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Modeling Confinement Efficiency of Reinforced Concrete
Columns with Rectilinear Transverse Steel Using Artificial
Neural Networks

Chao-Wei Tang'; How-Ji Chen?; and Tseng Yen®

Abstract: Asificial mewral networks have anescicd considerable atlendion and have thown juomise for modeling comples noalinear
relationshipe. This paper explores the use of anificial peural neiworks i predicting the confinenscal efficency ol concentrally boaded
reinfnsred comtieie (RC) columes with necliliness irmsverse sipel. Fifty-live eaperimenial tesl iesulis were colleeted T the lifcrabueg of
sjuare colimnd tesicd wnder concenirie Toading. A nultilayer-fonciional-lek ncural poiwwi wn wiedd fod irmming and jesing the
enperimeidal data, A coiijanizon sy betacen il souml seiwork model and four parsneioe niodels s alss carrid oul, I0was Fouied s
the newral pctwiek medel could reasonably captene e wndortying, bekavior of coafingd RO colsmes. hlwoever, compared willi faia-
miciric models, e neural peiwaork appreach provides betier resuits, The close correlation otween e perimenial and cabcilated values

shows that peural network-based modeling is 2 practical meshod for predicting the confincment clfickcncy of RC colunns with iansyverse

sleel boenise it provided instamianeoud resull onee it is properly trined and teaed,

DOL: 0L I0GIAASCTEN07 13- 54452003} 29:6(775)

CE Dalabase subject hoadings: Concrele cobamng; Sicel, Confinement; Neural networks; Models
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Intreduction

A number of analytical wiodels lhave besn reparied thal mealeld ihe
bekavior of RC cobmmm confined by seciilmear inssvons slocl
wver thve Tost 50 years, Since the Behavior of BT columns wiih
BomhosopeamA, noniseiropic, aml nlinesr malenial wnder a
mialtiza il state ol aress miay be dalficall o ctsbish thcorctcaily,
sl dalg are ofiein vsedl b alevelop enpincal or semizmpinenl
spreoaches. The characieniztet paramicien for (bese models have
bseen carelully exanined, Generally, o wmultivariable salnear re-
gression snalysis is porformed so sl dhe major paramclors ac
calvbraied 1o il the cxperimemol rraits snd o derive The rclaison:
whigs anwong, the tnvolved pammciens, However, the fictoes ihat
alfeci the colume strongih, sech 3x sesidiol Siesses, malernial w-
regularily, initial stniphiness, eic., make modeling 5 hehavior a
hard iask. Moreoves, applyng the sistisiical approscli io 8 com-
plex nonlipesr sysiem i qte delfcall, samce chenam 2 smishic

'Wskwian Pynlessn, B0IL D of Civil Enganecring, Cheg Slis
bwtinene. ol Trckmsiopy. Mo, 280, (hoagrhing Bood, Musnasg Sl
Kachaiwnp Cowsy, Toiwon  owil,  civilmp@yshencem o

Fpivil o oda 1w

‘Muspciote Pyafewe, PED, lept of Civil Dnpimcoriag. Ml
Cliiing: | lsang Unsiversity, B 290, Ko Kosap Rowd, Toss g, Talso.

iwaleuson, Pil3, Doge, of Civkl Bagimessing. Ratwmsl Ching-lsing
Unisersity, Mo 290, Kes Koy Ml ok e Tiwmzm

Puie, Assecipic Filwor: B Sjoores, Discission ogatin il Mo
vemabey |, XN, Seponaly diswsiiios ausd be ssbsnined i imlcidual
papers. T sl the clsing deis b ey mersh, b srEw g el
he Bled sl ihe ASCE Managanj Filisi. The masscripd for shis paper
s, byl Bt povice sl el padilicpgion ve e &, 360
appronl e e 24, 3002 Theis popre o ot of e fonrmal of S
furnd Hupraceriug, Yol 100 B 6 Joee 1 2000 BAKCE, 1S5H 7768
PSRN TTE- TEWE IR oo

repressinn eouation invidves considorable (echsique and expen-
LAl

Dy eontrast, the use af artificial nenal nevwork (ANN] pro-
vildes sn abermative mcibi dha ovorcoanes tleese diflecullics
(Hopliehd 1982, Muary 199, Schaliofl 1997). An ANN b
conypuilational jool that atienypls 10 Simulnie the anchitecire and
bomal opecrstions] feslvses of the bsman beain and aeurons gys-
fems, Much of the awees of el pcteorks is de 0 sich
characieristics g moiilincar processiip and paillel processing.
Mewral pepanek ssodeling to fimpes have boon rapslly applucd in
cngingering, business, psychulopy. science, and meddicioe i ne-
ceol yeaws. | civil ehpieccing. the mcibwsdodopy of newral -
works las been suceesshully applicd b a nemie of seas such as
wiruciural anslysis ad desipn (lnjela o Berke 19912 Ciwien-
lazio 3000, sreciord domape avenmen (13Eondy o al. 1993
Mukheree ef ol F99G) siuctoral dynamies and camml (Chen
et al. 1995), scisnme Lige fac i prodicison (Cioh 1994], oot -
tive modeling [Chabouss: o ol 1991 Yeh 1999 hao and Ren
N2, paezieint comdition ialng mndeling {Eldn and Seiwnsci
1795), ond evahuatmg oo peaciaon ks calibatos chanshor
Gt alwia (G0l VODE; Juang ol ai. NI

The insemded sim of this sudy is jo cxploce the Teaability of
wsing 0 newral nerwork in predicting ihe confinement efficiency of
BE eolumm with sectilioeas ransverse sieel uneler conveninc
compression loading. A daishase of 35 squasc colemns thal in-
clicles normle amd high-sirengih congrete was retrieved from ex.
rhimg hicvature (Shoilh il Uleummeri IPB0. Veusp of al. |THE:
Cussawy angl Panliey 1 for amalysis. The resulin obtasmed by
pcwral getwish ane vompesvel with e experimemal values and
wilh hose delormmied Trs by Shoikh-Usmmeni 11982). Park
et ol QIR Youg o ol TPIRRD onel Cusson: Paule [ 1995) mesd-
o b woses ihe poalsmance of te newral neiwork i predicling
the eonfisement eflicncy of R columena with reviillmead trans-
versg scel,
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Fig. 1. General ptress-anain curves far confined i wincemiined con-
orelg

Behaviors and Models of Canfined Concrele

When 3 RIC colmmn with ianavere roimforooment in subjecied 1o
am increasing sistic lond, he sress-sirain behavior of the columi
can be described 2t sbawa in g, |, in which f,_ is the masimain
strenpth of uncenfined congrere; f, §8 the magimum strength of
confimed concrele; £, it the sirsin ol the mazimam suengih of
unconfined conercte; aml f,, 8 the strain st the magimem
sirengih of oonlined concrete. A1 the culy sage of boading, owing
1m the faet thai e Poisson ratio of concrete is lower than ha ol
seel, the conlining stecl has no effoct on the conflacd calumn,
With the increnic in boad, ihe tmnsverse strain of concreie will
cawe a |ascral eapansion of confincd concrole core, which will be
renisted by the passive confinement provided by transverie roin.
foscement. AL this uapge, confinement of e concrele core s
gradually achiewed due o the so-generated multionial sise of
srees Acpordingly, Ui strength and srain i Uhe IAAKImUIY S10C8s
of canfincd cancrele are incrested. However, the passive laderal
confinemenl iy ol always unifarni, especially in the case of wing
wectilingar transverse siee] (Sheikh and Upimeri 1980). For in-
sance, i 8 specimen with [oue comer bai, (s suare fics an
apply confining pressore only near the comess of the soction,
Alse, sl 0 seetion midway belween lics, the anca of offectively
gonfined concieic has the least vabee (Cusson asd Paulie 1994)
Theseleae. 1 consiberalile portien of the conerele may be ureon-
fimed.

In order b prediet e confienenl efficiency of RE colims
with reciilimear wansveine siocd, scvesal analytical nudels wiily
varionis degrees of sophistication have been eatensively shadied in
the past two decades. Some prominent necthods amsong ihew,
which were selested aml wied in this study or comparisan with
the results from the mewrsl network model, are outlines in i
Talbowing.

Park el al, Modol

Acconding 10 the modified siress-trin relaron for comcreic con-
fimcd by sectamguilar tics proposed by Park el al. (1982), the maxi-
emum axial stress of confined concrete f,, and the conespondmg,

sirain ¢, can be computed a8 follows:
Fio=KS in
= DOmK (4]

m whech & = swcngth gain of coafincd concreie. The exprostion
fior K ke in tlse T
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Calculalion of data fipws farwands M=
Irgui Layer  1Hwkicn Ly tipesl Layey

Fig. 2. Aschiscgiure of pypical gk peniapalan mowrsl netwak

Pl g
K=10+ ===
f

(3

where p, = valumetic tatio of Lransverse steel n conerele ST,
S ow=yecid sirength of wansverse seel; amal [ =cylindes oonapees-
wawe strenglh ol coneseiy

Yong ef al. Model

Yaug, Mous, and Mowy (1960] preseted on empirical moded for
ihe siess-sdrsin curve of sectilincarly confined bigh-strength com-
erele, The masimem axial siress of confincd concreie aml the
enTeyponding drain can be computed a6 Tallows:

-'r' ™ 'E.Fln {.{J
- w
£, .= DO026S 4 u_ru:n{“ 0.7 ";Hn.f,;} ] -
The expeeision for & i3 in flee Cooia
0.2541 r
x:mmmnw{l _;__“m‘_ill;::] f; @

in which s=spacing of ianveerse soel i inches; w=koaglh of
one shde of ihe transverse seel i inches, o= mimber af longi-
dimal stoel bars; o= noeminal dizsecicr of longiadinal soel bars iv
inchies: o, =nominal dmeter of ransverse steel bars i inches,
p, = volumetnc ratin of lngilwbinal wioe] mlio in colussn cooss
section; msl ) and f ia e,

Sheikh ang Uzwmeri Modal

Sheikh and Uzaimer (1982) imtrodduoced the concept of the effec-
tively confined concroic area wilhin the moasinal eoncrele core,
Thie arca of the effectively confined concrete is detsrminsd by the
iramiverse secl spacing, the disisibution of longhudinal sieel
around (he core perimeter, omd the configurstion of Immsvene
sioel. The propascd confincucnt efliciency of confined concrele
enim be compuited a8 Pl

foo= Ko
£ = BOK[, % 107¢

™
L]
The expeession for K is in the foem

hr’ (TH i
K=10#% Twr_ [ = iﬁf}{' - ﬁ:-]..ln.‘rr.f.- m




Tabbe 1. Aciual Experlmeital Data for Confingd Reinforee Cancrele Columns

Colunn I b, s Fa I £ A
mremmber [mae)  fmm} O (MPa) (M) (mna)  (md P pe (MPR) 6y Bowrce reference
Tl s M7 [ L] 400 1350 5720 oooE0 0043 NG 000050 Sheikh and Uzument (1980)
A2 Jos a7 12 e 2049 15350 LT | LODED 032 N6 [ P4 &0
Aa3-7 s a7 12 40.F ki 13350 T3040 GG 0043 dd A 01,040
dhd-5 ns 267 ] A0LE 533 13350 BT ST 0043 4.2 NG
LEAEY M 167 1> 405 3 135 7SO0 00239 0Gd3 421 {10500
4A6-10 M5 157 i 06 AN 13350 3400 00237 Q0ed 452 AN
111 M 067 1 3 533 13350 5700 0008 D3 MG 450
2A5-14 nG 167 1r i3 45 133.50 TS0 00239 Dozz B LIRTREL
IA6-15 s T 1 1.1 4] 13050 2500 QU2 DOz i (012150
A1 -3 s a7 5 i3 b2 | GGTS SOO0 00076 DUMS 373 QKA
4CT-5 ns 4G o 349 450 6675 210 00227 M3 487 a1
4C1n-4 k) i Iz 0.6 8 G675 0o QOOrG DS 173 (.{RI260
acEll-i 5 il I LT K] b TS A0 QOrEy s A0 (KRN
4C3- 11 M5 T E 400 L kT3 GO0 0016 S 418 QKIS
4C.12 k] 6T | A0 T3 .75 2540 DOoIs: s 04 QOIS
16 105 6T i 115 Tar 4675 5000 OO 0020 376 DUl
H5-17 05 267 [H 115§ 4T [ k] 10000 DOZIT a0 nas DREST
?C-6-14 s 267 [H 115 533 6,75 IR0 02T 02w q3.0 [ERN R L]
df3-1% Lk M7 I 134 4T LR L] 10L0G DDIED 04dE Al 10 110
415430 0% T Ik ECHC ] R0 B0 DOITo 043 447 [ O
4pG-21 s 6T 11 355 45 B2 My 47.70 00240 D8 an.5 440
A0 333 o 267 0l 350 47T 3 H ELY DiGD  QaaEg &35 LAk L]
a2 ns 67 A LLT ] 526 AGLHI T M 004 &0 T ITEd
a2 ns 067 n 15K A50 9.0 10 00230 0048 &)1 T
1A 215 15 A LT 410 A 2000 00280 Qaal 9.7 RIWDM Cusson amd Pailvie [1984)
113 25 155 12 Q54 a3 1.5 5000 00340 0432 154 k1A
[ 15 125 [ Ph4 e 55 (K1 000 00360 0032 1414 I TO
o Pt 95 It 11¥1.4 kL 650 000 00«E0 00332 [RECN 1k ST
Vol 135 195 I3 | DA ¥t G5 M S 420 0031 1246 DKL
A 135 1155 A ofid 2 19500 5000 ODOXK D3 oLE 000540
m 115 1% (] oA 14 97,50 5000 o0rE)  Quodz 1.8 (KIS0
.5 X5 125 = 5.4 ald (il ] 000 Q0230 0032 ol LKL B
in 235 193 15 i34 did G5 K1 o 003 0493 8.2 (LI
1A 135 145 A a0 410 95 G BDl4D 4030 ALT o0l
mn 115 1% 12 9E.1 &1 97.50 W G0l oE 8319 QK130
M NS I2% [ TE.1 ailn 6500 [ DUORSD D032 .1 OIS0
Ay 55 I95 I ag.1 qin G5.00 |po00 QUORSD  0032 944 NAHHG0
A 235 195 L LEN q1n 0500 SnDG  0OXE0 0052 M IR, et
an 35 195 ] 0l %2 9750 sooG Okl 0053 o2y mMMTO
aC %4 195 T LY | It 56K 5000 0030k 0053 0D (R TA
an 134 195 I LIS | At 5500 S000  O04RD 005D [T R Y P st
LT 275 195 N k] 4 12506 S0 0402800 0052 LA .04
sn A5 195 1 e TH 275 snp0 Q0% 00531 dd T
k. 235 195 C k) TH GO0 SN0 QO 0053 1d (LIGGEO
Al 235 1935 13 LR T G5 H sO0o Q4B 0053 1283 DOSTO
] 135 145 1> 152 TIA 9150 somm Q0en 0053 1222 IRGAG0
o 235 195 It 116 &R0 phiNl SO0 QEMBD 0053 1265 DS
T 154 195 n M Tis 7.5 AL OUEHSD GOS 171 {101 560
m 15 134 ] ail It LA 5000 DUMED DS: IDgae 0401550
H 215 LR 13 5r6 715 9740 5000 00400 0051 8R4 ookin
an 235 115 1 556 iRl G5 K1 000 Q04RD 05D T nOXEM
ACI-ACA 142 g " HA.6 A 1% 1540 00164 0033 Rd.3 nosl2 Yoo Mour and Mamy (1985
BC-UCy 152 117 11 NS AT il 50 SNAR OOORE 0035 B LIRS0
Coees (5 117 1 KRS AT IR WA MONES RO 5.2 (LKA
MM 152 13 13 L A6 6150 SLEL DOCER  omody o XA {LIRKID
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in which b, =dimension of concrele core; 5 =distance between
the latcsally supporicd bongitadina] bars; o =number of laterilly
qpﬂhqi-ﬁulh:f_nmhhwm
farcement ol the masinem stieagih of confined goacrese; amd
Powe = Fee A ). whese A, =aien af conereie in the eore. [n ).
(B), ihie liness dimcovisoais ase in mam, Sl sircxecs in MPa, and
P in EN.

Cugson amd Paulire Model

Ciatsgn amd [Manlire (1795) propuescd 3 eiress-sirain model for
high-strengtls eancrete el ool wesice wnder conceninc Ivael-
ing. The detlermination of the strenpth and dusiility of confined
gomcreie s based oo the cffechive confimemmcnl pressie. which
depeiwls o the stress i the mmsverss reinforcement ol sk
sirength of confincd concrete anil on the effective confinced e
creic asca. The proposcd coalineinent cllicioney of coalincd con-
erese can be compuied as Follows:

Sea™ K ou (16
£ g™ e+ OIS 10,0 {1
wher
flr @ F

g:u.mu[—-] (12

.frp

Jul s
fe= K ()
RS TH RS ;
Ke== in=-pl (4

i whacls f, =effective confinement pressure applied in ibe nomi-
nil comgicie core, K, =effective  confinemem  eocliicient;
A, =total ceoss soction of the bneral seel bors: Y] =sum of the
uepuares of a1l the clenr spacing beiween adjacent longiimfizal bar
i @ squase section; 8" =clear spacing of srawsverse steel, anil
i, =volumeiric fiio of loaprudinal see] i cancrelc corc

Fundamental Aspects of Noural Nelworks

A staved previowsly, there s il a presl need o develop ook lor
|r|;|dr_lii= ke Behavion o confinel concreie eolumi that regjuine
msinimusn stsmrapaiom. Beornt escarch b showa tlhal artificial
mevral mepwork-hased nasdclng is o promrasg methsl. An anil-
cial neural network eonsizis of o sumbier of provessig clensents
thai are ansnped lopically iuls iwo or wiee ayers aid il
with cach silcr via wrighsed cimarotions s oomnstsc 3 nciwk
The remsaknble computationl ¢ haracierisics of ol neiworks
mre their ability w bears functisnaal relatimships from frsdming
examples and io discover palioins and oopelasitics b data throsigh
S| cu hiin £alw.

Most meural netwerk appligations e Based on fhe oo back-
eopagation alponithan proposed by Runsellan o al, (1G], The
bk - profugamn alpisiihmm cwnnds of (orwand won o &
yet of paiterns presestel os inpwl o e sermoerk o, then, bock-
ward ervor propagntion lspamiing a1 b aipot liyer where enmms
e popapstcd back thiomph the mecrmedisie layers iowand ihe
fopui lyer. Fig. 1 dwes he iypicel sechitcoser of back-
prapagation nenral eiveorks with an ipa layer, and arpal Bayer,
gl e Isidhlem bayor, Thie angust layed aewirns just prss the i
palicrn valers o the hakles Lipry (with oo caloulstions: happon-
ing]. Ench of the iblen layer neurons computes 3 weighter wm

TH8  JOURAL OF STRLCTLNIAL EMGINEERING @ ASCE f JUNE 700l

of its input, pass as the sum through ity activation fusction, and
presented e sctivation value 1o e owlput layer. The process of
forweand snd backwand propagstion continecs until the enor i
reduced 10 am scceplable level

The leaming process primanly invalves the detenmination af
comncction weigll matices and the patiem of Ibe conncclions,
ond application of e keaming e hat the nesml nework: ob-
tains the deaired relationship ewbedded in the training data. In
aclifitian, the choice of an activalion funcilon may significantly
influence the spplicabdlity of & lsining algorihm sice it delincs
fowe the et inpsl reeeived by o sail combiecsy with 03 cunest
bevels of netivation o compute & new level of pelivatme, Wisen
the acuivatiog funclion is contisuiss and baikled i is conmms) b
e & sipmesd funcissi, e dorivaiive of which 11 cavy o fonm &0
that Tithe exien caloulation s meeded. & detailed explanation of
sk propagalion melwirks i leyond e scope of Uhis paper,
Howevei, the basic slpovith for back-jwapagstion neural et-
woik is described in the Werswee (e, Welstcad 1994, Fanact
1G],

Heural Metwork-Based Modeling of Confined
Reinforead Concraie Columns

I this sisily, a commercially available wuliiloyer-lonctwonasl- lisk
il iepwark (MELN] [Yei 1997), was wsed (o preidact the con-
lingment efficicscy of BT oslumns will reciilinear sransverse
steel. The MILN setwork = 3 modification of the stasdand back-
propagation neural network, where enbancensents with Togavithim
petirons and exponosl newrons in the ingut and ol kayers ore
wied Lo improve the meivork's poilommence., i i i
id accurncy. During the provess of leaming, soversl tooks, ssch
A% the ros-mican-square CRMS) [yl 19990, aml weaght hia-
tsprams. manilor the nelwark insumancossly 1w achicve o beiler
mndersianding of the sctwsvk poformance. Once i noiwork i
truinedd 2nd comverges, a west sel s preseniesd 10 the actwork se-
guenfially 1o wverily the eliohility and accuracy of e eelwierk

Dosil on the cosblislumen of neursl nctwark
wodels for HE colunmna, along wilk sosces of the dala that ae
wiseal win e dlevelapnaend, are described beliow,

Gencralion of Dats and System Mode!

I general, o pood wikiing data sel shoull fnclude comgrelwnsi ve
imbouraation ahout the chasscicretics of the mmeels heloy v,

Talsle 2. H.IHI;I.'.‘E ol Paimmgters i I iiilwase

IMsmmicrs [
Demonsion ol cancicie gore (b (9] 127-367
Cylinder pampretsivg sireapih of frscroie (] NiA=1iay
[MFa)

Wialumenioi Faiin of triaverse sioel s o 1 NEI- N
soee {p, )

Vlamrtrig it ol leapitocknsl socl @ ooomeorie [LE AL [iL. ]
o [, )

Spacing ol wansvere seel [ Qg 2540 - 1IHRI
Viehd swempih ol masovera saoel £, 40 (dFal - T
Spoing of kngissdinal shocl {3,) (] sA5- 1w
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Table 3. Summary of Vahues of Root-Mean-Square Brror and £? for All Prediction Madcls
BMANIMUM STRAIN OF OONFINED CONCRETE (c,.)

Ront-Mean-Square Leror &
[ Training, et Tessing sel 1 ;I'rlinilll kel i Testing w1
Rlabsilayer-funciicaal Gink peuesl petwork noshel Tkl BO0O0T [ i) LiL b
Pk g1 al, (0983} melel: Mg, (2) CHKIRAT [ERLARE NETIA ol
Yaong aud Usmmcri (1988) modcl: Ly, (5 LR (1A% 0. TRl oy
Sheikle and Uaweneri (1982} mendel: Eq (E) onoked 000 [ ] [E
BANIMILN STRERGTIE OF CIL"I'FINI‘._I'! DOMNCRETE (. )
Pt -Mican-Sequare Ersce (MI) B &
Mmdel Traimng sl Tesimg =i fre—rye Ticasing, st
Multilayer-funciicnai-link neural noiwark 1.5481 §0350 099RR 0499
Pk 1 ol [19ET) model: Gy (1) EREI0 £y 145 097 09842
Yong 1 al. (1988) model. Eg. (4] LR 11310 05 0 FBids
Shaikh and Uruneri (1987} model; L. {7} LET ] 3407 nrrn 058467

since ihal the irnined neural netwack will coniain sufliciens infor-
mstion o quality 2 & maserial mndcl. o ihis study, ibe experi-
menial dais inclede 55 RC colwmn noelts, which are taken from
ihie tests earvied oul by Sheiki id Uzonserl {19800, Cusson amil
PPaubice {1994}, and Yong ci al. (1988). The compheie list of i
data is grven im Table 1, wheve the mame s the sousce of cach
specimen are referemceid, and their rampes arc Toted i Tahle 2.

Ampng e collocied exanpbes, 45 ane sampled mndomly ol
w28 watibig cxmmples, and ihe romaiiving 10 are regarded oy
testing exmmples. .

Thee existing cmpirical equaiions, sunwiariood preveously, ep-
reseil & survey of vasions statisiwal regression avempls for cor
relstions between ihe belaved of concrete Golumns and charac-
fevistic paramscters. Therclore, seloction of inpmt varishles. for a
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neiwnrk model couhl be puided by examiniapg iise parameices

given in the alomeimemtioned relerences. Afver o thoeoaph study,

six magnr varinbles are mlipaed 0 mockd the confinement elhi-

ciency of confinedd concreie oilwmn hecause these wariahles coald

reflect the fact thm the anea of ihe effectively conflined concreie is

devermined by (e tansverse sicel specenp, the distribulsnn of

Ipngituddinal speel armaantl the core perimeter, and the resaliing

iransverse sicel r||||l'||;||-.'|li-n||. The six major warialles are lesicd

ax follors:

«  f =cylinder compressive sirength of concreie,

= A, =aren of cincreie in ihe oore,

= p,=volumetne i Ol iransverse sieel i concrese coe,

+ =il distasce begwesn the acemably suppaned lnngiudinsl
bars,

» r=spacing of Iransverse slecl ol

» famyickd drengil of immvene ool

In ather waords, the mput layor af the peoral nerwerk eonsesiz af

sin rocesxing unils represesding those sig eariables, and the oul-

il Bayer includer P nenrmns wpneisating (e mandimin axgesl

sresx £ and sirain £, of conline] conemie, respectively,

Trainfng and Testing of Nefwork

Tradning means (o prescol e meiosgn ksl e capermmcnial dlata
amd have f kearn, o nimhly s wvaplies, sugh ikl s gearealy
repemluces the strengih belavinar af a conlbed conccie column.
livwever, imingng  (he oclewrk  ssccesslully  regmives many
chaices aml Iraining expericnoes. In e stly, e netseck cone

a0 ¢ JOURRAL OF STIRUCTUFLAL ENGINEERING & ASCE §F JUME 2003

fipugaison was mreivesd nlier walching the perlormance of dilferen
comligarations for a fixed numiler of cpcles. Then, leaming pa-
rametors were changed and learing processes were ropealed. In
acklition., Io avaid over-training ke convergonos omlcrine adaplod
in this sludy depends on whoilicr e RMS coror ol the esting
data has reached ils minimusn. Before the noural nolworks ac
trained, o avoid the shew raic of leamang near the sml poani: of
the ramge, the input and oulpst data were scaled into he inkereal
[—1.1] and the imierval [1.2, R], respectively. Momover, the loam-
ing e sl the msamenminy ficsnr o the peneral delia rule were
ardjusted acenrding e falkowing loamilas:

M= Y 10 Hmin (%]
T e Ay, (1)

where wy=lcaming raie; vy, =roloeed factar of lcarning e
Nepge =My boundd  of  leaming  mie; = mamncnium
¥, =neduced (actor of momenivm Tacior; and e = mimimunm
bound of momentuns Factur

Alier a mumber of trials, ihe values of the nolwsrk paramcicr:
considdored by this sludy are as fidlomes:
+  Mumber af hidden ayers=1;
s Musmher of Bidden nenrse = 14;
o Mimher of imiming comnples =d§;
= Muniwher of 1esting cxnsples = 113;
= Teaiming cyeles=31Hu1;
* Wange of weaghis - fom -
» Learn rane =iy,

[k wedrd,



Table 4. Sumenary of Values of Avcrage, Sinndand Devialion and Coclliciont of Variange for All Prediction Mopdels
MAXIMUM STRAIN OF CONFINED CONCRETE (£,,.]

Avomge Sramdanl Deviming Cozfflicieni of Vairinnce
Predictinn mealele Tenining 82l Tesling set Training szl Tesling =zt Trasaimg Sl TeMing arf
Muliilayer-luncrinsal Bk nzural serwok model 1.C0 1LATT 10547 0.2 00547 M.2145
Fark ot &l (1982} model: Ey. (3} 11853 Jing 1307 1LaTTE o7y 05119
Yroap and Uznmeri {19EE] mmlel: By [5) 1.1IB5] 112l OLES30 HER ) DT 1271
Eheikh and Ueomeni (1982) manded: 1. {H) 1.5528 L. G06E L0l 13238 Lo 0G1E

MAXIMUM STREMNGTH OF CONFINED CONCRETE (f,)
Coellzien of Varanoe

Avcrapr Stanudard Devislion
Prediemsen modelsn Tanining ecd Testang. sl 'i'.rlin.iup 1:::; . -;\III-I;I; Training &1 ] I.l"'l:l;l.l'q el
Muhilayer-luncusoaal-Fask neural nersnik [ere ] 10013 anlis NAES Ooloh [aln:kl
Fark of al. (V982 model- B (1) 1.0 11255 0L.0EM R {ErY) 06 IE 0.0 %
Youg ¢t al, {1953) meodel: Eq (4) LinAs 11353 00914 i LOBXL o
abeith and rpeeri (1982} modcl: By (7) (R LA (A4 Qi (A1 1513

* Leam rate reduced fcioe={155; Discussion and Comparison of Pridiction Models

+ Learn rave moindnsany bound =01

= Momeituin facior=0.5;

= Moicntam Tacior rodueed Tache=0.95; and
= Momenbuny Tactor minimueny Boum) =01,

The RM3 errors, o salod peevinesly, is adopiod 1o povide a
measing af the oulpl nolweek aconracy cocr the runaher of train-
ing ileratipns, Table 3 shows that for the mazimum sirengih of
confined comereie by the MIFLH model, the value of RMS eror is
1 5483 MiPa for iraining sl ard 500054 MEPa For lesting =e1; while
[or the comresponding strain of conlised concrege, the wvalue of
BME eror is 000 far imining se1 aml 000077 for SN Rl
These errar imeasugemanis indicale that the cmor has been reduocd
W an sgeplable level o additios, 1he ooclliciend ol dolcriwing-

To compaac the noural nelwork resullz with other well-Enown
caigting mmlels, the same Waannp 3ol lesting dala are mscd o
calculaie the predicied maxinwin suengib o and il caie-
sprniediing atraan £, ol confincd concreic columns. Regarding all
5% RC columns, ihe measured masiminm stenpgib sl e come-
spandang simmin (., aml £, collecied (rom the lierniuee) are
molted againsd the predicteed wabucs, as shown in Fig. 3 for ¢,
versus £, amd Fig. 4 (o f 0 verses o especlively. To showe
the weerall wend of corsbilsm, the dworelical line wilh
'=.--.-"":.-.-|-= | mf,”..'_r'”l; | ane drmwn re the graphs aloug wilh
he data points ploticd. The neaer e poants gather aruesl the

tiin [R!]- cam he vscildl a5 an indea of lsow well the indepenidens
variables fic., J;. 5, 5p. oy, Appe amd 00 considered accourd
for Ihc. measured dependent variabdes 0F,, amdl €,,] amd thus the
aooamcy ol the mnised nervsork, I was el ths ihe volues of
&Y aee all priates shan 0492 far leah the tmining sci and iesting
61, This iselicates a significant conelstion betwecn the islepen-
dend variables and the measured depemlent varahles,
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BEEm RETL A0IF BT REH REES LD LR
FPredisiad valus
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diaganal e, e bener are Ghe peedicied walucs, g 3 clkealy
slows i he lersi scaier of data arpunid the diagomal line con-
lirms the lact thal neoral network-bassl awwlel G5 an exceliom
prodictar Tor the wabug of £ Wihale il comelatien beoween the
values of £, and [ obilinincd from Bgs. (21, (5], amd (B]. is
ware sealleaed, For consparsen ripese, the values of RMS emor
and i of the training and iesting resulds Tor the prediciion models
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e &l e Wailel
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Fig. & Coanpurizon ol mouimsums seength of cosfiaed conoroe obaained by ihe Cuasson o o, (1995) nd MPLN saodel

arg s lisszd in Table 3, 0 = soen iha dee MPLN el gives
ihe smallce RMS enor amd the lapess &7 far boik (e wraising
A BEiaig SEH,

Ag For the saainsuim seengih values of o s ., Fg. &
shires that lor ibe raiming aci the overall prodicimng fran ithe
MIFLM swadel i beiter thas (hose of ihe alpremenimics] modcl,
naitiely, Cgn (1) (4 amd (7). Mirweser, Tahle 1 milieaien thal fns
ez ety st the RAS crer valises of tae Sheakl:1mmsed mmdel
i sl b el it ol thsr BATLH manadel. Thsin ey e sinrilwied s
st Fascl Whad oo off thar boslimg sanyples s bekos Feoim G Sesly
corid ot by Shelkb gnid Ussecii bn ollsy sneds, (s Fheilk-
Urmse i saoded lead boon sl calibwanod s i e expovisnosind
pesulty of the besting, samnplcs and than rousliod in the koot vale
ol RMAS cror, [y comias), the MFLKN meodic] i caliibeated 1@ il all
e cxporimcnial resmlis ol the irinmg aed desling =mples.

I pdditson, ihe: four predictsom models bave boen comparcd Ly
mezani of s sverape valpe [ANG), standand deviation (ST, sad
cocdhicen of vamalion (COY) of the rafios of «,,,0c,,, awd
Jerelf v, Table 4 shows that for éhe ratws of . 0.,
e MFLN modedl pottestes i beata COY waler of 347%
(with AVGE]000M sl STD=00%7) sl 2043% (ewh
AVG=10071 anad STO=0EIN1 ) For thee tendinbnp sald letlimg sees,
rapeciively, As For the rsties of 0. e MALN aesled

posenses e beasd OOV velue off |66 [will AVG= 10000 and
STO=00IGE) foo ihe onisdng sei, while Tor ik eslimg i, m
amalypid proviouly, (e Sheikh-Umimer] model gives the lease
COV valee of 5105 (with AVG=1019] asd STD=Q0533)

Finally, the merssecd maxinusn siengsh sl the comespoand
imp wrain of I7 hgh-swength comonoe: cnlames ponfined by nec-
tilinicar irmmiveris sieel eollienod from Ciissos and Paulere [19504)
wre, respeetively, pletied aguimsi the peodeciod vabecs colouloeil
by i Crisvon sl Foslore {1993) and MEPLN ssdols i Pgs. 3
and &, which dlearly shew that (he peeSicibans by ihe meural s
work mode] glve beimer sesmlis ihem ihese calosbaicd by the
Clunsesii-Pawslire mealed,

Conclusions

Thais sausly hips dhoanmnsinibo] the npplacssn of nowsl vk
celinigpes b predict 1l coeplacaicd malacer bobavier of RU
wediiiniis with rogishear iramsverse sioch Rlasi ahoorenical ey
el o g e vahutlion of B ns el cuprossane or sl
tisn, whwle e powral netvwaul solebos posocss is nod o sl
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caphcaly. maicml, losing 24 cotien procoms on 3 &) of cxsnplcs
prescebed 1o the nelwewk. il can asombly capiure the underiying
betavaor of enalimed BT columny, Concurresily cossidonmg o
mianimum remgll amd the onreypomding drame, the overll pre-
dictioes from e mosral notwosk & FLN moded were fosnd 10 be
heitcr than the afoeome ol parancine models. Accordesgly, it
cnm bo canclukod that nowrsl woiwork-bascd modclieg is & prac-
tical mcibod lor predicting e condineinoat cilicioncy of BT cal-
v wilh pociillinent imesvone sigal. In light of dese promising
resmltn, i in beliowsl tu ihe spplicains of neural selwerk tech:
mifgues b0 pibier srems of stnscteal eRgRoCTing cin open Bew &
wectinmy For Gy rescaach

Holalion

e folloming syuskerds sine aive i ihis pogper.
A, = ares of eonceee i1|um1|nﬂ|"};
Ay = sotal esnn seeiions of Liberad el baes ()
b o= dimcnsion of coluss oo sockion {mea);
b, = gimgminn of percie core fme);

ofy = nie conligurion;
o, = momsinal diameser sl bangriudingl sieel bor ()
d, = wgcsaninal diameser sl wapaverse slecl Bar in;
S = maximim suongth of oallsod coacrese (Mif o
il
foe = mewmed maximum sieegih of confincd conorcle
wolumn (MPal
fee = prodiciod maximom sdereglh of conlined ooncnee
cibmmes (B 2]
foa = manimpm singnglh of wigonfeo] ocosceic M o
ik

fu = effeciovg condincnimi pressesn applscd o nomimal
consreie cone (MI'a);
o = sresa W immvene iomforconici ol eaaimem
urempili of emiilined concrele (MMl
S = ylekd premgih of wsmaverse moal (WP o pui);
I, = cylmdes gnimpressive sirengih of concmie (MM o
Pl
K o= srosgb gain ol coslined comgro;
K, = oosdiinesl ellooime ooelloem;
s o= wiiwher off bmagminlenad sieel hars;
FPoe = Falfgl ["-H]i
4 = spacing off irmnswerse stecd (imi ar inj



5 = distance between Laterally supporied lengitudinal
bars [mml;

5' = char spasing of wansverse sieel (mmi

length of cme sido of mctiliness rangverse sicel

(im.).
m = gl
e = minimum houned @l momentune facior;
v. = modeccd fackor of momestum [nctar,
Y, = roducel [acsor of keaming raec:
By = stmin w maxisrmm sirength of conflined conrcreic;
£, = mcaaured mavimuns girain of eoiflesi concrese col-
umi;
Eopp = predicted wasimin siraim of conlined concrele col-
uinm;
Ly ™ Slraim gl peaaimmns sleesgth of wiconlined comcreie;
W = |eapig rae;
p. = volometric ratio of lnngiladinal geel mile 0 con-
srels cOn;
pp = wolumeiric ratio ol bosgitwling] kel ratio in eol-

minn CEiEE REClinii]
n, = wolsmelric mlio ol reeaverse fleel 6 comereie oo,
amd
E_lJl = mpm ol suares ol all elear gjifiiig belvwoed h‘.lj-‘l-
conl lonpilmdinal bars in grjuses fScCdn,
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