ATHRCGAFEHN T FRARLE AR - ECARZMGMHH LR
ABHE - LB LF RGF LR E mfE:
(1) TRt aRACHLEARTHIRE -
Q) EEIFAREZHEARNRE > H402004% -
(3) %RBNLLEBYRELECERTFELRTHARE v RFARTRE
o RARMOERECHEIEESEE -
4) FPIRAMHAURE BPaRE—F R RAERHFLAE #1008 4K
FHELSRFL -
FloeyBRh—EEE - B AR EITHFE  AREATRILER - FLL
AR ETUELREED  —EAFM AL — AR UHEE HERRAELERE
AT AL FELATHHYFMAL R TR ELARZHE THE - sl
AR ARMN X —Rek# LR BB EME — R - RFELRIL - &
EEAABEGEIR - TRETEAER - FTRFHKA B BTR EERBZAT
b E N TR MRS TR AR AL EFALRATAMHERH
B E[19] -

® iEfFEfkMiA(save best) ! ASEIL@AE Y  HAREARGEHEARNUIREET —
RiEk —EAFEH CAEFRBRTLAH 25

HHEENERE

No
SRR TE

b
R

A
TARIARER

B 25 GAM#EHE
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23 EBER A ABCAEFEZIRA

B#2FHollandt B EREHE X% > £ 2 HARMEHARERT L LARN
HEZY ERBEVTELAEREARE SR AR ENSREFEELLESBEAEETY
A8 A SUBR B3R -

Mikami[4]45 & » AR A R L Y8 FB2|—%BE - FARKALRRENL
EER BB EORETARARET, ALREUBEREZRARI AEHRR
> Aok FEF b Bgt -

Zhao[3|3 A £ LA S BT LR BARRERARE —EFBRANE - BHA
HEEEEAMEANE DB E A A REARE BB I M AH ARMAE 23
XSV HRBEMNFAGEBR  RL T LEAEH -

Tsai[23] AR BAE BB AT  HARMEEEZR KA R BLQLEEATRKERLT
LB BMREGERHRES -

Jellouli24|t At BB A REMNFRAER M ARLERGTR » ArURL RS
HEXRREBESTRAMNTINMN - FREARZE Y DRI B KA RE-

Yung2S]IA KB ARMERANHELER T AR - EHARBERELR
AHELBRAERAG MALNBARA BRERARBITRALEH—ERiita

Ao

HERXBRP TR RERAZESYE I EMAF RS S HARESNE
HAREF@RAXREARA LA MES S B A ROEAMRRELT K
HAREAARBFRFORBELRMEEN LATEARCAEEORES  A@UA
BEBE% RPETIE4FMa R EMBALBERMHES - L5 BR -~ SNES
LEFERAREEEFARAIES RSB T AORURRHI oA EABRBHER
BEL)EHRELAY ATHNBRAAFEELEERBHEYERERCAET R

A o

o

2-3-1 iR R H k84 5 Rt

RRMEABABREAN[2627] AF RSB ELE2ORB27H T~ B2 ALE
sEM A ek AR 0 B8R L WIF - OR - ANDIXATHENFR & A » & T ik ) B 1%
TR RERGFARR OB T BEEAS TR REM 0 sk
TSR AREEELZ[27]) B27R —EEHA Bk RAHA - L FX~XisiH L
EETFEHNEERERE DRELA( - x = X InKSin% . )AAHEARRT] ) R
HFATLEELFRAEE AN TLBRFE Sz BB MURIERHEER
BEM(BEREXERBERMLE.) A EEIRALYB Y -



IF (444 A; and #&#B;and #4C, and...)
OR (1% A; and 4B, and %4 C, and...)

AND (‘f‘%’f#Az and ﬁr’ﬁ"B], and 'f‘%ﬁ'—C3 and)

THEN #£35Y
B 26 REMBEVTEE[L]

ERES
B 2.7 A~AEAABRIRER

EN R

2-32 RIEK AL LS TP RE%

AP REBTRA-EEYVNEAI R EEYGORRRDEAR -RAR - R&
B W E - NN SERERESETHER MARLEROERAREAD
ANBFTE AR AREOENERREE——f Rz KRG EEHREH R
EEE AR ARz BARELESORRREBYBRARRLL T wig X :
® WABBEAL: uEBRERNBRFAELAD > RERKAMBHLGIRLD - BHA

BHAELHEZ -
® [EHEBAEL UHMEEIELEASEHABRERRZEBHEY -
® HEMZAL MERAEEIRLRALLETARELRMME -
® 4HAHMAE EREFELAFLREIANPRETREFHEBHET -

-4 AR EMHITEEEMNA
EHERRLAT IAREIRERAS T B AP HAHEL R/ EHA
PY ~ MR 248 M Bk a9 R 3T -

SNETY 1

AN HHELBL M EARREEAR - AORS TRRLABEBETRAG
BEEs » B3R B LRI HEARAEY - Kb B - WM EERBHKRAALY
B EE AR REILR A TR U TEALILSBELEE H &k M bt

B8N S AR EFEABY Tk AL HHERR LR ETEAKY -
MAR S R ~EB K- HBER - BEH TR FEHAGORAEUARBHAGA
EHONBBREARBEN SEREF BEWEEBIRIFESERERBELGEAHY

9.
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BB MEAE -

Chen[11] ¥ 3 & 4 # 4t 38 & % (Evolutionary Algorithms, EAs) ¥ #) 38 3 X & 1t
(Grammatical Evolution, GE)#t i E R e o) R B F AR MSHERR L RE
REFAABR o & F 85T 0 FRR BRI 2 438 5 47 (Regression Analysis, RA) %4 >
ER B EBIFEIGHT 0 HEENE FES -

ELRI2REREE LB EIMERARIOBERY - ARy RZEEKX (D)
SHBEE RBRFETORESA Y BAEEFREL HFLRPTEHAREA
HoQAXEHMEAL ERREFEEL AFLEASHU ORGSR HE—F

EREEBEHY oK Rdbzt gRASREE  HFEREARE - Ek
TERGEHESIS  AEREE s MHARLIEERACERTANG - BRBAT R4
BAWERERS -

HBRCEMERBERKRAE - H4 A E-FTHAZ - REHAAPHAE
HEHZSHAE MR AT WC A FMAIAAASHMSBRAE I BTHA
REBIREEZREHER LEE - FARAERASESEI 2 MM GREREER
HMBERRRSERES Yk Rkt R AT E 28 W ARE 0983 -

RS AR [29] B S R EN B AR R HBRRATANBE T > BAETR
BLA - A& RBIaataN RO RS  SHEART M RES R
b UABLIL R RSB TR L BRI HE  AaEN BLAARLRE
EEBHEAA I HRARBZIEERLRE L 2 0L - ERET > FARATRITZE
e RE ISR BERIEEZELR EXAAGMIRRREL  BARIMBRIT L
AEMgERR LRtz —EBAERAIGF AL -

Yeh[30]45 h AR B RABL R —HHEALGHE  RBRHRACLTEHEE
AEEE AR d—EAeARPEEBRBALRRIBERRRLEEN T k- 5B
BiRABIERMAERD  BEKR - BE HEK K- BRER -RETH - @FHOH
o BHEREEATANRRKEBRERE ST  REAERXRRINBETAH -
R~ REAERAIABEOMABEARESER -

Yeh[3142 ik — LB AN IHEEBRET  ABVEEBEFGMERIZ GE
AR RARG Y E  CARZASE  (DARTRUB AR EERE
ARG THAERGEERLY  QUFLERE LA — BT U FEETERILTRELAZ
R O HEE AT FRAERLETAEREAZRBES - XU
—EE R L BREE—-F RN TANY  ERET AHRE—ETITHSEERELER
bR R AL K o

Sonbei[32]4 —A £ A Tt 2 ZH AT EEB LSRG S H A RRIABITAHE
& o 33 FAEIE L % 3 .42 limestone power o] ~ EFELAF] ~ BB A F -« viscosity agent
AE-~ABE - FREOHMTLELERE 1 KA 2B XAEE  -BRET -MELEY

-10-



BUETEARMERHARESREARARRLELLHAAETR

Abbasi[33]% T &L it ERBETHEABREREY « 5 T HERR
FEE EEFREBRFANBEFHAIEFR  ABFREHARPGRELE K
R FEEARRL - HEFHHEAFTHL - BEHHARLE AR F - 2RGHF S H
L AR FEANBEEY  ARENZRFREATAERY

Sonbei[34] 4 THRIFBRAATERE AR ALRRE LM UMBATFT% u‘f/f:i%*%’rl%“ﬂﬂﬂ
BALSEGAHEAARIHHAAES - CwEARISHEHEKRAE - PFA &R
F KB - BBEHAE - FRAHRT %L%Hmﬁ*?i\%iﬁﬂOiﬁ@ﬁF
E-BRETMALBURTEHREERNPREREARALRLELEA TA-

—-BE

HMEZDRSARL-—HHEGIEERMHEEY  RERBORHUATRRT T L
R@ESRAAEEEABTERTIE  RAXTRRE  REHUVZTERE LR
B (DR EESEAREAZZBTE  QATEASHER T RBEYVAHZ G
EER RXARPEPHZLEHAAIPERA O ABAITRAML - WARR
WinEH —RREEZHTAAN  FHRASREAH THRANE -

RREGBOAREM I EEZBRBVAF L - —HREREREA I ZI L AE
Bt @M ENERREELHHAER I EEZ N AR A GRHA  QFIH

THALREREFZHBE Bk AXTHEABFPLEABMETLE - ERET (1)
EHAGHEREL TEEREBR—THAZIRAE > AP AAE2RAM | Q)BHL
EAREREMERBL I AESAREAREESHERERA  Q)HEAMENTR

B ARATHZFRIE  HERSAEZEY AL RABIE -

Khayat[37[45 A B F3x3t ey ik A6 X ERG B - s R PREL G TH
BERIFEREHHEY - BERPFUSHNABEHR Z - KB - SFHBEFTHIL - UAAH
HARMEASmERNE SRET AL ASEREH - LHEMEES  FHZH
AEBAYERILEYYRIENER - AT  RESZHBEFE N EEHHTEE - LR
BEABE - ARAMH T LA HERTERRANERIERT » BFECLER -
FEMERAGEL A AR EEL BEERHF AR T RELRILR -
BERe%F LR -

Larrard[38] A £ A F X E S SHERB IO THAEEY - REHEY - HAEY -
RASEHFELTY  Bwdsd HFR A — 55 5 BETONLAB &9 3 P A8 R AR £ &2

kst RAEIL AR -

-11-
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=% FZHERRIZBEMDZEA
3-1 3T %
HEH HPC BEFHLR AFRAUAREEZA T ML S —HBAFRHRUR
AMbse s ERMBEEHBR - aE
®  iE{E:E Bk i 485 5 #(Genetic Algorithms of Regression Analysis, GARA)
® FEFEEELZ4HFHH (Genetic Algorithms of Operation Tree, GAOT)
® f{EE H k& A S 42 4875 (Genetic Algorithms of Neuron Network, GANN)

3-1-1 FHHcE

BE HPC BAE WS A AGR(C) ~ MARFL) ~ 485 (8L) ~ K(W) - 32 B #((SP)
A EH(CA) » ba FHEAREHAAGE) - AF T AUE 1196 FLABHGYSHEERR
F B EAH[8] 0 MM es F KRR 1000 FERMABREZRGRES > DH L
196 % Bt AR ey R DR ALGBAURFEMG LGN HRA T HS
HIRAR A ok 3.1 AR -

231 BEEHTEEHOEIARYE

B L 18 3% ¥4 E

C 71.00~ 897.00 Kg/m’ Y
FL 0.00~ 200.10 Kgm' | #&
SL 0.00~ 359.40 Kg/m’ i &
W 118.00~ 314.00 Kg/m’ i
SP 0.00~ 32.20 Kg/m’ ik oK

CA 595.00~ 1820.00 Kg/m’® L A
FA 387.10~ 1300.00 Kg/m? L X |
AGE 1.00~ 365.00 day i &
w/C 0.24~2.73 4| ik £
W/B 0.24~ 0.90 5] LA |
W/S 0.04~ 0.13 th i
TA/B 2.18~9.85 th 4 ik 4R

fc 296.30~ 17691.00 psi i R S F 14

£ 4 W/IC=(W-HSPY(C) » W/B=(W+SP)(C+FL+SL) + W/S=(W+SP)/(C+FL+SL+CA+FA) »
TA/B=(CA+FA)/(C+FL+SL) -




2 HEEFPBRERERES#H

AMAEMEALERERESRRES

TEEALAZEBERE A 100 3 ;

ZEBRERLAH09:

REEDZE A 0.001 ;

ERERE RS BORGENA L FR G EE

WA NCE AR B 1000 B R AR BES S IERX S

AEF 3 B 3R £ 34 F R (Root of Mean Square, RMS)F /Mets & 8214 - £ RMS w2
A G 2aK[22]-

i(s’, _Yi_)z
P 3.1
n

EE 5 AR I ETHORAREL v, 52 ETHOREREE 0 ADREH XA
R B2 WEY -

RMS =

32 KMRALLELRAF I ELRERNA
R AR E ML AT RE HPC REMUAERAR G RERS > BEAT
S RLEH A B R AT -

3-2-1 A
ATHEAERAAEEE AL RAGBRERTY AT UK BE R EBEBE - 6]
wB 3.1 ZHakBEATALA 32) oK -

X X"
2 X AGE ke
n b
"
: :
FL| [k [0 [k cal (x| [Fa] [k

3.1 HPC 3% Z A3 Bk E


gss006
文字方塊


k
W +SPxk, XAGE © oo, (3.2)

a
(C+Fka2+Ska3+CAxk4+FA><k5

FRAREAWE 32 2B THAERERYSRELR LT v~y REEAEH
THOEH{F > — x~=-X'In} > kK 2 AT ca b R kirks RGBSR - Zh
BAESHEBRRY AEMMHALTER  AIRAAERECBEPITEAREE 2
HYBERBAFOHRRARALE - Bk £RFPMTRALL > M LY A BEAT
B ) ] o G i & 3.3 AT -

Yo
¥2 Y3 "
a v
+ b
+
/. \
y4 ¥s tl Yo Y7 |
ko | |SL ks CA k.| |FA| [ ks |

B 32 A THERERE

£32 HELBHZER
18 4% 112 |3|4| 5|6
FFA|+| —|x|=|1X]In

%33 HEBHER R
## al'b | kijKo|Kks|ks|ks| ke
4 F (54 # & -5000~5000

322 EAMAEAAZEEFEFEE
BREAFCHGBARAS PRAMNAATRENFLEFHAREM G B B4
EF o ERERM X oKX 33) M5 -

N7 2 o S I SO O (3.3)

-14-



Bt =Xy m#d

a=y-p-f

i(fi _F)X(Yi —§)

p=T—

> -’

i=1

¥ y=KBBREFHE
f=nsX ey d8EF3E
V, =R THGTRRE
f=FiEFHL2AHDHHML

3-2-3 8%

¥ 3F ok 4 433 8% 4 47 (Genetic Algorithms of Regression Analysis, GARA)#E % 2
HPC % B S A HAHAB YA 34 RASSHF AP REFHBRELAETIA
o =-5853.69 f=138 B33 4 GARA A X RIEBELVBKE - £3.6 2 GARA
Z 9 B 1R A3 6549 RMS» % 50 1309.13 psi & 1210.91 psi- & 3.4 R [ 3.5 & GARA

Exz HPC B EHHA4HE -

%34 mALzHHARK

a

k4

k>

k3

Ks

Ks

ke

2473.91

5000

6.73

24.34

75.88

49.59

17.14

501.94

(3.5 Bz oamgp

Y1

Y2V

Ya

Vs

Vs

¥

Ve

Ys

in

+1In

+

-+

X

in

FL

Ky |

jln

In

SL

[AGE

k3

Bl 33 GARA #4 z HPC i E# X

-15-

CA

FA



gss006
文字方塊


#36 GARA Z#4 HPC 3% E# 2z RMS
2/ &k 7% 17 P lEd
1307.19 psi | 1219.15 psi

20000 20000
*
i I
15000 Fommmm e S P 1S000 | oo oo o mmmm e mm e oo R
. . * .
= ) i
= = . .
E : 1 & . . .
& 10000 ‘ v 1 SN 10000 oo Y e Y]
E , p X % . . L X 3 ]
z ; N " A :
& B . .
R { o
5000 | - o NG ¢ - - 5000 |- --- S —
: *
13 T .
.
1] H I e L |
0 5000 10000 15000 20000 0 5000 16000 15000 20000
6 1% 55 1 i (psi) PR A (psi)

34 GARA&REFIZ HPC R EZ#HE B 3.5 GARA R#R#E 52 HPC 7% K #11 E

I3HERBEMEA R EEBRERK
% GARA fE3aRIE— M HPC B EHA X PR B HFHEZTALREEE TR
1R ARAGHEE T—EAREEISEEKIE (Genetic Algorithms of Operation Tree,

GAQT) e47rik -

3-3-1 B2
AAREEL A EAKARX > A TEHREH(Operation Tree)sd 2 X FZEH K - B 3.6

A—-BAEEGEEHTER HEIHAEEARGHERBBH T ALK 3.7 A& 38

AR e s

® H¥-EBHHAX)RHEEASELAKRSE  BRAMERFTHGREE 10 4EH

e H-o = -wmEHHCX)THRFHEETSEd  ARAMERFNHRBE 1-15
B - H PG 15 6 K ARA A-100~100 a8 4 $048

e FRROBAEX~X)REEENFEHLE BT nss 7~15 0k
# -

shoh bt AR AR 5 T SRR ¢

® EuMBMEINNETI THBEAING  MRHTRE L BHEEX-

® FUMENEINEHGES RIS EZEARET B -

-16-



|

I
o o

O M W
B v
-

ﬁlbl X7 I Xm] X1o I Xao I Xn I Xaz I X I Xz I Xas I a6 I X I X I X2 l X1 I Xa I

36 AENERLATER

e
3]
o

%37 ZBHAZREHBYE
%% 1123|456
FEA|+| = | x|+=|x|In

£38 ANGBHARAYTHZARKEL X
%#E | 78|19 |10 111213 14 | 15|
EEAZ|C|FL|SL|W|SP|CA|FA|AGE | K

3-3-2 HEHRAME 2 EFHFIE
EEAEA A S BHARE VREACATREAMBALHARRNH G- 4
BEEEMEEHES  AMEUTHAESHEH N G4 BEZ !

Y S B e 3.4)
By =REF Xtk EEHRARIRER

f=FFBRRAREEME

a=y-ff

3 (6 - Dxy, -y
A
Z(fi _f)z

B y=rmATHOTRREFHE
f-—mAEHOEERARRETHA
Y, =RIFEHGTEEAM
f=RiETHSEEHANBRER

-17-
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3-3-3& %
AAEFHNET(ERANGHER(DDER+ %8s HPC B EEABHRE - +=
SR eEio R 39T RAMAFH GAOT A4 ¢ HPC REBHBBT M

%39 ‘g ARKETE
&% (7|1 8| 9110111213 14 | 156 | 16 | 17 | 18 |19
FELZ|CIFL|SLIW|SP|CA FAIAGE|W/C WB WS |TAB| K

(F)ZRAEX

B 37 4 AR ABHmAELHERR - EFH2HFEHA B a=-236678 -
£=40082 - EHMBSEAEARZ ARwAK (3.5 AT & 310 77 34k
§o.5] BRI S5 9] 2 RMS 5 %)% 1298.50 psi & 1168.66 psi- M L1 B 4o 8 3.8 X B 3.9
B AR o

Lel Lo | [m]
—

[35.63] [ AGE |

B 3.7 EBASH GAOT £ 4 =8 K}

IER K

(SL + FL +C)
I(AGE)+10(35.63)].e v evoeveeeeeeen (3.5
35p £ W = 5000 IMAGE)+Inf ) 3-2)

y =-2366.78 +400.82 x
£3.10 ZEBAZH GAOT £#4 HPC % E 482 RMS

DIREH | HHEH
1298.50 psi | 1168.66 psi

-18-



20000 20000 :
15000 |- - - ‘ —.—--ri:o,t-o-——— 15000 F-—--——- R oo - j_-t-*--__
— : + ;’ 4 —_ \ ‘ * hd I
2 T e & | -
; .'o ! m; P >
10600 S S10000 b oo R CEEE R
: | : RS
: 3
5000 | e 5000 A - ]
0 ; U L I
0 5000 10000 15000 20000 0 5000 10000 15000 20000
T B 5 4 (psi) P I 0 A (psi)
B 3.8 AEANE¥ GAOT vk B39 EB A GCAOT =R
HPC 3% H 346 B HPC 3% & 4 # B
(2R +—2%

B 310 B AAFEmAEALAHELY - - EEM2E EHAHEa=-222120 -
B=40483 - FEMARBEAHEERZ LSRR (3.6) AT 40k 311 4757 > A3l
S5 B i $ ] 2 RMS 221 & 1381.77psi & 1366.77psi> m A # A B & 3.11 X H 3.12

fri7R ©

[ 27.26 |

[ AGE |

B 310 ZR+—_%3 GAOT 24 284 #

y =—2221.20 + 404.83 x (63 'Oi;/ ;v)/ W [In(AGE) +1n(27.26)]...coveeevevmneeieciee. (3.6)

%311 ZR+—%3% GAOT £4 HPC #HE#HA X RMS
D4k FE = RMS | /a4 /2 RMS
1381.77 psi 1366.77 psi

-19-
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20000 20000
*
L 15000 15000 f---——-- T O
! | .
= - . .
A 2 ot
& = e, e
g 10000 10000 |------- —_———— - - - — - .-
i £ * '? : * * ¢
= = "‘0:"’ .
B B R { i
23 ‘
5000 | 5mou.f#g?_e,”;”,w,”
o e :
* o ;
L
”*e
0 L : I i
0 5000 10000 15000 20000 0 5000 10000 15000 20000
T4 P2 5 1 41 (psi) B B 08 B (psi)

B 311 -9 GAOT z=uissF  B312 ER+ %3 GAOT X RIHEH

HPC 3% E . 1% B HPC 3 E#4#4% B

ABRFEREZELBHRABALBERK

B GARA AXAHEFLEHE FwHl i GAOT KN ERA 2K 4a
WoEAERFEEORN LEABRRIHETE ALARLAARE —AZR AL L8
42 48 22 (Genetic Algorithms of Neuron Network, GANN)&; 3% » B 3.13 A — BB A
gH - —AEEE  FESBAERESHNBEEAREY  AREZUERHHE
GEEE B A2 4k - 12 R AR L AE K & B Bk [ 5E(Gradient Steepest Descent Method) 2L £
UBEERERS  AEHEBTFEBAE DHORP LS BE U GANN &7 %
K J e HPCEA -

wAR Rk L g

FL

5L

SP

CA

FA

AGE

313 AERA%i - —EEEA - SRS A AL H 2RO EEBRRY
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3-4-1 A M

AR ALE L GANN a9 7 2# E REey) HPC A - S@ GANN T ka5 TR
{BEr4[13] ¢

® IARREHMK.

® AR EIEEE M

® RREHIHIMEY

® [SRB R R

® bR RRENRSA-

(—)A R R BRI
ARG HARNEBFR— 0 ARERIL Bo#irEEs-1~1 s - L84
A X (37 HE e

xzﬂ_wﬂ'_—(Dm _Dmin)+Dmin
X,po — X

m;

.......................................................... (3.7)

GHHHRERACEARTEAR A K Dun XS 1 Dun B3R HERL AR
PREDE AFHEDmnin kXS 1 x HEMALELOFER -

(=) AR B AR 52 W %
AR RIERE G e X (3.8) AT -

N,
net, = » W, xX; +Bias, ......ccoooiiiiinin, U UUUPUPPRPT (3.8)

i=1

Ao onet, RN ERBGAE Wi ABASHHAKHBAZMeH#HE  x £
REEHHEASE Bas RERAHEEERHEM -
ATV 40 Tk & A

AR ERAOEZERTLMEAZ AR Q9 AT KB TEEARERLE
1l 2B REREEE 0 ko 314 £FT o

FINEL, ) = TANHDEL, ) v veeeeerereeeeeeseeee oo s et et e e s ansensenanaa e (3.9)
k k
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f{net)

net

B 314 [EAEFEHzEHIHE

(7o) & 3R & BE S8 1 R
aEEnhim b A~ aX (3.10) A7 -

Nyig
net, = z W xfnet, ) +Bias; ..o (3.10)

B W ZEBE et B2 ey Bias REEAMNSEEHEME -
()i RERERK
AHESHNS  BEARREZBEAETRA  £aXpaX G.11) AFw-

y=Wm+U“fw_DmJ+Qm ........................................................... (.11)
P y AR REACEH € 3 5 Dimnax ﬁlﬁ*ﬁ#ﬁ'#éf?ﬁ&ﬂ.ﬁ’fb?&ﬁﬁ* ﬁﬁﬁ » 2B Dimax
WA 17691.0 Dnin B Y HRRELLEAR TR ANE > FFA K Dnin T E A 29635 you

BEREACAT R Y -

34282 |

4 EA ARSI UREEEERAERAHER AR ZREERESRSR
BILEARATHERG EHREEGA ]  AFRET ERASS —EARRE  —
[ B KR B (—) RIS B EE(8-4-1) (SO MBS B B R (8-8-1) ~ (2)
+ RS # S 8 E(8-16-1) &tk HPC B MR -
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(—)GANN(8-4-1)
3.15 &8 3.16 4 %] & GANN(8-4-1 142 il 3 1] BRI A $e 4712 HPC 52 B #U% ) >

H RMS vk 3.12 A -

20000 20000
15000 b-------"--"-""-"-"--"- """ - ---- ‘ 15000 p~-------—--=-=-------——~ -« - : ;f*f
| *
g : . A ‘ ‘ g .o s .
g i e R T
‘ ‘ : . :::‘:2’.:" +
| ! i o?’ “‘ |
5000 |-, e R T
; | ; | .w:’ f
0 { ': : 0 ’. ': I !
0 5000 10000 15000 20000 0 5000 10000 15000 20000
HE HIRE
B 3.15 GANN(8-4-1)wlek$if|2 HPC % & [ 3.16 GANN(8-4-1)R[:R ¥z HPCHA
B A E

% 3.12 GANN(8-4-1)Z& FE# A =2 RMS
RIS | HHBH
1354.20 psi | 1420.23 psi

(=)GANN(8-8-1)
& 3.17 R H 3.18 % 3 & GANN(8-8-1)fE ¥l ek $o. ) R B3 $f5) 2 HPC 3R A H -

E RMS duk 3.13 AT o

20000 ‘ ‘ 20000 ‘
i t 1
I 1
|
B | | +*
15000 0 b - s Rt - R ] (1 SSppup R EEEEEE R L
—_ — : - L : L4
‘ZE ‘B I * 1
= = i . .
= ! = . :
P 10000 ; Y & 10000 fF-------- T Ol e Sl S
# ' ; & '%' o b, !
= = " .‘0 3 :‘ .
= " .. ¢q( o x
. | '
SO0 |-y ¢ ol S 5000 F---- ;—l‘—-—}—--————-. -------
Py : * # * 1 t
' ‘ > » L | t
i ] i 1 !
! " : l '
(] 0 L H ..
0 5000 16000 15000 20000 0 5000 10000 15000 20000
: !
£ % 28 [ (psi) TEREERHE i (psi)

B 3.17 GANN(R-8-)#ék i HPC 3% B 3.18 GANN(8-8-1)RI:Rsu |z HPC 3%
Bk B A E
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# 3.13 GANN(8-8-1)3%: 1 = RMS
Mk | B EH
1068.87 psi | 1302.46 psi

(=)GANN(8-16-1)
B 3.19 & B 3.20 £ %] % GANN(8-16-1)4 | 4k #6.4] & 2] 3 864 2 HPC 2k & S/ B -

A RMS dok 3.14 57

20000 . : : j 20000 . . —
| | | | | | L.
' ! .
15000 ; ! - X1 tsoo0 - - —- - - - - P IR S
E z : T e
= g ' L ,
=006 - - - s LW - - - - PR B 10000 F------- e P R e
1 E: L3 * |
= | 5 "zg::ﬁ R
=3 E " ol o, L : :
5000 S - 5000 |- --- —Q?‘l‘ ————— - e
! A
& 1 i )
0 : 0Lt ' : ,
i 5000 10000 15000 20000 0 5000 10000 15000 20000
T4 %58 At (psi) B R 0K i (psi)
E 3.19 GANN(B-16-Dlskétfl= HPC 3% B 3.20 GANN(8-16-1)AX 7= HPC 3%
K Hih B B3

#& 3.14 GANN@-16-1)Z# A = RMS
DR EH | HEEH
929.25 psi | 1087.94 psi

JSERRHW
JS-1ERGBRR
HEMSEEHNBREIVEN  AROAMEMT LR PHEARREE > B3t
EREFH AR 0.5 EERE L2 M bk 315 AiA - O B AR RERA LB HLF
EX T X—SUAUAELFENOSBEREZX TR BLMETARME  REEL T
% 0.5 EARE £ 2 Fey AR #3229 % GARA & Rio & 3.16 B 3.21
PR B GAOT A eyt Rk 317 RE 3227 A GAOT +—##H e R k
3.18 B 3.23 Fio o



£3.15 1196 £ 5 A S B FHEREEE

X o x+0.5¢0 | x-0.5¢
C | 2885 143.9| 3605 | 2165
FL [1312] 33.8 | 1481 | 114.3
SL [ 1469 63.6 | 178.7 | 115.1
W 71838 27.1 | 197.3 | 170.2
SP | 95 | 49 11.9 7.0
CA | 960.1|133.9| 1027.0 | 893.1
FA | 806.8|110.9| 8623 | 751.4
AGE| 561 | 79.3 | 9538 16.5
W/C| 08 | 02 0.9 0.6
WB | 07 | 03 0.8 0.5
W/S| 0.1 | 0.0 0.1 0.1
TA/B| 6.4 | 3.3 8.0 47

%316 GARAZ4A B EHUVEEEHABEN

f,-050 | f,+0.50 g | BEm
(KSI) (KS!)
C 7.56 10.47 | 2.919 | +++
FL 8.67 936 |0685| +
SL 8.37 9.66 | 1.290| ++
W | 10.09 808 |-2008| ---
SP | 9.37 8.68 |-0.685| -
CA 8.99 9.04 | 0.055
FA 8.95 9.08 | 0.131
AGE 7.23 9.79 2.556 | +++
K [] e
® C FL SL W CA FA
k55
B 321 GARAZE2HEAANEBHFBHVEN

225
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#317 GAOT A A4 RERYLRAERGTEML
E—O.Scr E+0.50’
(KS/) (KSI)
C 7.56 1045 | 2.889 | +++
FL 8.66 9.34 0.678 +

SL 8.37 9.64 1.277 ++
w 10.12 8.07 2049 | ---

2 | EEH

SP 838 8.65 -0.731 -
CA NA NA NA NA
FA NA NA NA NA
AGE 7.17 9.80 2.635 +++
3 —
5 g -
T S I s L T -

I S AR [ [y Up U

3

o

B 322 GAOT A F4A RERVEAEHNBEHR

%318 GAOT +—#H A4 RERTEALHABTL
f,-050 | f, +050
(KS | (KS)

C | 798 | 1095 | 2.970 | +++
FL | 992 | 982 |0697| +
SL | 8817 | 1012 | 1312 ++
W | 1067 | 851 |-2.087| ---
SP | 962 | 932 |-0295| -
CA | NA NA | NA | NA
FA | NA NA | NA | NA

AGE| 7.51 | 10.32 | 2.807 | +++

£ | FEH




LiL
B 323 GAOT+-—##F4BERVEBEHOTENS

s GANN A&, (3.12) 3§ &8 ¥ #ajsR 4 - £ GANNB-4-1 ~ 8-8-1 ~ 8-16-1
Wt By Ao B 3.24~326 Bk 3.19-321 i - R 322 B 327 P AR BN N
RO BEREE  KREAPTRARBEABRFAAKR 2 -AK-B6 RBE - RE @
A FHAFHBEETER -

L X W 3 E X Wi (3.12)

£ ¥ f, =(1+TANI(Biasy)) x(1-TANH(Biasy)) 5 f;=(1+TANH(Bias;)x (1-TANH(Bias;))

#3.19 GANNB4-1 2 4 B EMUVEBERNTEN
Hak5H | ERM
C 0.821 +++
FL 0.264 +
SL 0.324 ++

w | -0.877 ---
SP | -0.210 -
CA 0.073 +
FA -0.109 -
AGE| 0234 +
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By

1.0

08
06 -
04 -

02
0.0
02
04

06 |-

.8
-1.0

i Dﬂ _____ =

iy

B 324 GANNGB-4-DEABERASFSEGETEN

%320 GANNG-8-DE £ %AV SREH P EN

g A | FEM
C 0.299 +4+
FL | 0.137 ++
SL | 0.121 ++
w | -0.180 --
SP | -0.026 -
CA | 0.068 +
FA | -0.030 -

AGE | 0.292 ++

0.5
04

03
02
01

2.1
02
03
04
05

| L 1 — Il i | I ‘
| C____FL_ ___SL___ |W’ _.-SE___CA____FA___AGE .

BE

B 325 GANNGB-8-DEAREBUSESHSHPEN
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#3201 GANNGB-16-HE4 BEBRUEBFH OGP EH

HAnH | ERHM
C 0.535 +++
FL 0.177 +
SL 0.326 ++

w 0.058 +
SP 0.073 +
CA 0.074 +
FA 0.082 +
AGE | 0.066 +
06
05 P F- e
04 R S e
o3 o feeee
! 02 [ s U VU S et |
E S I O O Y e Y Y s B o B o
B 0 |- Co---Fh----SL----W - ~SP----CA----FA - - AGE
__02 L - - - — — — e L L L L L e e e A _—_—————— . e — e A
03 o
T T —
_05 S Tl |
06
=

B 326 GANN(-16-1)Z 4 BEE M SHEH B EHR

%322 HSBHZMTEABERLR

C

GARA +++

GAOT AN83 | +4+

SRR

---| - [NA|NA | ++

+| |+ |+ ]|+ B

GAOT + =% # | —+ ++|---| - |NA|NA| +++
GANN(8-4-1) | +++ —~H|---] - + - +
GANN(8-8-1) | +++ | o-- | - + - |+
GANN(8-16-1) | +++ o+ [+ |+

W |SP|CA | FA | AGE
-+ |+ |
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kal
oo
e
I e R EEEEEE it
e el e i bl
m GAOT 1 3t
B e W GAOT+ 8ty
W GANN(8-4-1)
4 B GANN(8-8-1)
ZIEEY |0 GANNG-16-1) |
B 327 33N =8FrPENILY
3-5 2 HA R EAEMHLLE

LEEAFEREZ T LA THAATRAGMERR L MERYERT L A0
RENAUAFLOBESHRZMBOEHE R HPC SR EEF & - BT RHEERAMRE
M ERAE -

(— )38 ¥ %-# (Regression Analysis. RA)

(=) X #1638 1% 3% § 4 (Grammar Evolution Genetic Algorithms, GEGA)[11]
(=) E ¥ i 1t 1 18 2 3] (Macro-evolutionary Algorithms Genetic Programming, MEGP)[10]
(m )] 1% 3£ 49 35 (Back-propagation Networks, BPN)[$]

MEBRBEF ERERARATAERAZTRES REABERYVELERRRENLY
h# -

(— )8 5 5% #7 (Regression Analysis, RA)

AR 313) AEAASHALHBESHBERY -t #it Ew & 323 RE 328
A Bl R EE A1 R RS 2 RMS 431 & 1799.73 psi & 1823.12 psi: 4o & 3.24 i
MEHEEwE 329 RE 3305 - 2K (.14 BEAT SR N@FIHERE
HAD t4it &40k 3.25 AR 331 A7 Ealdka ) BB S 2 RMS -3 & 1767.50
psi & 1811.17 psi > 4o & 3.26 Ao~ » A A EWwE 332 W 333 A7 -



f. =12454.84 + 20.06C +15.04FL +14.20SL - 69.79W —98.835P
—0.30CA —1.94FA +13.64AGE

£323 SHBEWIWLITE £325 12EEagLHtaitg
B REREL 43 G [BEREl gt
A FE (1245484 1082.29 | 11.51 #RIE| 2330.41 | 2952.61 | 0.79
C | 20.06 0.58 |34.49 C 23.54 228 |10.33
FL | 15.04 1.45 [10.35 FL | 18.11 3.04 | 5.95
SL | 14.20 0.95 |15.00 SL | 15.58 261 | 597
W | -69.79 | 275 |[-25.42 W | -139.07 | 15.71 |-8.85
SP | -98.83 | 14.88 |-6.64 SP | -168.30 | 21.84 |-7.71
CA| -0.30 0.53 |-0.57 CA | 046 1.40 | 4.60
FA | -1.94 0.61 |[-3.16 FA | 5.33 1.48 | 3.59
AGE| 13.64 0.75 |18.09 AGE| 13.07 0.75 |17.45
W/C| 40046 | 284.71 | 1.41
#£324 BRBRAENMZHAKERMS W/B| 7164.88 | 5440.99 | 1.32
L T B H 1] W/S |122607.78/38324.10] 3.20
1799.73 psi | 1823.12 psi TA/B| -1056.68 | 530.14 | -1.99
40
30 I
I S e
a 10 |t e -
L lc FL SL w el o W o
20 | el e
30
By

B328 S#MAKFIHtANE
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20000

20000 T
15000 : TS000 fom oo - i ----------------
§10000 ;10000 -------- R 3- 5, _,7‘7 .
§ § 3 o” ““; *
@ E ’%0: ‘d'-:.u ¢ ! *
. -:.A..J o
5000 | so00 | *- ,,':&,,} - ,E ,,,,,
. ?’? .
v A !
0 0
0 5000 10000 15000 20000 0 5000 10000 15000 20000
FERE 98 2 44 (psi) BT HEEE L ffi(psi)
B 3.29 8% B oMLV H HPCH | 3.30 8% H@E i 2 B84 HPC 3%
B B B 6 8
f_=2330.41+23.54C+18.11FL +15.58SL —139.07W —168.30SP
+6.46CA + 5.33FA +13.07AGE + 400,46 W /C+ 7164.88W/B ..., (3.14)
+122607.78W/S —1056.68TA/B
20
16 | o mmmm oo )
12 b
I Ry [ P
g 4 -H_ ...............................
U Tmlr e sn

23
331 12 #3asad it g
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20060 —

20000

3
I
1171111 S e oo 15000 | ---- -- A e ]
. - . - .
= L &
— P ..’. * )
=l * = ) ;
& 10000 ‘f-‘:' ——————— 10000 f---ooo-- e et e
y P 7 P
% ' = i .’3 . K -
= \ S 0‘.‘. it
N +
5000 |- - R S 5000 | -‘-?w!:‘ % Qb
# &>
ey -‘ o«
- e
0 - i : 0
5000 100060 15000 20000 ] 3000 15000 20000
F1ER 415 1 (psi) PR feipsi)

B 332 12#sasgaowzilgins HPC B 333 12 #8395 59 2 R E s HPC
58 L A6 B

# 3.26

BN E

12 3@ o LA AT RMS

ki r | A

1767.50 psi | 1811.17 psi

(=) 1% i& 89 28-(Back-propagation Networks, BPN)[8]

BE A E 334 4T 0 B PR E L T

1A 0 +0.3
£ Bk &=10
SRR FERAES099
£ EEF T RA=0.1
TR B $An 45405
1R B $ o %=0.99
M E$FRAE=0.1
£ 8 75 2%=10000 > X RMS & B 4 [§ 3.35 A1 &

ABIEUL 8818 A8 Xk~ HdEREERRMAEAENLLE 1

a6k o) BRI 2 RMS 53] % 798.88 psi & 826.09 psi s 4ok 3.27 #f7% » M A%
B4 B 3.36 B0 3.37 #iRe s o BPN 2B A2 K (3.15) HE S FEEH MR 54

ERAEBPEME 338 A -
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FL.

SL

Sp

CA

FA

AGE

Lo

RMS(psi}

— e
it || N

B 3.35 fel{Ruf 4ges RMS st B

20000 r 20000 g
l f ! L e
15000 b - - - v mmmm e oo P Sy, 15000 |~ - mmmmm - o R S
- et - L e T
2 anet g Ce e
= =1 :
B 10000 B ——_— 5 10000 F----m-omgo-o-- el R
£ w = |
g ! £ !
E | ';E I
5000 g == m e mmmmm = m =~ =] 3000 F---- g - - —e -
0 - = 0 L i :
Q 5G00 10000 15000 20000 0 5000 10000 15000 20000
T R AT I i (psi) £ B3 1 i (psi)
B 3.36 BPN z sk def] HPC 3% A 3046 & 3.37 BPN z 33# & HPC %2 R ## B
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#1327 2 8-8-1 B EHEA 2 RMS
g | WEEH
798.88 psi | 826.09 psi

3 X Wy X E X Wi oot (3.15)
. 1 1 1 1
B fee  (le—— —  x(l—
k 1+ eBlas|i ( 1 eBlask )) ] + CBmS" ( 1 Bias; )
02

i
S

43
B 338 BPN 2z 4 A#HTEH

mREE
=)
E)
9}
o]
=
o
r
| = |
w
o
¢}
>
-
>
>
=}
m

()5 & X LK ¥ % H & (Grammar Evolution Genetic Algorithms, GEGA)[11]
23, (3.16) 4 GEGA ay% E#H A » H 4 di /5] B B 4= RMS 42 % 1521.49
psi & 1506.05 psi » 4o & 3.28 FA5® » M H b B4 B 3.39 2B 3.40 A% -

- =1.033x AGE*” x CAx(W/B)" ™ +60.845x FAx AGE ™’ 177137 ............(3.16)[11]
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20000 -
i .
15000 ..;,4._____._-, _____
» G e
g e # e S ¥
= . . v *
z A e, *
& 10000 e
# |
= .
m |
|
5000 S [
|
|
|
0 H ] |
¢ 5000 10000 15000 20000,

U B 1 i Cpsi)

20000 T
|
X - .
| L]
| 15000 f---- S st
5 l M
8 |
E 1
g 10000 F------~ : —————— : —’!—&0———’——&——- - -
#H ! s . *
= ot P A
& « 2%
» " ﬁ.. .
5000 f-- - - - [3 & <SP IR
A o -
‘:i +
‘: . :ﬁ L. 4
. ! | | |
0 5000 10000 15000 20000|
B R (psi)

g

&

% 328 GEGA z 3 # % RMS

iy | AR EH
1521.49 psi | 1506.05 psi

5 3.39 GEGA 2 3I|#835 5 HPC %A #/h B 340 GEGA z 3R HPC 3% & #%

i

(v9) E £ i 15 ik 13 3, #) (Macro-evolutionary Genetic Programming, MEGP) [10]

AR (3.17) A MEGP 93 A A - Lalsksid R ARSI 2 RMS 23] % 1872.60
psi & 184530 psi » 4wk 3.29 A7 > ME MM B B 341 R E 3.42 /5% -
[, = 514.63x(W/B)"?" x (In(AGE) + 0.0312) + FAx Cos(0.216 X FA) ....co..ceccccens(3.17)[10]

20000 T 20000 ;
l * f | : |
15000 }------- e m e m e e 15000 f-——— -~ —=——- ———- mm—m - e
. " 1 * ]
= * - 1 '
Z | £ e
i o i 1 > i
?:( 10000 ~:‘.-..:- — BO10000 F------- S —— b’ SR N —
ﬁ . L I ﬁ | » t *
= sape ¢ = 2! . !
= ’0 = .“ ; + " . ?
5000 |-+ -t o dUNNENS *_ _ 77777777 e —% ———————— ; --------
0 i ‘ l
0 5000 10000 15000 20000 0 5000 10000 15000 20000
T BRE 0 ITE i (psi) L K i (psi)
B 3.41 MEGP x 3l#k # 4] HPC 5% & $i# 3.42 MEGP 233 847 HPC 7% & #L %

i



%329 MEGP 23 E# & RMS
ik B R A H 1
1872.60 psi | 1845.30 psi

£330 RE 3B BT EHER - ERBAEF T4 !
® TEAE##E  GAOT - GARA ~ GANN & 4 Z #7178 A3 840 &y RMS £ 5% BPN
BA . REPREEERNAC_RT EELZIHRY -
® AXA4s: RBPNAGANNS GAOT AR CwmEF S AL oK BHERY
TR -

23 BV

® SHAEFERATAHHPCHEELSEY  AGAOTR—BRELTUAL A
WA HPC 52 BB MRY %k -

® EZHAFHNTAY HPC BEMSHEVBRERS  HELFRENERLTR
% > B/ BPN X — A ¥ Erk A brif oy HPC R TR T X -

£330 AR ATRNRER AR AR E AL
pon RVSOS) | amease | astsms
AR | WA

GARA 1307.19 | 1218.15 * &
GAOT &% | 1298.50 | 1168.65 S g 4
GANN 929.25 | 1087.94 el
BPN 798.88 826.09 RA

RA N % 1799.73 | 1823.12

#
RA +—%#% | 1767.50 | 1811.17 F-2
#
- :

GEGA[11] | 1521.49 | 1506.05
MEGP[10] | 1872.60 | 1845.30

Ha| Mol Mol Ma) o] S| Mol oY

[ 2000

} O A
| 1soo |G

I

|

|

I T S e -4 BM-------

B

ItMS(psn“
P B B B

&
T

GARA  GAOT,/ g GANN N RASME RA+TmE GEOA MEGP
E: b

343 C#FAARRAFHEGLE
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¥wmE SZMHELABRIAELAANZREA

4-1 A7 %

MECH GARABRREHELHY  ERAREFTEGF oM g /7K T
BARHE T A REE R4 GANN & GAOT > Bt A FEFHEH GARA wy b ik Rk
WEER  # GANN R GAOT REREF A RREL T L BN - AENER
WHM -

4-1-1 T &

B HPC THESTHREH A  ARC) ~ REFL) - EASL) - K(W) - B
#|(SP) ~ R B H(CA R ba FH(FA) - AR T AW E 103 B LA R Hey HIEERE LB
BAH35.36] > dhoARE ey KBAR 78 E XA SE YR MDI ki p] > MRS 25 £
TR A BB MRES LA AL HBRARFTAGE RN DAL ARG ERR
Aok 4.1 AT -

241 RETHTREHNEHRYE

PY LA ) S s

C 137.0~ 3740 Kgm’ i 4R
FL 0.0~ 193.0| Kg/m’ # 45
SL 0.0~ 2600 | Kg/m’ R
w 160.0~ 2400 | Kgm’ i 4
SP 4.4~ 190 Kgm’ <X |

CA 708.0~ 1049.9 |  Kg/m’ EY | A% #
FA 640.6~ 902.0| Kg/m’ i 8
W/C 0.5~ 1.7 b 4P| i
W/B 0.3~ 0.7 be ] 2 5
W/S 0.1~ 0.1 R # 8
TA/B 2.4~ 5.6 A # 8

Shump 0.0~ 29.0 cm i 5K HEH

£ & W/C=(W+SP)/(C) ~ W/B=(W+SP)/(C+FL+SL) - W/S=(W+SP)/(C+FL+SL+CA+FA) ~
TA/B=(CA+FA)/(C+FL+SL)
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4-1-2 KEE S BB RBRERY
AMEARAZEEREALEMRAA 28 2R EHAELT !

® LA ELZARMELAEI0ME

® KHMEUNREHGRELTRABEE LY 2R (41) AT

SO OO U U P U OUP PP (4.1)
n

iémmfmmmf
RMS =
£+ Slump=%iE T EEHARB LG

42 FHBRAFA L ELREHEA

4-2-1 A EH
AEsELamaBARX 0 %A THEER(Operation Tree)y 2K REF X - B 3.6

AH-EERMHEEMTER HEIHNEIAREELRLEE S Aok 3.7 RE 42

Pk o Bl

® F-ROSBX)RAEEHEFEEALSE  BILAMERFOLES 16 988

® H-o = -wmEMRCX)THEGREATL G BhAERFAHLBR 118
B BRv 4% 18 W K EREA-33 st S8 fd

® EEROMHKAX)RFEENSLEELEE  BEAENFTOLREL T~ 18 0K
g( a

shA R & F T AIALRL

® EuUMBHNEINGEEAKBLENG  ARHT-AE "L BEFH-

® LUAHNFIEHGEN DIRHEHEELIBEAKET 8B -

k42 ‘-z LBRENE
geE 7\ 8| 910 1213141516 17 |18
FEEA|C|FL|SL|{ W |SP|CA|FA | W/ C|W/B|WS TAB| K

422 EAMAREZAHHEERARER

FEEMHOHEANEAS A RAALL FRAEATREME LTS AREME - 4
HEEEMOGHRS AMEATAELSOFAX (42) HEZ BN ER
A 0~30cm 2 ey # - A% LR N RZBE KT SE » Bt A8 RS TIRN
EEBITHHRAEL  ARHFRAANZFLABLELERERN -


gss006
文字方塊


V@A B o e (4.2)

fy y-4RERBRAIAEE
f=ERtz H¥fE
a=y-p-f

3 (E ~Dxy; - )
p=T
> (6, -y’

B Fopaad e T AR ME T
f=FiEAANEEHARNREM

V=REBRGGMERBREFHE

Slump. +0.5
g, = IN| o
1 30.5- Slumpi

Kt vy, =REBAREOFIETHTRATRMA
Slump. = FiEEHGTRAESL

AL FEAEREAL BT THERAE L BESHA LA @3) EFRR
EiL BREAFEAEARREAK 0~-30cm = Hey AR B ERE -

. 30.5xe? —0.5
Slump = —lee)-—— ............................................................................. (4.3)

g¢mmm;axgwﬁ%ﬁﬁmﬁM%&ﬁ

4-2-3 £ 1%

AFEFHEF(—)ER B HPCHES LKA R (=) A +— 2 #ey HPC
WEBDAKE t2UMNKBEAI T LEWATRE CAOT AL EHEETR
5 T F L -

£43 LEHATERZERKSBTE
& |78 | 9lioln) 12113 14
EEA|C|FL|SL|W|SP|CAFA K
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(F)ZR B
B 4] AR LS MmAELGEEY  FEHZE LA a=1064 -

B

~138000.308 - EE# RS EAHaARz R aX 4.4) Arw - Lalekdim &R

i RMS 9 &2 651lecm & 635cm &k 44 fin - mMEHAEE 42 R E 4.3
e

B4l ERE%3 GAOT A4 2 EE#

((SL -C)/In{ C))-In(CA)

Wx(W—FL kFA } —05

1.064 —138000 .308 x[

- 30.5xe
Slump = — '308)([((&+C)/1n(C)J-ln(CA)] vernrernnnea(4.4)
l1+e W (W —FL JFA
44 HE @3 GAOT £4 2 HPC B # A RMS
kI L | AH B
6.51 cm 6.35cem
Y R :+ -------------- 1 7777777777 Y -
,__20,__-~_:¢ ______ .9_9__._,._1 o IR ¥,V I oo _0.,__3__90*1_3_
. 0’3‘5& ‘

AR R : | RS A
A Y D . R SE L 5 *__
i_jé L 4 : : P 2 t | [
B ! . g 4o * 3
% __m— _____ T~ -~ 1" - - - - - - - - |- - - T T T - - -7 E _'-}'0' __________ i e
= e 1 e [

Lo s e sl S

. | ‘ + | ' I
N "3 5: 10 15 20 25 3p g 5: 10 16 20 2 3p
Jigindad l%‘{n,‘i(’cm) | ' IR 4= 1 (cm)
B 42 FHRE %3 GAOT Z 3k 34| B 43 ZRE %2 GAOT Z R
HPC 3# K #i446 B HPC 3 ¥ # 8
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(Z)ERT+—%#

B 44 BERAZR+—SHmAEL MBI c EERZHEEAHa=0613 >
B=-0000111 - BHEMAREESABEARZARwAX 45) A - LAl s R e
#.45)2 RMS 53 & 592 cm & 4.57 cm » 4ok 4.5 BT > ﬁ-ﬁ%ﬁ#ﬁ@ﬁu@ 4.5 BB 4.6
P 7 o

+ fwe]l [ ] [ram] [ ¢ | + In +

T ]
[r Jws] m | [wel] w |
44 HE+—8# GAOT 24 2 EH K

— x FL - xln(“'/B) x| U4 L In % +
) 30.5xe0.6|3 0.000111 {(W/c W/C) T/ Hc WS In{ A )< W/C W)] 05
Slump = PO BN Uy A w} ..(4.5)
]+e 3-0. x{(W/C— »x TA/B Jx[ +Wf_§- (FA)(W/C+ )—J
%45 ER+—#H GAOT &4z HP W E 3 RMS
Dfék F | B
5.92cm 4.57 cm
a0 1 o 1 ‘ ‘ ; !
| 1 ‘ K . ‘ | : ! |
At b A Ay Sl R S S
* 4
! : DY A f | te %%
R S T ¥ 13 ‘o'«lﬁ“:‘.“‘o‘ e B %”f”vivnn".""
o IR N P L [ R
é’ —~‘l—5-——-;—:- ——————— 3-.——-'.“1**.*.’*6““ 5 R e e e T Ittty
2 . o 2 I o
- A A 5 e .« |
B R EEEEE EEPER R e B |
£ T o
! e ¢ * e |
[H 5‘ 10 15 29 2? 3D £ i 5 10 I‘ﬁ 2? 25 3)|
PR I T tem) B P E{ (em) |
B 45 E&-+—%% GAOT a4 B 4.6 LB+ —%3 GAOT 2 RS
HPC 3K $46 B HPC 31 & %



-3 BB EE LSRN EAE A FTEH A

4.7 B —18 - EM AR - —HAERAL - FEGHRA —EHE SR EHERIE
Bl AMER BRI EEBREAES - 2RE/CHE X B & B K (Gradient
Steepest Descent Method) 20 % Ak 4% B o K88 » A LI 44T 5 81 BUR 6 26 40 1187 -
% 1 A GANN 8977 5% » 4% i S # & HPC 4 40 -

KAR sk LES |

:
\

\4
\

;9\‘\
sty

N

X
KK

Shump

B 4.7 11-11-1 i@ @Esie

4-3-1 A2

A% & B 2L GANN &9 sk 3% 8 4 89 HPC 31 Z #4133 18 GANN #9257k £ 3-4-1
HiAE - Ptk 845 @y

® WAERRE#IE walX QN

® WMANRABBEFIHEM%L X (38) AT

® EBHEBHERABHEY > AR (G9) AT

e BEEHBAHRLBMAL - X (3.10) AR

® HHERREH#H wiAX (3.11) AF -

4-3-2 &%
AREREF+T—EAHAEH > —ASELE > —EREEE LR B(—)THE
BEABLG (IAEEREEGL - (E)TAEAEERHF B4 HPC &R ERANIRH -

(—)GANN(11-4-1)

Bl 4.8 R 4.9 5 % GANN(11-4-1) A2l sk &6 AR ES 2 HPC R EHEE -
B RMS 4% & 4.65cm & 3.87cm > hok 4.6 AT -
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il'\' T 286 : -

: L etk o K

I
---35-L--_--”dl----i-»vﬁi."##n» B .___.

i | ¢ | : 1 i ! ’tg’

1 | | e ' > L ]

| N | ’.‘; » ; .0_.

R R e s B
E t 1 | ..’.“ ,E , X .

] H .\ ‘ : 1 1 i
e R R S S R
—_ I I 1 ¢ 1
= [ d | 1 - 1
= \ > *

z —mi—;: ——————————— AR T ‘% B e R i b
S | 1 ﬁ ] [
B * - * : ! * : L4
S e e I e 5o~ e
? ’ I 1 ) I
. | | , : | 1
P . . . . il ) I \
-5 0 5 10 15 20 b 3D ] 0 3 10 15 vl 25 3b|
st 1 ' : Pl ! :
1 b i (em) B it (em)

4.8 GANN(lI-4-1) 24k 32 /= HPC 7%

B 4.9 GANN(II-4-1) Bt g /2 HPC 332

A

(=)GANN(11-8-1)

HAH

# 4.6 GANN(11-4-1)3 28 2 RMS

Wk E | R
4.65 em 3.87 cm

B 4.10 2@ 4.11 5% & GANN(11-8-1) A vl sk o B AR 85 2 HPC 3/ Z 4 B
HERMS 4% & 3.24cm & 4.40cm * ok 4.7 B o

I o —+ % 8 ‘ IS
‘ J ¢ @ | ' | : .z
PP S S * e e Y S S -
T ) T RS- ¢ T " T .
. ‘w’ ? e | : | N e
. 'L D+ SR | | . . .
- 20 - 4 _— _-__[___‘_J‘__..-l..____ 2D+ - md e mm e - q‘,ﬁ,',,
o~ : i ' g :“‘; - : | : : *
E | & & Y E | | *
— _ [ E N I DN S | - L 15 - - - = 4o U
=| " AR Y = e T
= | | 1 : = o G
S S B -t S
SRS S0 U S S L s A N -
$ . | J ; | } ; :
SPE Lo X : X ! 5 ‘ -‘ 1
. 6 5 10 15 20 25 3p q 3 13 » 25 3p
I HEffi(om) B Hiom)
B 4.10 GANN(11-8-1) sk g )= HPC 3% [ 4.1]1 GANN(I1I-8-1) & $8 /2 HPC #

BHAH

44

EHHE



# 4.7 GANN(11-8-1)# Z =4 2 RMS
Bk FE | R B
324 cm 4.20 cm

(=)GANN(11-16-1)
B 4.12 B 4.13 5% 5 GANN(11-16-1)4 21| sk 55, 47) BRI 15 2 HPC 3% B #04%
B - HE RMS 45 %& 2.79cm & 4.99cm * 4ok 4.8 A=

| 1 0’0 ) 1 A :'vs
LR EEEEEEEEES .‘sf‘;.»-‘ _-2:‘»»-----r-__-q____ﬁln-__‘-_‘__._;___
; | ‘“b:‘ : ‘*
) U G dmmmem o o “¥e o1/ - LT TR
i e ¢ & ] * P
= | AP AP I B i ‘e,
e S A - s S A B
i 1 . = L ] i |
- S - LR I - S SO R —
E : * ¢ = : * 0:
P S SR U S 3 - S A m e
4 . = .
5 c:p 5 11:3 15 20 25 1 -5 q dl 10 15 20 25 3b
FT R LIE i (em) O B fri(om)
&4.12 GANN{H-IG—U?‘%@;@@/—ZHPCJ}? B 4.13 GANN(11-16-1) B3 85 t7/2 HPC 4%
vk &2 Vg g d

# 4.8 GANN(11-16-1)3} & #% 4 2 RMS
YR | R A
2.79¢cm 4.99 cm

4-4 &R HHH
4-4-1 £ X HEF

AHH3-5-1 H48F  ARABRMEEEHHREZLESN A4S HTFHERE
B2k AT o LA GAOT L #3E RXwKk 410 R EH 4.14 A1 5 H GAOT +—%
YRk 411 BB 4.15 AR -
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(49 103 ERAHTHE A RN FHEAREREE

X c x+0350 | x-035c
C | 229897849 | 269.14 | 190.65
FL | 10568 |45.79 | 12857 82.78
SL | 18718 | 48.23 | 211.29 | 163.06
W | 197.17 1 20.11 | 207.22 187.11
SP| 8354 | 2.79 9.94 7.14
CA | 883.98 | 87.96 | 927.96 | 840.00
F4 1739606303 771.12 708.09

#410 GAOT t##H AFAMEBVEREH O LENS

f ~0.50 | f +0.5
TIT AT i | E
(KSI) (KSD
C 17.98 17.24 -0.747 --
FL| 1869 | 1577 |-2820] ---
SL 17.96 17.27 -0.691 --
W | 1661 | 1839 | 1.781 | ~++
SP | M NA | NA | M4
CA 17.61 17.62 0.008 +
FA| 1737 | 17.8¢ | 0465 | ++
|
2 besrn e
S
g0 []
B |i| FL w Sp CA FA
T
2 { ___________________________________________
-3
28

B 414 GAOT + S AL BEHAANLBEHYLEHR
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%411 GAOT+—$#EAHEHIVEREHOBES

f —050 | £ +05
f.=050 | 1. 2050 | v | zgp
(KS1) (KS1)
C | 2029 1630 | -3.989 | -
FL 23.48 gl -14.476 ---

SL | 1931 18.48 | -0.826 -
W 1484 21.80 | 6.960 | +++
SP | 1871 19.15 | 0.442 +
C4| 19.56 1833 | -1.231 -
FA | 1914 18.73 | -0.409 -

PR
L

=
B 415 GAOT+-—@# A4 MEMPERAEHHTEN

b9 GANN B A K, (3.12) 35 &-7R % $ a9 & Bt < 2 GANN11-4-1-11-8-1+11-16-1
BhEE R R E 4.16~4.18 B & 4.12~4.14 AT - & 415 RE 419 Sl L B RE BN R
FhGBERLR  RATTAVENRARK  RE AR BER - EL - = FH
BAFH
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£412 GANN(1I-4-DE4AMELALEAEHGTLETN

HE ¥ | EEH
C -0.02 -
FL 0.15 +
SL 0.26 ++
w 0.17 +
SP 0.21 ++

CcA4 0.60 +-++
A4 0.55 +++
Wi | -015 -
W/B 0.28 ++
wes 0.37 ++
TAB | -0.74 ---

10
08 oo ee———oo -
06 b - vm oo

2; :::E:I:.:h:;ﬁ_]]_; Hﬂﬂ

02 | -C.__FL _SLAG_ W__ _SP__CA _FA _ W __ WHB WS _TAB

Rz

S g -
06 bmmm oo -
08 b o e e e eoTo.
10

BE

B 4.16 GANN(I1-4-D)AARESH L BEHAHTES

£ 4.13 GANN(11-8-D)Z £ ES AL AEHATEN

AW | ERH
C 0.19 -

FL -1.25 ---
SL 0.03 ---
w L8 T
SP -0.47 -

c4 1.43 +++
FA 1.00 ++4

wAC | 0.9l - -
w/B 0.90 +++
w/S .27 +

TA/B 1.08 +4++
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20
16
12
G.8
04

]
# 00
ﬁ-04 L C_

0.8
-12

16 boemmmm oo

-2.0

2%

B 417 GANN(11-8-DAAREB VLAY HOBEN

% 4.14 GANN(11-16-DE 4 Z# 2 S AE S B ik

HA7H | ERH
C -0.12 -
FL -0.07 -
SL -0.08 -
4 0.44 -
SP 0.02 +
C4 0.50 ++-
s 0.29 ++
w/C 0.07 +
W8 | -048
WS | -0.20 -
TA/B | -0.24 --
0.8
0.6
0.4
0.2
#
0.2
04
-0.6
-0.8

2

B 4.18 GANN(11-16-D)Z £RE#B LA B O EN
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£ 415 BBENBEFTEOZELLY

C|FLISL| W |SP|CA ! FA
GAOT t#3% |-.|---| -- |+ |NA| + | ++
GAOT +—#%g |- _|[---| - |+~ + - -
GANN(11-4-1) | - [ + |+ | + | ++ |++ |+
GANN(II-81) | - |-on|oon 4t | - |+ |
GANNGII-16-D) | - | - | - |++] + |++] —=
4
O GACT4#g; -
3 IMGAOT | —mm __ . _______ oo
B GAKN(11-4-1)

2 |WGANN(I1g1) -------- ---- -
W GANN{(11-16-1} :

3

B 0

w
BN el B ekl Hank ok e el iy
B B B e
JtFt--—---l - = .. .- --
4

HERE
B 419 54BN REFIEOLESLER
4-4-2 AR EEN R AR L

BRMEBAMARREZF A THET RS GHERZ LB ERUBRT & L5
KB IE LSS 4 AR R s R A HPC ST R o) B ok M R ARFR IS4
® €555 4 (Regression Analysis, RA)
® 1544 ¥ 48 3% (Back-propagation Networks, BPN)[8]
R ERMEERFTERERALARRAERZTREE RETAEEYEFELERAFILSY
thgk o

(— )38 5% 2 #7 (Regression Analysis, RA)

nX (4.6) BETCEBQE ARG ERE - B RIFCEEHENIAK R
Mo BRI EECERMALE Rt F ook 416 AR 4.20 A 0 EIREHR
B2 RMS %2 751cm & 6.14cm > ok 417 A% - A A EwE 420 B
421 fr5%  2A (A7) AT+ —SB@B S AR ERTY  Et1Ad TR 418 R
B 4.23 P Kol sk e fs) R B F45) 2 RMS 4 %] & 6.58cm & 6.63cm: 4u %k 4.19 5%
FEHEE B 424 BRE 4.25 i -
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Slump = -0.01C - 0.05FL — 0.02 SL +0.15W — 0.18SP 46)
001CA +.001FA et .

%416 cEHRAHKITESH

Input variables | ¥ | FZEHE L |t &3
C -0.01 0.01 -1.05
FL -0.05 0.02 -2.57
SL -0.02 0.01 -1.65
W 0.15 0.04 3.58
SP -0.18 0.34 -0.54
CA -0.01 0.01 -0.82
FA 0.01 0.01 0.47
4 f
i _

3 }[_ __________________________________________________
o2 s
o
P
% ] 1 1 1 D

2y
B 420 L@ RAL G E

£4.17 %3 RAZAZ HPCHEHE RMS
YISk | R EH
7.5l cm 6.14 cm
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*7 ¥ ; ! :
| o . o g
= I e > --- - - S e o — — S —— - -+ - - - -
| * 0 $ | *
| ’4 o ! .
e 9,,,1,,,,,,,.1 ‘.-- . e - d
z . ;: .b " * z ! . . o
L Y S o _e*_ P E oLyl ®_ gy ———____
= $ e e = B « ¥a
S . . 20 |
S ——-mi‘!;o —————— R I RIS -- e L b *----- [
= : 1 =2 . |
-————5—:— —————————————— -jw-— ————————————— b e Sk — - - - - —l——»»-—~»-—: ————— : —————
I | 1 | i i
I i ' 1 | | I 1
i i ' 1 | | 1
O 1 L L ‘:,‘l i | i L
5 0 5 10 18 20 25 3D 5 0 s 10 1:5 20 25 3p
: ; 1 i ‘
PIPE I AL i (cm) TR i (cm)
B 421 %3 RAZd&iF HPCHAE B 422 %3 RA 2 BRAEH HPCHE

élump =97.74-0.27C-0.26FL - 0.31SL +4.02 W + 3.60SP - 0.06CA

A

A B

e (4)

—0.05FA +10.61W/C —166.63W/B—6156.71W/S—322TA/B

%418 +—#HRAt &I EH

Input variables | 2 | EERE |t &3
Constant term | 97.74 340.27 0.29
C -0.27 0.15 -1.80
FL -0.26 0.15 -1.69
SL -0.31 0.14 -2.23
W 4.02 1.25 3.21
Sp 3.60 1.29 2.78
CA -0.06 0.13 -0.40
FA -0.05 0.15 -0.30
W/C 10.61 14.96 0.71
W/B -166.63 111.21 -1.50
W/S -6156.71 | 2667.71 -2.31
TA/B -3.22 12.24 -0.26




,4,,,
. S ‘1
I ol __
15 1 . S O
#
% I T R | L 1 [ B I .
0 - =)
C L) W SP FA W/C 4 4 TA/B
g r 4Py AU R I
2= |V | fe-eo--
-3
28
423 +-2#RAt&HE
£4.19 +—%$# RA &4 2 HPCIRAEH A RMS
il F ] | B A
6.58cm | 6.63cm
* : . 1 e 7 | e
| ? 1 L* . 1 : : !
S IR R MRSCTNN T remonpooeo s SRR o
: : 1’ ‘; ¢ | : : ‘* )
__30____!,J,,,,4,‘,,,J ,,,,, J’,’,’&_?‘__ ..__Q.O_J‘.____J.__, ...... 4_____?,-_7115,,,,
1 ' | & ' | | H
- 1 3 i Q“ ’. — | | | '.0.* L J
=] . ' I . | : .0‘ * E | | ' | * o*T o
Shose o tue e Mt B s T T
Z : f | ( L a4 a | i Y | R |
b g ¢ t I I 3 | ) I | I |
= LA + C_® L N T N R AT, T T R
= AR S A z - m; ! i | } ‘
S O T S — e
¢ o
T — ‘ | e
0 s T TR P J q‘ 5 10 15200 25 3P
| 1 : | | i o ! | | | ;
FEEEHHE i (em) 1B ETIE (i (em)

424 +— % RA Z 3t HPC I B 425 +-—
)i &

(= )45 1% 38 #3935 (Back-propagation Networks, BPN) {8]

& 3 RA = B $.17 HPC 31
B4R

AFFEE 11-11-1(11 g ~ 11 8% - | e AR EAB R B RERHLE

AR e 426 T 0 AP @ISR Tl T AT

o i EREL03
o BZyp =10



® FERFRAFE=099

® Y FETFRM=0.1

® EHATI¥EE=0.5

& FME-FREE=099

® {FMRTFTFMM=0.1

® B TEIE=3000> £ RMS K& BB 4.27 A

E olek fitr] BOR K )2 RMS 431 & 2.56cm & 3.46cm * dok 4.20 Ao > w44
o E 428 RAE 429 o - REELBH TR 430 7 -

L8 ] & A ®whE

FL

SL

SP

CA

FA

wiC

W/B

WIS

TA/B

B 426 11-11-1 4/ s pa 8 Y

RMS{cm)

|| AR
ST EEES

~~~~~~~~
uuuuuuuuu

Cyclefy

B 427 @A 4% RMS bl

# 420 BPN # 4 z HPC 3B &% RMS
ek ] | R A
2.56cm | 3.46cm
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9 | ‘ '0 . o : .
N I P N t *
—Eir~~——+—-—————--j ————— ET’T’ ::—— R " 3
; ; 3P s ¢
20 * ’o\ " - - R S LN . "-Q.‘ ——————
- o wetette o 1
& * | i f— »> |
Aol R T R R b &N . P I R R
% ‘ . = !
& g ﬁ_-_m____, __________________________
% [ E L J '
_ _5_‘ _________ ® .. - ® o ______
» : : !
3" : . L ‘ . o * : ‘
. % s o0 s w0 s 3 5 s 10 13 w0 23 X
T B3N RE i (o)) | ) BiEfE(em)
B 428 BPNI11-11-1 Z 3|4k HPC 3 HE 429 BPN11-11-1 2 a3 #& 4] HPC 3 &
et e
0.2
. H ........ H .............................
0.0 D T R |_-| LA H 1 1 1 1 D |
%% C FL SL w 5P CA FA &7% W/B M TA/B
# 1 U -
e e T -
-0.3 ]
=3

B 430 BPN z ZA#HIEH

A 421 RB 43 A mEF A RHERENABE ) GLER - DERRB T4 !

* FARER:

GAOT B GANN & # # %0 2 B34 RMS 784 RA - A% 2R

BPN : 857 GAOT & GANN # 4 2 B — T R -

* oXB@l:
TARRERETT -
Bk

B BPN & GANN 4 » GAOT B4 RA $459 8 4 2K > AARY

® LFEAZERATRMAHHPCHAEMASGHE R GAOTR—EXFETURELAE

WX HPC AR ERT & -

® ZHEAEHNTAM HPC HEESRVERERS A TFRRONLERRATR
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# > QI BPN R — @ & 2 B shae) HPC IR B B EZHRF ik -

£ 421 wWHEIEFGHEEERABEELE

RMS(cm)

RMS{cm
Fik %@ﬁw(w;ﬁm AMERE | DAL B
GANN 3.24 4.20 # Z3
GAOT % ¥ 6.51 6.35 + bd
GAOT +—#3¢ 5.92 4.57 + b
BPN 2.56 3.46 # %
184 RA E8 3 7.44 6.60 -3 z
FHRA+—## | 638 6.63 P z
O 3l &al
LR o ek A [ U

GANN GAOT @B  GAOT+—B8 BPN MERACEY  EHRAL B
EEFE
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Exploring Concrete Slump Model Using Artificial

Neural Networks

By I-Cheng Yel

Abstract: Fly ash and slag concrete (FSC) is a highly complex material so that
modeling its behavior is a difficult task. In this paper, a method of modeling slump of
FSC using artificial neural networks is described. The slump is a function of the
content of all concrete ingredients, including cement, fly ash, blast furnace slag, water,
superplasticizer, coarse aggregate, and fine aggregate. The model built was examined
with response trace plots to explore the slump behavior of FSC. This study led to the
conclusion that response trace plots can be used to explore the complex nonlinear

relationship between concrete components and concrete stump.

CE Database Subject Headings: concrete, models, mixtures, neural

netrworks.

INTRODUCTION
Workability is one of the key properties that must be satisfied for producing
concrete with high quality. It should be apparent that workability is a composite
property, with at least two main components: (1) Consistency describes the ease of
flow. (2) Cohesiveness describes the tendency to bleed or segregate. The slump test is
not suitable for measuring the consistency of very wet or very dry concrete. Although
it is not a good measure for workability, it is a fairly good measure of the consistency

or flow characteristic of a concrete mixture.

A basic concrete is made of 4 components (cement, water, coarse aggregate, and
fine aggregate); Therefore, modeling such a concrete is a four-parameter modeling
problem, Adding two mineral admixtures (fly ash and blast furnace slag) and one
chemical admixture (superplasticizer), makes the problem become a seven-parameter

modeling problem and much more difficult.

I'Prof., Department of Civil Engineering, Chung-Hua University, 30 Tung Shiang,
Hsin Chu, Taiwan 30067, R.O.C.
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Artificial neural network (ANN) is a powerful tool for modeling complex nonlinear
systems. A neural network model is a computer model whose architecture essentially
imitates a human brain's learning capabilities. Most applications of neural networks
are based on the back-propagation paradigm that utilizes the gradient-descent method
to minimize the error function. A thorough treatment of back-propagation networks is
beyond the scope of this paper. The basic algorithms of back-propagation have been
covered widely (Welstead 1994).

In the area of material modeling, Ghaboussi et al. (1991)modeled the behavior of
concrete in the state of plane stress under monotonic biaxial loading and compressive
uniaxial cycle loading with a back-propagation neural network. Kasperkiewicz et al.
(1995) demonstrated that the fuzzy-ARTMAP neural network could model strength
properties of HPC mixes and optimize the concrete mixes. Yeh proposed modified
neural network architecture for modeling the strength of concrete (1998a, 1998b) and
optimize the mix proportions (1999, 2003).

In this paper, a method of modeling the slump of fly ash and slag concrete (FSC)
using artificial neural network is described. The slump is a function of the content of
all concrete ingredients, including cement, fly ash, blast furnace slag, water,
superplasticizer, coarse aggregate, and fine aggregaté. Besides, the effects of each

component to slump were also examined by response trace plots in this study.

EXPERIMENTAL PROGRAM TO COLLECT DATA

Because superplasticizer is the essential material to workability while its chemical
composition is various, the data for modeling workability were collected from the
same lab by author. Mixing was carried out in a laboratory pan mixer. The
superplasticizer was premixed with water to ensure consistency of action throughout
the test program. The fresh concrete was assessed by the slump test.

To collect training and testing data systematically, mix proportions were performed
using the design of mixture experiment, which is a special type of design of
experiments (DOE) in which the factors are the ingredients or components of a
mixture, and the response is a function of the proportions of each ingredient. These
proportionate amounts of each ingredient are typically measured by weight, by
volume, and so forth (Myers and Montgomery 1995). In this study, the experiments
were designed according to a simplex-centroid design (SCD). A thorough treatment of
simplex-centroid design is beyond the scope of this paper. The basic algorithms of
SCD have been covered widely (Myers and Montgomery 1995). Basically, a
g-component SCD consists of 2°-1 distinct design points; therefore, there were 127

design points in this study. However, certain extreme design points are not possible
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and must be omitted. For example, low water content in combination with low
superplasticizer content may give too-dry mixes, and higher water content in
combination with higher superplasticizer content may give too-wet mixes. In both
cases, unreliable experimental data would be obtained. Therefore, such combinations
have to be ignored. Consequently, instead of conducting a SCD that consists of 127
design points, only seventy-eight various mix proportions were performed to collect
data. These data were used to build the workability model.

MODELING CONCRETE SLUMP USING NEURAL NETWORKS System
Model

Although the components are described using only a single term for each, they
actually mean a variety of forms. For example, the superplasticizer can be of various
chemical compositions. However, the properties of concrete are mainly influenced by
the mix proportions. Therefore, in this approach, slump of concrete is a function of the
following seven input features: (1) Cement (kg/m:’) (2) Fly ash (kg/m"’) (3) Blast
furnace slag (kg/m’) (4) Water (kg/ma) (5) Superplasticizer (kg/m3 } (6) Coarse
aggregate (kg/m’) (7) Fine aggregate (kg/m’).

Data Sets

The database of 78 records, each containing seven components of the input vector,
and one output value, slump (from 0 to 30 cm), was split in such a way that all the
records were simply shuffled using a random sampling, dividing them into four
groups, i.e., A, B, C, and D data group. Four models (Model A, Model B, Model C,
and Model D) were developed based on these groups. For example, in Model A, data
group A was assigned as the testing set, and the other three data groups (B, C, and D)
were assigned as the training set.

Training Results

The values of network parameters considered in this approach are as follows:
number of hidden layers = 0, 1, and 2; number of hidden units = 3, 5, 7, 10, and 14;
learning rate = 0.1, 0.3, 1.0, and 3.0; momentum factor = 0.0, 0.25, 0.3, and 0.75; and
learning cycles = 500, 1000, 2000, 5000, 10000, and 20000 (each cycle covers the
entire database available for training). Based on the error of testing set, the best
network parameters are as follows: number of hidden layers = 1; number of hidden
units = 7; learning rate = 1.0; momentum factor = 0.5; and learning cycles = 2000.

It appears that the root of mean squared error (RMSE) is 4.18, 5.00, 4.15, and 2.78
cm for Model A, B, C, and D, respectively, and 4.03 cm for the integral model, which
included the testing examples of Model A, B, C, and D.

To examine the influence of network and training parameters, the training results

based on various numbers of hidden neurons and learning rates are shown in Fig. 1. It
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is shown that although the parameters have some effects on the training results, the
accuracy is rather stable through various network and training parameters.
Comparative Studies

To compare the neural network approach with the conventional material modeling
approach, the non-linear regression approach was employed and the same variables
and data were employed to build the regression formulas. The types of second-order
regression formulas adopted were as follows:

g q
},ZZﬂf‘xt_'_ZZﬁgxl'xj (1)
f=1

24

where x, =the ith component content; f,, 5, = regression coefficients.

It appears that the root of mean squared error (RMSE) is 8.12, 7.13, 13.86, and 5.25
cm for Model A, B, C, and D, respectively, and 9.29 cm for the integral model, which
included the testing examples of Model A, B, C, and D.

The comparison shows that the neural network models (RMSE=4.03 cm) are
supported better by experimental data than the regression analysis (RMSE=9.29 cm).
In a study done by ASTM, it was determined that measured differences in slump of
greater than 2 inches (5.08 cm) from the same batch are considered excessive. Less
than 2 inch (5.08 cm) differences are considered to be typical for sampling, testing
and material variation (American Concrete Pavement Association, 2005). Therefore,

the error of the neural network model is relatively small and acceptable.

RESPONSE TRACE PLOTS OF THE SLUMP MCDELS

The response trace is a plot of the estimated response values as we move away from
the “reference mixture” and along the component axes. The trace plot can be used to
find those components that most affect the response. Consider the ith component and
suppose we move away from the reference mixture by changing the proportion of this
component by an amount A, (note that we could make A, either positive or negative).
Along the ith axis as the value of x;either increases or decreases, the values of other
component proportions x;, j #i, either decrease or increase, but the relative
proportions for these other components remain the same (Myers and Montgomery
1995).

We may give a general equation for these results. If x; is changed by an amount A,

from the reference mixture, to keep the volume to be one cubic meter, that is

§

Sx =1 @

i=1
then new proportions are
x,=r +A,; (3)
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where r = the value of component i of the reference mixture.

To construct a response trace plot, we would choose some number of blends along
the component axis; obtain the predicted response values of these blends by the fitted
model; then these predicted response values are plotied against the component axis.

If one or more of the response traces is a horizontal line, this indicates that these
components have little effect on the response; that is, we have discovered ingredients
that are inactive. On the other hand, if one or more of the response traces is a steep
slope line or a curve, this indicates that these components have a large effect on the
response.

Figures 2 to 8 are the response trace plots for the slump model built. The vertical
axis is the predicted slump, and the horizontal axis is the content of each component.
The reference mixture is the overall center of the data set.

The following conclusions can be drawn (results should not be extrapolated outside
the experimental domain or other combinations of materials):

1. The slump increases very slightly and then decreases sharply as the cement content
increases at the level of 260 kg/m3 and above (refer to Fig. 2).

2. The slump increases and then decreases very sharply as the fly ash content
increases at the level of 95 kg/m’ and above (refer to Fig. 3).

3. The plot of slag is very similar to that of cement. The slump increases very slightly
and then decreases sharply as the slag content increases at the level of 115 kg/m’
and above (refer to Fig. 4).

4. The slump increases very sharply and then decreases very slightly as the water
content increases at the level of 195 kg/m3 and above (refer to Fig. 5).

5. The plot of superplasticizer is very similar to that of water. The slump increases
very sharply and then decreases very slightly as the superplasticizer content
increases at the level of 10 kg/m” and above (refer to Fig. 6).

6. The slump remains constant and then decreases as the coarse aggregate content
increases at the level of 900 kg/m3 and above (refer to Fig. 7).

7. The slump remains constant as the fine aggregate content increases (refer to Fig. 8).
In conclusion, the slump is very sensitive to changes in fly ash, water, and

superplasticizer. The conclusion is consistent with the current knowledge about the

factors controlling the slump.

CONCLUSIONS
Fly ash and slag concrete is a highly complex material so that modeling its behavior

is a difficult task. This paper is aimed at demonstrating the possibilities of adapting
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neural networks to predict the slump of concrete. This study led to the following

conclusions:

1. The slump model based on artificial neural networks (RMSE=4.03 cm) is much
more accurate than the model based on non-linear regression analysis (RMSE=9.29
cm).

2. The response trace plot can be used to explore the complex nonlinear relationship
between concrete components and concrete slump.

The slump can be calculated by those models built with this methodology. It
becomes convenient and easy 1o use those models to predict any mix proportions as
long as their types of admixtures, in particular, superplasticizer, are similar. Although
the similarity of admixtures is the constraint to use the model, every empirical model
based on experimental data is also confined by the constraint. Moreover, each local
plant, at least in Taiwan, is always used to taking some specific admixtures; therefore,
the constraint may be not a serious flaw to use the methodology.

Important future developments of the approach are listed as follows:

1. A set of comprehensive numerical experiments to explore the interactive effects
between components on the mix proportions should be conducted using the
response trace plots approach.

2. The system should be trained using a much larger database in a straightforward way.

More reliable predictions would be possible.
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Analysis of Strength of Concrete Using Design of Experiments and
Neural Networks

By lI-Cheng Yeh'

Abstract: This paper investigates the potential of using design of experiments (DOE)
and neural networks to determine the effect of fly ash replacements, from 0 to 50%,
on the early and late compressive strength, from 3- to 56-day, of low- and
high-strength concrete, at water-cementitious material ratio in the range of 0.3 t0 0.7.
Research reported in this paper shows the following conclusions. (1) Using a
simplex-centroid mixture experiment design, a much smaller number of experiments
need be performed to obtain meaningful data. (2) High correlations between the
compressive strength and the component composition of concrete can be developed
using the generalization capabilities of the neural networks. (3) Analyses of variance
to test the effects of the variables and their interactions on concrete strength can be
performed. (4) The strength ratio, which means the percentage of strength of concrete
containing fly ash to strength of concrete without fly ash (pure cement concrete) based
on the same w/b and the same age, is significantly reduced as the fly ash replacement
increases, somewhat reduced as the water-binder ratio decreases, and much
significantly reduced as the age decreases. (5) The higher fly ash content mixes
yielded lower strength ratios throughout, the difference being greater at carly age and

low water-binder ratio.

CE Database Subject Headings: concrete, fly ash, strength, neural

networks.
! Prof., Civ. Engrg. Dept., Chung-Hua Univ., Hsin Chu, Taiwan 30067, R.O.C. Email:
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Introduction

Fly ash is the primary waste material from coal-burning power plants. Production
of the supplementary cementitious materials will increase as its relevant industries
continue to develop. In most cases there is the economic benefit of the price
differential between cement and fly ash. At the moment, there are few specific mix
proportioning methods designed for fly ash concrete. The material is used as a direct
replacement of cement by weight, at proportions of 10 to 25 percent by mass of the
total cementitious content, and then current proportioning techniques for concrete
made with portland cement are followed. Generally, the compressive strength of
concrete containing fly ash is lower than that of a control concrete without fly ash,
particularly at early age and at replacement levels of 25 percent and above. At low
water-to-binder ratios of about 0.35, 28-day cube compressive strengths of 35 to 50
MPa have been obtained for such cements without much difficulty (Swamy and
Bouikni 1990).

Over the last few decades, a considerable volume of research has been directed
toward generating the strength-w/b relations for concrete in compression, the
importance of which needs no elaboration. In plain portland cement concrete, it is
usually assumed that as long as the portland cement itself is satisfaciory, the quality of
the cement paste produced is primarily an inverse function of the water-cement ratio
(w/c). In other words, the strength of concrete is a function of the total void content of
the material (Aitcin and Neville 1993). The addition of fly ash to the mix introduces a
variable that influences paste quality and, consequently, the overall quality of the
concrete. Many studies have shown that when the water-binder ratio (w/b)
(water-cementitious material ratio) is used instead of water-cement ratio as the basis
for mix designing, strength prediction becomes more accurate. However, the quality
of the resulting fly ash portland cement paste may vary with the level of replacement.
Thus, it is practically known that concretes with the same w/b value may have
different compressive strength. Therefore, experimental determination of the relations
has become more difficult because the composition of concrete has become more
diverse (Wee et al. 1996).

This paper aims to present the experimental results of the effect of fly ash
replacements on the early and late compressive strength of low- and high-strength
concrete. One traditional experimental program methodology of studying the effects
of various components is to vary one component at a time and keep all others constant.
Response readings are then taken for different levels of this component. This process
is repeated by varying other components one by one until all the components have

been treated. This approach may not be satisfactory because of interactions between
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components. Therefore, the methodology does not seem appropriate to build the
model of concrete strength since the interactions between factors of strength are
usually very large. To overcome this difficulty, recourse is made to design of
experiments (DOE).

Industrial researchers typically turn to two-level factorials as their first attempt at
DOE. These designs consist of all combinations of each factor at its high and low
levels, With large numbers of factors, only a fraction of the runs need to be completed
to produce estimates of main effects and simple interactions. However, when the
response depends upon proportions of ingredients, such as in chemical or material
formulations, factorial designs may not make sense.

For example, for a normal concrete consisting of cement, water, fine aggregate, and
coarse aggregate, assuming that the cement and water are controllable factors with
two levels, 360 and 440 kg, and 180 and 220 kg, respectively; fine aggregates and
coarse aggregate are uncontrollable factors with a fixed level of 800 and 1000 kg;
then, the two-level factorials are shown in Table 1. Run 1 (both factors low) and Run
4(both factors high) have the same strength. However, it makes more sense to look at
strength as a function of the proportion of water to cement, not the amount.

There are many industrial problems where the response variables of interest in the
product are a function of the proportions of the different ingredients used in its
formulation. This is a special type of response surface problem called a mixture
problem. Design of experiments for mixture accounts for the dependence of response
on proportionality of ingredient (Myers and Montgomery 1995).

Using polynomial regressions, the DOE approach permits the calculation of the
response surfaces for the parameters under study over the experimental domain.
However, because of high complexity of the relation between compressive strength
and component composition of concrete, conventional regression analysis could be
not sufficient to build an accurate model. Artificial neural networks (ANN) are
essentially information modeling systems that mimic the biologic system of the brain.
The neural network modeling approach is simpler and more direct in comparison with
traditional statistical methods, particularly when modeling nonlinear multivariate
interrelationships. Some recent applications of neural networks in civil engineering
materials include those references, Ghaboussi et al. (1991), Oh et al. (1999), Basma et
al. (1999), Yeh (1998a, 1998b, 1999), Yeh et al. (2002), Haj-Ali et al. (2001), Nehdi et
al. (2001a, 2001b); Peng et al. (2002), EI-Chabib et al. (2003), Kim et al. (2004), and
Stegemann and Buenfeld (2004). However, little research has been done on modeling
strength of concrete containing large amount of fly ash and superplasticizer using
neural networks associated with DOE.

This paper investigates the potential of using DOE and neural networks to
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determine the effects of fly ash replacements. from 0 to 50%, on the early and late
compressive strength, from 3- to 56-day, of low- and high-strength concrete, at

water-cementitious material ratio in the range of 0.3 to 0.7.

Introduction of Design of Experiments for Mixture

In general, suppose that the mixture consists of q ingredients or components, and let
x, represent the proportion of the ith ingredient in the mixture. In light of the above

discussion the mixture problem becomes

x, 20, i=12,...g9 ey
and

9

Sx, =x x4t x, =1 (2)

The constraint in Equation (2) makes the levels of the components x, dependent,
and this makes mixture experiments different from the factorial experiments. The
primary differences between a factorial experiment and a mixture experiment are that
(1) a special type of design must be used and (2) the form of the mixture polynomial
is slightly different from the standard polynomials used in factorial design (Myers and
Montgomery 1995).

In this study, a mixture design called simplex-centroid design was adopted. A
q-component simplex-centroid design consists of 27 —1distinct design points. These
design points are the q permutations of (1, 0, 0...., 0) or single-component blends, the

[ZJ permutations of (1/2, 1/2, 0,..., 0) or all binary mixtures, the (‘;J permutations

of (1/3, 1/3, 1/3, 0...., 0), and so forth, and the overall centroid (1/g, 1/g,..., 1/q).
Because the mixture space is a simplex, all design points must be at the vertices, on
the edges or faces, or in the interior of a simplex.

To illustrate how to apply mixture design, a simplex-centroid mixture design that
involves three components is listed in Table 2. The design keeps the total of the
components at one unit. Figure 1 shows the location of the points of the design in the
mixture space. In this triangular layout, the apexes represent the use of only a single,
specific component. Binary blends, which provide estimates of second-order effects,
occur at the midpoints of the sides on the triangle. The points in the interior represent
three-part blends. The centroid point contains equal amounts of all three ingredients.
The individual proportions go from zero to one from base to apex in each of the three
axes (Myers and Montgomery 1995).

Constraints on individual components may be introduced. The constrained mixture



problem becomes
L<x <U, i=L2..q 3)
where L, and U, is the lower bound and upper bound of the ith component;

and Equation (2). However, this adds complications that go beyond the scope of this
article. The reference of Myers and Montgomery (1995) is an excellent and very

complete reference on the subject.

The design points in the simplex-centroid design will support gqth-order mixture
polynomial

E(y) Zﬂ,x, + Zzﬂm% +ZZZJBW X, X+t Py g %1%, (4)

i< f i< j<

where x, is the proportion of the ith ingredient in the mixture; B;,, B,. B,

B, , are the regression coefficients.

For g = 3 components, this model is
E(y)= Bix, + Byxy + BoXs + P Xy + BiaXXs + Xy X + BranXy Xy X &)

which is the special cubic polynomial from Equation (4). For g=4 components, the
model is

E(y) Zﬁ,x, + ZZﬁjx,x, +ZZZﬁﬂ‘x XX, + B X X, X5 X, (6)

i=] i< J i< J<
or the special cubic model with an additional quartic term. Because relatively efficient
designs for fitting the special cubic model, simplex-centroid designs are often used
when the experimenter thinks that some cubic terms may be necessary in the final

model (Myers and Montgomery 1995).

Design of Experiments for Concrete Mixture

The lower and upper bound of each component is listed in Table 3. In a mixture
experiment, the response is observed at all mixture design points and the effects of
component and interactions between components are investigated simultaneously.

However, in concrete mixture design, certain mixture design points are not possible
and must be omitted. Such a deliberate omission of some design points creates some
experimental and analysis problems, both theoretical and numerical. Therefore, a

flatted simplex-centroid mixture experiment design was adopted. Thus, instead of
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using a total of 29 ~1=27 —1=127 mixture design points, 78 design points that
covered a whole range of values likely to be encountered in practice were selected.
The sequence in which the mixture design points were investigated was randomized
1o avoid any statistical significance of a blocking effect.

All compressive strengths were measured on 150 mm cylinders. These were fully
compacted on a vibrating table, moist-cured for 24 hours, demolded, and then cured in
water at 20°C until testing at 3, 7, 14, 28, and 56 days. Therefore, there are 78x5=390
training data. Each quoted strength value is the average of strengths from three
cylinders.

Besides, to evaluate the accuracy of model built with the mixture design, 10
concrete mixtures and their test results at 3, 14, 28, 56, and 90 day collected from
literature (Yeh 1999) were used. Therefore, there are 10x5=50 testing data. Although
there are only 10 mixtures in the literature, they covered five different levels of
strength about 25, 32.5, 40, 47.5, and 55 MPa, and five different levels of workability
about 5, 10, 15, 20, 25 cm in slump. It may be sure that these will form a fairly
representative group covering all the ranges of practical use for concrete mixtures and
present rather complete and independent information required for such an evaluation.

The results of the compressive strength tests were subjected to polynomial
regression using a computer program. Various polynomials were tried to represent the
measured compressive strength data for seven component contents at a specific age.
The best fit for the compressive strength was obtained with Root-Mean-Square (RMS)
error of 3.96 MPa (R?=0.890) and RMS error of 8.82 MPa (R*=0.791) for training
data and testing data. respectively. Predictions of the strength for concrete using
regressions for training data and testing data are shown in Fig. 2 and Fig. 3,
respectively. It can be seen that although the RMS error for training data is rather low,
the RMS error for testing data is so high as to provide inaccurate predictions. In other

words, the model lacks for generalization.

Introduction of Neural Networks

A neural network is a computer model whose architecture essentially mimics the
knowledge-acquisition of the human brain. It consists of a number of interconnected
processing elements, commonly referred to as neurons. The neurons are logically
arranged into two or more layers and interact with each other via weighted
connections. These scalar weights determine the nature and strength of the influence
between the interconnected neurons. Each neuron is connected to all the neurons in
the next layer. There is an input layer where data are presented to the neural network

and an output layer that holds the response of the network to the input. It is the
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intermediate layers, also known as hidden layers, which cnable these networks to
represent and compute complicated associations between patterns (Goh 1995). Each
hidden and output neuron processes its inputs by multiplying each input by its weight,
summing the product, and then passing the sum through a nonlinear transfer function
to produce a result. The S-shaped sigmoid curve is commonly used as a transfer
function.

The neural network “learns” by modifying the weights of the neurons in response to
the errors between the actual output values and the target output values. The neural
network paradigm adopted in this study utilizes the back propagation learning
algorithm. In back propagation neural networks, the mathematical relationships
between the various variables are not specified. Instead, they leamn from the examples
fed to them. In addition, they can generalize correct responses that only broadly
resemble the data in the learning phase (Goh 1995). The details of the algorithm will
not be discussed here. It has been thoroughly described by Lippmann (1987).
Numerous implementations of back propagation are commercially available. In short,
for the first cycle of training, random weights were assigned to the connections
between the units. Training was carried out until the average sum squared error over
all the training patterns was minimized. During training the network performance is
monitored by RMS error to achieve a better understanding of the network
performance.

Once trained, the values for the input parameters for the praject are presented to the
network. Then the network calculates the node outputs using the existing weight
values and thresholds developed in the training process. The neural network will
produce almost instantaneous results of the output for the practical inputs provided.
Such a trained neural network not only would be able to reproduce the experiment
results it was trained on, but through its generalization capability it should be able to
approximate the results of other experiments. The degree of accuracy in this
generalization depends on how comprehensive the training set is (Ghaboussi 1991).
The predictions should be reliable, provided the input values are within the range used
in the training set (Goh 1995).

Neural Networks for Modeling Strength Behavior

To efficiently generate response surfaces of compressive strength of concrete,
instead of commercially available neural network software, the program adopted in
this study was written in C language and essentially followed the formulations of
Lippmann (1987).

The neural network developed in the investigation has eight units represented as
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cement, fly ash, slag, water, SP, coarse aggre‘:gaté, fine aggregate, and age, in the input
layer and one unit represented as compressive strength in the output layer. After a
number of trials, the best network architecture and parameters which minimize the
RMS error of testing data were selected as follows:
® number of hidden layer=1
® number of hidden unit=4
® learning rate=1.0
® learning cycle=3000

Training time on a personal computer was less than 30 seconds. The RMS error is
3.01 MPa (R’=0.940) and 4.32 MPa (R?=0.929) for training data and testing data,
respectively. Predictions of the strength for concrete using the network for training
data and testing data are shown in Fig. 4 and Fig. 3, respectively. Comparing Fig. 5
and Fig.3, it may be seen that the model obtained by neural networks more accurately
predicts the experimental results for the testing data in the range of concrete strength

in this study.
Response Surfaces of Compressive Strength

When the neural network model for compressive strength had been built, the
predicted compressive strength can be regarded as a function of all the input variables.
Although there are eight input variables in the model, it is more meaningful to
investigate the response surface and relations between the compressive strength and
age and two ratios of components; water-binder ratio and fly ash-binder ratio. The
binder means cementitious material, that is, cement plus fly ash and slag. The range of
each variable is listed as follows:

1. The water-binder ratio (w/b) was varied with 0.3, 0.4, 0.5, 0.6, and 0.7.

2. The fly ash-binder ratio (fa/b), the amount of fly ash by weight of binder, was
varied with 0, 10, 20, 30, 40, and 50%.

3. The age of concrete was varied with 3, 7, 14, 28, and 56 days.

Besides, all other components or their ratios were kept constant: the slag, water, and
SP content was kept constant 0, 175, and 5kg/m’, respectively; the coarse aggregate
to fine aggregate was kept constant 1.0; the total volume of concrete was 1.0007°.

From the w/b-strength ratio curves generated using the trained neural network
developed in this study with the above combinations, five sets of curves have been
shown in Figs. 6 to 10 to explore the effects of fa/b and w/b at 3, 7, 14, 28, and 56
days. The strength ratio means the percentage of strength of concrete containing fly
ash to strength of concrete without fly ash (pure cement concrete) based on the same

w/b and the same age. Besides, five response surfaces have been shown in Figs. 11 to
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15 to explore the interactions between fa/b and w/b at 3, 7. 14, 28, and 56 days. Some
conclusions were gotten as follows.
The effects of fa/b
At the same age and w/b, the reduction of strength ratio with fly ash content in the
cement paste is proportional. For example, at 28-day age, as can be seen in Fig. 9,
w/b=0.3, the effect of relatively small replacements (10%) is to slightly decrease 2%
of strength ratio; however, the effect of relatively large replacements (50%) is to
significantly decrease 18% of strength ratio.
The effects of w/b
At high fly ash replacement, the greatest proportional strength ratio decreases were
at the low water-cementitious material ratios. For instance, at 28-day age, the strength
of concrete containing 50% of fly ash at w/b=0.3 and 0.7 is 72% and 82% of that of
concrete without fly ash. However, at low fly ash replacement, the reduction of
strength ratio produced by replacing cement with fly ash in concrete mixes prepared at
a lower w/b was about the same as those prepared at a higher w/b. This phenomenon
is illustrated in Figs. 6, 8, and 10 for concrete at 3-day, 14-day, and 56-day,
respectively. At 3-day, the 30% fly ash mix at w/b=0.3 and 0.7 achieved 73% and 67%
of the compressive strength of the reference pure cement mix; at 14-day, 83% and
83%, and at 56-day, 95% and 95%.
The effects of age
Higher volumes of fly ash replacement resulted in significantly lower strength ratio
at the early ages, while resulted in slightly lower strength ratio at the late ages. For
example, at w/b=0.5, the strengths of concrete containing 50% fly ash at 3-day (Fig. 6)
and 56-day (Fig. 10) are 51% and 91% of that of concrete without fly ash.
The interactions of fa/b and w/b
(1) Lower volume of fly ash replacement resulted in about the same reduction of
strength ratio at low w/b and at high w/b. For example, at 28-day age, as can be
seen in Fig. 9 and Fig. 14, the strengths of concrete containing 10% fly ash at
w/b=03 and 0.7 are 99% and 97% of that of concrete without fly ash,
respectively. '
(2) Higher volume of fly ash replacement resulted in significantly lower strength ratio
at low w/b, while resulted in slightly lower strength ratio at high w/b. For example,
at 28-day age, the strengths of concrete containing 50% fly ash at w/b=0.3 and 0.7
are 72% and 82% of that of concrete without fly ash, respectively.
The interactions of fa/b and age
{1) At the early ages, fly ash contributed little to strength. For example, at 3 days, as
shown in Fig. 6 and Fig. 11, at water-binder ratio of 0.5, compared to the concrete
without fly ashes, the strength ratio was reduced by 7% for a 10% fly ash
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replacement, and by 49% for a 50% fly ash replacement.

(2) At medium ages, fly ash contributed a little to strength. For instance, at 28 days, as
can be seen in Fig. 9 and Fig. 14, at water-binder ratio of 0.5, the strength of the
10% fly ash mixes was only slightly lower (2%) than the pure cement mixes,
although 50% fly ash replacement still resulted in a 18% reduction of strength
ratio.

(3) At the later ages, the contribution of fly ash to compressive strength became
greater. For example, at 56 days, as can be seen in Fig. 10 and Fig. 15, at
water-binder ratio of 0.5, the strength of the 10% fly ash mixes was the same as
that of the pure cement mixes, and 50% fly ash replacement only resulted in a 9%
reduction of strength ratio.

The interactions of w/b and age

(1) At the early ages, there is the optimum w/b for minimizing the reduction of
strength ratio. For example, at 3 days, as shown in Figure 6, the strength ratio of
concrete containing 50% fly ash at w/b=0.3 and 0.7 is 41% and 42%, respectively;
however, at w/b=0.45 is 51%, a significant greater percentage.

(2) At the later ages, the higher the w/b, the higher the strength ratio. For example, at
56 days, as shown in Figure 10, the strength ratio of concrete containing 50% fly
ash at w/b=0.3, 0.5, and 0.7 are 83%, 90%, and 90%, respectively.

Conclusions

Research reported in this paper shows the following conclusions:

1. For concrete compressive strength, using a simplex-centroid mixture experiment
design, a much smaller number of experiments need be performed to obtain
meaningful data. Such data can be satisfactorily used for building neural network
model. A g-component simplex-centroid design consists of 29 —1distinct design
points. Therefore, because there are seven components in this study, there are
27 —1=127 mixtures. Considering that if there are five levels for each component,
the complete combinations are therefore 57 =78125 mixtures. Therefore, the
simplex-centroid mixture experiment design is much more economical.

2. Based on the data obtained form the DOE for mixture, high correlations between
the compressive strength and the component composition of concrete can be
developed using the generalization capabilities of the neural networks. Such model
can be efficiently used for simulating the compressive strength behavior.

3. Based on simulating compressive strength with the model built using neural
networks, analyses of variance to test the effects of the variables and their
interactions on concrete strength can be performed. Such information can be
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emploved to induce some interesting discoveries of effects and interactions of
factors.

4. The strength ratio, which means the percentage of strength of concrete containing
fly ash to strength of concrete without fly ash (pure cement concrete) based on the
same w/b and the same age, is significantly reduced as the fly ash replacement
increases, somewhat reduced as the water-binder ratio decreases, and much
significantly reduced as the age decreases.

5. The higher fly ash content mixes vielded lower strength ratios throughout, the
reduction being greater at-carly age and low water-binder ratio.

6. At high fly ash replacement. the strength ratio is somewhat reduced as the
water-binder ratio decreases; however, at low fly ash replacement, the reduction of
strength ratio produced by replacing cement with fly ash in concrete mixes
prepared at a lower w/b was about the same as those prepared at a higher w/b.

7. The strength ratio is much significantly reduced as the age decreases, the reduction -
being greater at high fly ash replacement and low water-binder ratio.
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Table 1. Two-level factorial design of two controllable factors

Run No. Cement (kg) Water (kg) Compressive
Strength (MPa)

Run 1 360 180 34

Run 2 360 220 28

Run 3 440 180 45

Run 4 440 220 34

Table 2. Simplex-centroid design of three components

Run No. Component 1x, | Component 2x, | Compoent3 x,
Run 1 1 0 0

Run 2 0 1 0

Run 3 0 0 1

Run 4 172 172 0

Run 5 172 0 172

Run 6 0 172 1/2

Run 7 173 173 1/3

Table 3. The lower and upper bound of each component

Component [Lower bound (kg/m'q')TUpper bound (kg/mB)
Cement 150 350

Fly ash 4 D00

Slag 0 260

Water 125 240

SP 3.5 12

Coarse Aggre.850 1160

Fine Aggre. [675 980
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MODELING WORKABILITY OF CONCRETE USING DESIGN
OF EXPERIMENTS AND ARTIFICIAL NEURAL NETWORKS
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Department of Civil Engineering
Chung-Hua University
Hsin Chu, Taiwan 30067, R.Q.C.

Key Words: concrete, slump, design of experiment, modeling,

artificial neural networks.

ABSTRACT

The significance of workability in concrete technology is obvious. The
current empirical diagrams and tables presented in codes and standards for
estimating workability are based on tests of concrete without supplementary
cementitious materials (fly ash, blast furnace slag, etc.). The validity of
these relations for concrete with supplementary cementitious materials
should be investigated. Because of the high complexity of these relations,
conventional regression analysis is not sufficient to build an accurate model.
The artificial neural network (ANN) is a powerful tool for modeling
complex nonlinear models. Therefore, in this study, a slump flow model has
been built using design of experiments (DOE) and ANN. In this model, the
slump flow is a function of the content of all concrete ingredients, including
cement, fly ash, blast furnace slag, water, superplasticizer, coarse aggregate,
and fine aggregate. This study led to the following conclusions: (1)
Discovering doubtful experimental data produced by using the prototype
model and repeating these experiments is very significantly beneficial for
building a reliable model. (2) ANN can build a more accurate slump flow
model than a 2-order polynomial regression can.
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MODELING WORKABILITY OF CONCRETE USING

SECOND-ORDER REGRESSIONS
I-Cheng Yeh  Jia-Wei Chen
Department of Civil Engineering, Chung-Hua University

Key Words: second-order regression, modeling, concrete, slump.
ABSTRACT

High-performance concrete (HPC) is a highly complex material, which makes modeling its behavior
a very difficult task. Several studies have independently shown that the workability of HPC is not only
determined by the water content and maximum size of coarse aggregate, but that is also influenced by
the contents of other concrete ingredients. In this paper, the method for modeling workability of HPC
using second-order regression is described. This study led to the following conclusions: (1) When
experimental data set is not divided into in-samples set and out-of-sampies set, the stump flow model
based on second-order regression is much more accurate than that based on linear regression analysis.
(2) Although there are many freedoms of error in the second-order regression model in this study, when
data set is divided into in-samples set and out-of-samples set, the slump flow model built with
in-samples and tested with out-of-samples becomes much more inaccurate than that built and tested
with the data set not divided into two sets. Therefore, when second-order regression is used as a

modeling tool, experimental data set should be divided into in-samples set and out-of-samples set.
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This study used genetic algorithms combined with operation tree
(GAOT) to produce self-organized formula for the strength of
high-performance concrete (HPC). The results showed that GAOT
certainly could produce rather accurate self-organized formula, and it is
more accurate than other methods only except for back-propagation
networks.
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