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ABSTRACT

This study aimed to establish the strength models of High-Performance Concrete (HPC)
at different ranges of water binder ratio (W/B) using Genetic Operation Trees (GOT),
Nonlinear Regression Analysis (NLRA) and Back-Propagation Networks (BPN), and to
compare their accuracy, and to explored the variations of these models at different ranges of
water binder ratio. A large number of experimental datasets were used to compare accuracy of
the three modeling methods. The results showed: (1) The approach separating the
experimental data into three subsets according to their W/B is more accurate than the one
using the whole experimental data. (2) If users only need to build accurate strength model and
not to build an understandable and explicit one, BPN is the most suitable among the three
modeling methods. (3) GOT can produce self-organized formulas, which is an important
advantage to developing novel materials. (4) Slag has lower contribution to strength of
concrete at low W/B but higher contribution at high W/B. Conversely, fly ash has higher
contribution to strength of concrete at low W/B but lower contribution at high W/B.

Keywords: high-performance concrete, strength, water-binder ratio, nonlinear regression
analysis, back-propagation networks, genetic operation trees.

Page 3 of 23



3

)

[T EE S = RIATRIAT RS R oLt 1 ofs ~ A SRR AR A Aot o
TFITE SR BRRR > BV IR S R SR (O] o B AR 2 R
’?’T VTR (R IR AU S s T [ R & R ‘/}—T‘[l]

(e = SRS TJI* FURLIRSFR T > RO R el R 5 7["?(Lmear Regression
Analysis, LRA)Z"» BEf' & 4 SEHHLY 54 pEdl Y%fféﬁ'ﬁf% ) [“I"'“ﬁfj’iﬂ ’[’?\E'J_I‘ill"gg*ég’lfﬁﬂj'[‘?ﬁ:ff‘[\(%
2 AR T o — WV AV kL2 EU s 5T AT (Nonlinear Regression Analysis,
NLRA) ° 5" NLRA fi SIEAS B R LY SRR » PP LRA RIS ™ 5T HPC lﬁﬁ‘ﬁﬂ 7 TR
Ry Y (73 Eﬁjﬁéﬁ*lirrﬁll SRS DI 2 (R ”[F‘;iﬁd (F 18 = ﬁ'ﬁ#gf (1) EIpvE
TEEERLE B L (1)~ F‘qijl@?& lﬁr[ IR B RpIERYE gﬁf A TR
A A ] Pj‘iiE lﬂjﬁ 4t

Ei jﬁﬁ EWE[JFIH*?FTEW' » ©lE | PFE[F#[ IJ’T'—Z[“%“ | Y B ﬁ,[,(Back Propagation Network,
BPN)[2] A L i 4 [3-9] - iﬁyﬁ%#“ﬁﬁ%ﬁﬂ@£4V%@wﬁ’@‘*w
AL e R | R e = e B AR e AT S S 55 AT 2 Y A L
Iy ARG R A5 ) DU IR (NIt RUFISLR] > B 820 SRR S0k & ot
B - [ 10

E@‘J'E@{g;g E’I"‘J‘y_af: & 0 EI’UFHJ%E = fFJI”J“jEﬁ ik %F'HFJQ[ ':L;ng (Evolutionary Computation)
RS P BIT10-12] - SO BEAL S SRR NI R IO PR NP SR
| kﬁﬂi = [ng ({rilw Eiy[]_?, 14] Eﬁ\%_]ﬁ'{]il U %}’ R rl &a@f)ﬁ&ﬁf” El §FJ§J[5{:I }7y7 =
SR e frfﬂri A [FIPBUA RS i e 2] 913,14 > = 25l ] Jﬁl‘gjzi—ﬁl“ il A
I ~ Bty F ,%E YA 10]HEH Y ﬁ[ “3E FT(Genetic Operation Trees, GOT)ﬁé@ﬁé Ei\{%Jf §Fi’1ﬁ
PR FHNET GOT i % U} 172 @ (self-organized) * 2 [V HPC 8% MR E1 it i | i BPN »
(fliE = LRA ﬁEFE

AEGRY {10]=rg = " HPC EIE3N o [ HPC i T ) fil [fil7}<58 F=(water-binder ratio) ™ > X
FUR LR T Il ISR I i s g i - R ﬂ‘ S5 )
e NI '5\'}{5]/??\(5%4 P Al 55 B %~ T F BE STHIIE S SRR F el
PRIV HPC 317 23 o BRI T AT [ ABE RS BF 0 1) GOT - NLRA % BPN
zﬁijﬁﬁﬁfwc%@ﬁ?’” PR O S T TR R
pd o

)

FEEHE AR

~ T

S AL - FEASE TR S BT RR A - - AL L ETETRE] - B X,
(he = In g exp S XXy OEET GRYES FHORSZET 1 - XeXas PUEF 1L
FIA R TL0] o o Xy, LR OB B WP e ST ) R [ g

- S TR A

4



BTUPIAZ RL a2 SR E0 1] ELSLRIH R [, — o, = In JORZEET=" > [N 32ERT Al
57X, X, 05,5+ 60 + [ S8 BT 30 EL Y=(X, x0.5-5/ X,)+In(60) -

[x | Los| [s] [x]

BT SEERRE I A

ST RSN AL R
WAL Ap SR 2 S R B = (DR RARIOF TS 22 2 OpRag
@f%ﬁ%&ﬂ@ww@@vmwﬁézwﬂ@J* PP S PR AR A RS8R 3 A
023 AR A4 FFIRE » SI8R ) T U= (RS s FRBp o (s -

(152 p L~ [Haﬁirﬁ#l Tk F”Sf R TG 55 AT~ AR R 5 oA il < R S R
Bt AR AP R SRR - (B (IR < P PR S R
354 £ [ IRERS 1D posE T FTIF (genetic algorithm, GA) » e HA TR B S35 320 s
= EEEEE

S I BT AL o vﬁ%jgﬁ AOR ([~ o 1) Jgﬂfljlgufﬁgﬁﬁj:k CpEE ﬁﬁiuffygﬁli
(1 MR < S R ORGP R B TP Sl T AR AT
PP VARG 2 P02k T RS S TR (I [T%‘*F FARPY R REAE R 2
O o PR o S TR BL P U £ TR ERPOAE £ o POt R0 (T [
APRAR I o 19 > JLPoRA i % — AL o Pl (o7 & S ol i % - o g
P TR SR R - SEEL) TR L 1
R TR RR TR TR TRVREE (T SRR T IRV S - D TR
i [13,14] -

£ WAL

- YRR

HIPC SR IREIJOfS * [FABGELE] 12 F 1807 RIS : RICIEIC) R NIEICL) A
THIENSL) ~ AR EIW) ~ PR R RSP ~ R A EN(CA) ~ AT P TENFA) ~ #3(AGE) ~ 7
T EAWIC) ~ 7f"§3?'f‘(WfB) RIIEA(W/S) M FHEEH(TA/B) - PNABRE I EUFVEEE ( f,. psi) - 4%
BOST R R BB R R R O R . kTR G
http: //archlve ics.uci.edu/ml/datasets/Concrete+Compressive+Strength EW(&“E!'@%Z ™3y Ek[] [
U~ fy= I AR EpoerR & S BT EEST 0.5 - 590 UGy S 7
PAARIRE 6 035 2 0.65 V] > A 763 21%vE] FJ SRR JJJ‘" 0.5 =>4 608 27
erR] o RS O HIFVES 7 T T RRBS LR R ] RIEREVZ 51 V- 2TRERRIRE

R LA RO FOMTEIL 5 FE <SS (VRS OB AR I
B o




Foo ORI UL AR RN

gl ¢ | FL | SL | W | SP | cA | FA |AGE|w/C|W/B|W/S|TAB| f,
B Kg/m’|Kg/m’|Kg/m’[Kg/m*[Kg/m’|Kg/m*|Kg/m’| day |Ratio|Ratio|Ratio|Ratio| MPa
(% |minimum| 132.0[ 0.0] 0.0] 118.0] 0.0] 595.0| 387.1] 1.0] 0.24] 0.24| 0.04| 2.18[ 6.3
~j« [maximum| 897.0( 197.0] 359.4| 314.0] 32.2[1820.0[1300.0[365.0[ 1.69] 0.50| 0.12] 6.93[122.0
wp | mean |[359.4| 43.7| 82.4[174.7] 6.7| 985.8] 761.2[ 43.4| 0.60| 0.38] 0.08] 3.76| 50.8
| ostd [ 159.9] 62.8] 93.8] 33.3] 6.6 146.0 108.6| 53.6| 0.27| 0.07| 0.01| 0.86| 23.2
flt |minimum| 92.0]  0.0] 0.0] 139.0] 0.0 700.8] 594.0[ 1.0 0.35| 0.35] 0.06| 2.18[ 4.5
-}« [maximum| 896.0( 200.1| 316.1| 314.0] 18.8[1322.0] 968.0[365.0[ 2.10| 0.65| 0.13] 6.48[ 97.0
w2 | mean |2662[ 511 69.8] 188.3[ 4.3] 972.3| 789.5 56.4] 0.83] 0.51] 0.09] 4.73 33.5
P ostd | 1117] 62.9] 85.8| 24.0 47| 97.7| 93.0] 79.6 0.32| 0.08| 0.01| 0.93| 14.2
iy [minimum| 71.0[ 0.0[ 0.0[ 158.1] 0.0[ 735.4] 580.0] 3.0] 0.50] 0.50] 0.07] 3.51] 2.0
-« [maximum| 436.0( 200.1] 238.7[ 246.9] 17.9[1294.1| 968.0[365.0| 2.73| 0.90| 0.13] 9.85[ 59.6
w2 | mean |219.8] 30.1 64.1] 192.6] 2.1] 935.0] 850.9 68.4| 1.04] 0.63] 0.09] 5.82| 25.3
B std 79.9| 532 76.8] 14.7| 3.6| 1154 93.9] 96.3| 0.48| 0.10[ 0.01] 0.97| 12.4

7+ WICS(WHSP)/(C) ~ W/B=(W-+SP)/(C+FL+SL) ~ W/S=(W-SP)/(C+FL+SL+CA+FA) -

TA/B=(CA+FA)/(C+FL+SL)

= R RS

FPAELE S RS PR TR ?}Fﬁj\i NI qg*[b o {0 e psE BT

ﬁg\l » 7l L@jgﬁiﬁﬂjﬂﬁa o IE T FlJﬁ'}ﬁF“gﬂi]p% Wk = HL o Ep[1
Lj‘} g*pjéj{*g’ﬁxnmlggﬂ zﬁ{gﬁ ,[H[PIEJ@,E 1~6 u‘bfzgr
® 7T T - 1“Ifg*§f%!TX2~X15)p fp = 3 Q'Wﬁg‘ﬁm PIF=fIEE RS 1~19 ﬁl
(g 19Eﬂj " PR ﬁng iy K9 B S - 100~+100 Aisgige ;
o gﬂglfjriﬁﬁ—"!(XWXy)BfifﬁlE'J{E_fﬁﬁ [RIFRISES 7~19 IVEER) -
=9 RGPS G I -
® AR In TR - p IF“%EEP IS T AR
’51 éj{“%’ﬁﬁl“ ﬁﬁm(*@%f&ﬁ@@ﬁ?ﬁ ?T%H “ijgug{*‘gﬂﬁj‘@ i

e i e ]

T ERET ﬁﬂﬁ%
a“*r'}ﬁl% 1|2 (3|4]5]|6
BRI | + | — [ x|+ x| In

R




HZ EETR (B F{jg\f) NE i
%’F}ﬁ% 71 8 9 10| 11 | 12 | 13 14 15 16 17 18 19
J:E_'E]T 7 |C|FL|SL|W |SP|CA|FA|AGE | W/C | WB | W/S|TA/B | K

= EERE I?E[I:EJ g iET-
SRR e R 7 F ) (R4 - SRR e R e v v ok bl - f

L.:\
\\V{
i—' i
I
i

ﬁf”ifﬂ%ﬁlfﬁ'%& e N A1 e KAl O DU
y=a+pf-f 6))
o

a=y-p-f 2)
D (fi=Hx(y,-y)

p=iT (3)
>(fi—f)
i=1

il

y =43 Fﬂimﬁ;’ UG R T I

T =g PR iE TR A L0

y, =%i% /imr’?m&g}'}\;m

AL e B RHE R R
D4~ ST P

D R AR TIVRECE 5 E(Root of Mean Square, RMS)f# | [ (=4 i Frle 1]
REA IR S5O ANE ff e 2 PO SR S A - RMS 2R

“4)

FHg; 5557 § SRR PO 5y, BREY 1 STERRIAVEITRI R 5 n LR AR ES RS IR
TR o

~ R ’%E(’]%“'J&
RT3, 1AL P G R if@rr%yf ORI ER G 10~200 i (D)L il
T 0.4~0.99 ; (5 ){@:—i«lj%gt“ 0.0001~0.1 « 4 PUATR | 151 M Ik G « (- )
g pzl Rk &  UEREHD 100 [ (D) USRS 0.9 1 (5 )RAFZL 0.001 < 151 - i
PRSP R E T R LR B R 2R L8 1000 ] 4P FlE
W @»ﬁ?ﬁ‘ [~

_E(

ER !

=~ JH & E$(Genetic Operation Tree, GOT)
IO e R L e e A N RS TR R ESp N e (B



P HPRBE e @ PGS = 0 PIR AT [FIFFFEE i HPC 978 GOT L] » 533y
& [TEEH0SI)

GOT 4 (X< =ik & pu= 32 HPC G ASE UL = [l B o BT 2 pofsisy] 22 20
OESNEN K

(SL+FL+C) o

2SP +W —-50.90
In(AGE x978.8)

y =—2831.80 +416.77 x In(AGE )+ In(35.63)] (5)

y =—43.24+4.21x (6)
(W /B)+(W/S)
AGE
y = —7873.61+1502.81x1n(W) (7)

5 GOT ik 2 9= 52 (S8 HPC Bim U] £ 5y W RS TS RMS FeffiAp
T BRI T e -

= SV RS AOEESD GOT M

B Y A S TEEY GOT MU

M GOT 7 (X HPC #EA5LE] RMS
FafEay] | IS AR

AW
RMS(MPa) | RMS(MPa)
10.48 11.05
2 11.00 11.43
3 11.56 11.61
T 1101 11.36




120

predicted value (MPa)

© Testing set R*2=0.7784

® Training st R"2=0.793

actual value (MPa)

100 120

“ PV R GOT [STEL=i i

120

100

predicted value (MPa)
=N %
< <

N
=)

20

© Testing set R*2=0.7632

@ Training set R*2=0.7716

20 40 60 80

actual value (MPa)

100 120

B BT A GOT (A3t i

120 | | |
© Testing set R"2=0.7572 | | |
® Training set R*2=0.748 : :o :

100 I |

| |

| |

£ 80 w

= |

Y |

2 |

g 60 [

] |

2 |
Q

5 |

S 40 ! !

& 9 | |

| | |

.‘ | | |

20 - 4% Bon..o °\ I I |

82 | | |

‘:} \ | | |

. o | | | |

0 . I I I I

0 20 40 60 80 100 120

actual value (MPa)

[Bie BY= A GOT (ST h=dd i

® [[I7~1EF(0.35~0.65)
GOT H= [ 1< B =ik %+ =
Z(®)= 14 (10) -

- st

=M=

HPC Ji I % i =




In(AGE) — In(W /C)

y=5.01+4.02x VB
/ ®)
y =329.33-4.20 [InW /C) +77.17]xW / B — In(AGE)
W /B o
2
y=8.71+0.031x hl[AGE — AGE —In(W / B)]
W /B)x(W/S)/In(C) o

i GOT ik * 9= 52 [ -1 HPC iM% FUF 1 7S5 YRR ASTS] RMS P~
T BRI S e O S S ] T

B T R GOT R

B~ BT AR GOT Rty

—

A = BT A BED GOT A

100

© Testimg set R"2=0.7602

® Training set R*2=0.7327

80

60

40

predicted value (MPa)

20

0 20 40 60 80 100

actual value (MPa)

B = 27 A GOT -t i

10



100

T
o Testimg set R*2=0.7393 |
|
® Training set R*2=0.7151 !
|
80
—_
I+
=9
=
=~ 60
3
2
<
>
=
8
o 40
=
jo3
2
[=%
20 -
0

0 20 40 60 80 100

actual value (MPa)

A I 9N R GOT fIiBEEirt i

100

© Testimg st R"2=0.7646

® Training set R*2=0.7066

predicted value (MPa)

actual value (MPa)

[ 20 BV A GOT A~ B =9 i e

#Ir GOTH |- E=1 HPC #7515 RMS

gy | PG | W
= RMS(MPa) | RMS(MPa)

1 7.08 7.51
2 7.31 7.83
3 7.42 7.49
Tty 7.27 7.61

L I (USE Ly
GOT E?ﬁ,rﬁﬁi?l:“—ﬁ’?@ 4 Y= 5 HPC gg@g@wmﬁq =+ gqsﬂH 7R o L PORLE] =g
AFADEFA3) .

y=2.43+o.05xM (11)
(W /C)+(TA/B)
y=121+4.41x ACE/W/C)) (12)
W /B
In(AGE)

y=2.02+3633.95x ————2— (13)
(W /B)x FA

11



% GOT 5k % [19= 5 1B E HPC A8 B RS2 JRETS] RMS Pt gkt
G I S e R T2 s - A

[we| [tam] [acE]

H%QH E %EEJJ"I‘@?%U/ GOT ﬁfﬁ%l

[ = BT AT MR GOT AR

[ BT AL B GOT MU

F GOT el ) HPC L 215 RMS
7Ry | ]

A
RMS(MPa) | RMS(MPa)
5.81 5.48
2 5.81 5.66
3 5.89 5.64
Ty 5.84 5.59

12



60

® Training set R*2=0.7838

© Testing set R*2=0.7942

50

40

30

20

predicted value (MPa)

actual value (MPa)

[ﬁ[[—{ *Ju

31— 7 GOT ﬁ,’rjﬁi@l’—“—gﬁ@ﬁwﬁj%l

60

® Training set R*2=0.784

© Testing set R*2=0.7806

50

B
o

predicted value (MPa)
W
(=]

10 20 30 40 50 60

actual value (MPa)

=

5 — Zrt
':j‘j# A=

GOT [T E=5i%% fir

60

50

@ Training set R*2=0.7773

0 Testing set R*2=0.7819

'S
o

[ 3
o

predicted value (MPa)
W
(=]

10 20 30 40 50 60

actual value (MPa)

— ot

By = m-

GOT gy A =3 fi

13




=~ ZELEEIES 55 Fr(Nonlinear Regression Analysis, NLRA)
Fb 072 GOT [BESRl » AGFEfR ™ [ Z ey o > = T@%‘* 72 HPC 5ol g A0
GRS e

1 (IS PSR L ORGSR » 5] Abrams YRS %% 5
ot (1
¢ W, +Wgp ]+a.e_bt (15)
We+kgWy +k qWo

Hilfo, Ky Kn,a,boe cimy sy (epi mEs 0 o s U< potfin ™ - i %k
s fo o e SR PR ORI - Ky Ky SO slagl B R (Rl ash)fisssi v
(effect factor) > a == b ﬁ@ﬂﬁjugﬁq’@'geﬁﬁ F'sﬂ%%l'%ﬁflfl'?‘}?fﬁﬁ\li'(mature factor) » C t@}?}ﬁjﬂg{ﬁ{@?
water-binder ratio Fﬁfj (A TSR (curve factor) ©
BN 2 1 PR RS

PV BB 1 ST f@%ﬁi@—j e EE '[fﬁi‘%}”?}f:m%% Ao PN 0 HL
B4 e Es Fljy?fi] EBYrC S HT0 -

o Wo+W, ) 1
© W +k W, +k W, l+a-e™ (10

55 3 1 T B RS
P R 2 (OSTAT » SRR e BRI B PO RS T o TR AT
PEVPBRE R OB B ~ A - Y IRDIOE - R0 DR ) (R

S 8 1 ae U o e g e T e s ppp o -
f ! — f . Wc + kS|WS| + kfIWfI . 1
C W W, W, W+ W, l1+a-e™

(17)

B 4 BRI RS 1

P R 3 URSTPS ISR e IRESL RIS | SRS T - SR
FeRL% Feret 19 T 1P STBRERIBEAR (7 [LAIIOLSFID T A T, 2 3R[15,16] -
RPN Feret o= 0 - FII™ S [1If9H E2HrC st 2 -

f ! — f Vc + ksIVsI + kﬂVfI c ( 1 )

c ¢’ ’ _ 18
V_+V, +V, +V, +V,, l+a-e™ (4
B0 5 - WRBREELAT S R0 2
PR R 4 PRSI > B TBRESUPIEA S ) pOLAPEE T -
f ! — f . Vc + ksIVsI + kfIVfI . 1 "
i i Vc + ksIVsI + kfIVfI +Vw +VSP 1+ a'e_bt ( )

14



Bt 6 AR LRt 3
P AR =N 4 F{J| ST [ AR IE fg%ﬁifgj §F{@“’;’T1 rqﬁj?gﬁﬁaféﬁ[—uj F' J%%T@L;
9t EIGREE  CERERI L gw:ﬂah = A R - TR L

g .(vc +k,V, +k,V, M V, +V, +V, ) ( 1 j "
Sl VoV, 4V, V. +V, +V, +V, +V,, l+a-e™
PG T EEFOR S o R (RS R A B -
(1) BEHT a% D
[~ fls B R puEira = b | u@%“'ﬁﬂmﬁfﬁ; 53 IS @ =13, 1.9, 2.2
=) b =0.08,0.07, 0.06([=  PH) o NIl S 1/(d+a-e™)f IR A O s

SRR R R PR SR o (EBEE] 100 S ?51_:”10 1131 ?ﬂu[
FLE e o lﬁﬁiﬂﬁ?%@%“ FriplEE-t FIEH— 311] -

1.2
1
0.8

I

—O—flwh| |

—— !gr'J wh

1 10 100 1000
mjﬁﬂ(”\)

WA= &gl TS P R

(2) flssyR C

P 4 8178 ST 6 RLBY Feret 19 TR I L SRR AR [l LA 0L
RS IR V2 aE] F%“*fﬂ LY o PNIYPRY Feret iU JRTE » FIBECIsE 2 o fikes o
SR H‘ P BL s YRS 27, 1.9, 245 [ [EEE0.35 2 0.65 VD9 1.9
T Feret 9209 2 « S f J‘ﬁ%ﬁ”’rﬁﬁﬂ PR RS Bkl 2 [
DS C e 5! PR A ) o P9+ AR Feret U SRR N EUET
E'F’JFV pOfLgE-t
(3) IR

FFY 16 (S 1 A PBE O P BT o L E T @) A 10
(b) PSRBT LT o ] VR SRLAET S PP R kL B IBLE 1-3)g A
(Y=t 4~6) i i *‘:’I"‘%'\’N“ % H ‘@L?&i_’%?ﬁhfﬁ?ﬂ%’f_ﬂ Ul SR FRT o (ST
TEL LS BT -
() TR

P 1~6 AU HI”M%’P“EFJ PR PSS T A = 5 T ()
FPHE 10 I PSS B O (b) SRR R -
ARSI SR O : R ff'i’@ P -B)E AR 4~6) o » £9 (000 sty

15



T o BV ALIRR SIS E PR S TS (S B P e B iR
(5) AR P

P01 A 3T 5 9 LG T RO - (5 1 P
[ 55 145~290 ~ 190~380 ~ 290~580 MPa(ff = o /) - Wt&ﬁ,ﬁﬁ%ﬁﬂﬁ% 3 T 4 JF P
(SREEH S - PIPRINGE S R DO P IHER - PIIERRISEE R I, Y8 - & 1 (50
TR0 A BB EIINEE S i e

#=  NLRA (™ xfuzy

B TR & a b c Ky Ky f.
TOTBES | 1429 | 0.066 | 0.058 | 0.744 | 0.648 | 212.589
P [ZoHEE= | 1316 | 0.079 | 0.022 | 0.73 | 0.814 | 289.068
P | 1.901 | 0.070 | 0.118 | 0.773 | 0.718 | 144.822
MR | 2213 | 0.060 | 0.098 | 0.847 | 0.609 | 172711
POTBES | 14159 | 0.0662 | -1.3114 | 0.7344 | 0.7157 | 19.3491
P [T TEE= | 1309 | 0.080 | -1.406 | 0.722 | 0.767 | 16.829
Fl-TEE | 1.893 | 0.070 | -1.103 | 0.764 | 0.766 | 22.630
ML | 2212 | 0.059 | -1.608 | 0.860 | 0.637 | 18.722
TTEES | 1418 | 0.067 | 4360 | 0.908 | 0.891 | 292.558
vy [&oHEE= | 1.310 | 0.080 | 5.375 | 0.918 | 0.936 | 378.983
I | 1.896 | 0.070 | 3.423 | 0.921 | 0.916 | 197.544
MBI | 2208 | 0.059 | 4.094 | 0.946 | 0.857 |292.182
FOTEES | 1419 | 0.067 | 2304 | 0.790 | 0.681 | 431.275
P [TATEE= | 1319 | 0.081 | 2.677 | 0.797 | 0.733 | 543.649
FI-TEE | 1.893 | 0.069 | 1.869 | 0.811 | 0.705 | 286.555
ML | 2204 | 0.059 | 2426 | 0.852 | 0.626 | 559.138
OIS 1421 | 0.067 | 2301 | 0.558 | 0342 | 429.572
s [RoHEE= | 1322 | 0.081 | 2.677 | 0.517 | 0.370 | 541.256
P | 1.891 | 0.069 | 1.881 | 0.661 | 0.482 | 289.957
FBE | 2211 | 0059 | 2452 | 0.659 | 0.195 | 575.860
FOTBES | 1421 | 0.067 | 2305 | 0.558 | 0.340 | 430.694
g [TATEE= | 1320 | 0.081 | 2.680 | 0.515 | 0.368 | 542.563
FI-RARE= | 1.892 | 0.069 | 1.879 | 0.662 | 0.483 | 289.181
PP BES | 2207 | 0.059 | 2481 | 0.653 | 0.187 | 594.485
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FFER] ) NLRA ARG 5 i) eod B, fo T ERREs -~ DR eRgEs, 2 F g
= MRRLH T B pow e P BT IS FORER o PI9E > TR MIBES ) OIS ey
ARSI T IR ) NLRA ARG o (i 1 i3
(1) SR EBREIEGA 5T KIS ~ pli B regs o P B 53 0 [ R o
(@) TFRLT B3 AL BT B o RMS [0 ] (TS IS [

B [ 2 BT ) SR AR > (R RMS f340 S IR o AL (S AR
B ST B e R R R
(3) PRI IR ST - B s e R -

FB 73 B EfadiN | 20 A8t~ = POsEflif= oS Atal s (ol SR = ?’?M‘

PPN T > Bt SRR PO [k > H RMS fifiFE 9.74 MPa > “& [V ERLE UAY 9.86MPa
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A7 NLRA RSy 2 ey s !

- T BT B (MPa) Bk 75 B (MPa)

i = A S EE il 2o Tl ol o A T L A i i L
. FRE | 9.3 12.01 7.75 7.06 11.35 7.10 5.98
HEEE|  9.74 11.81 8.03 6.57 11.33 7.49 5.25
5 FRE|  9.19 11.71 7.25 6.56 11.30 7.05 6.00
HERE|  9.87 11.80 7.60 5.97 11.33 7.45 5.31
; FERE | 9.20 11.61 7.58 6.90 11.23 7.09 6.01
HEE | 9.87 11.57 7.98 6.38 11.30 7.50 5.30
A FRE | 9.20 11.61 7.47 6.86 11.33 7.08 6.01
HEEE|  9.86 11.61 7.89 6.32 11.38 7.48 5.30
S 5"%% 9.22 11.63 7.44 6.82 11.35 7.06 5.97
HIEE 9.87 11.60 7.83 6.26 11.35 7.45 5.24
. 7 9.49 11.62 7.45 6.81 11.35 7.06 5.96
HEEE | 1015 11.60 7.84 6.26 11.36 7.45 5.25
i FERE | 9.24 11.70 7.49 6.84 11.32 7.07 5.99
IR 9.89 11.67 7.86 6.29 11.34 7.47 5.28

=~ @ yEHRE (Back-Propagation Network, BPN)

BV PR PR R e o AR o RS 12-12-1(12 g AR 12 B
AR 1 TR AR YR e R oL T‘?Jﬂf[@lﬁfﬁ'tﬂﬂ 3» T“’QF[’ F”‘:EJ_} £
1O~ S IR 1D 0.99 » 5 sk EUHED 0.1 - EHENGTRIG IED 0.5 - LN amcr
£5 0.99  fEHEEFER ™ LG 0.1 bae??{»ﬁra 1000 » £ RMS Y1k » E gy [;;gﬁmﬂ‘:’?-‘ giﬁ[ﬁg@ﬁ?m

O o o= o -

FJe BPNASZ AEEE ) N 1 HPC i S bl
Pty | ORIRRE ]
RMS(MPa) | RMS(MPa)

[ S 7.02 8.50
A7 432 6.23
FBE ] 340 3.83
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