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Feasibility of Artificial Neural Network Model Application for Evaluation
of Undrained Shear Strength from Piezocone Measurements

7 o A Kim, Young-Sang

Abstract

The feasibility of using neural networks to model the complex relationship between piezocone measurements and the
undrained shear strength of clays has been investigated. A three layered back propagation neural network model was
developed based on actual undrained shear strengths, which were obtained from the isotrpoically and anisotrpoically
consolidated triaxial compression test(CIUC and CAUC), and piezocone measurements compiled from various locations
around the world. It was validated by comparing model predictions with measured values about new piezocone data,
which were not previously employed during development of model. Performance of the neural network model was
compared with conventional empirical method, direct correlation method, and theoretical method. It was found that the
neural network model is not only capable of inferring a complex relationship between piezocone measurements and
the undrained shear strength of clays but also gives a more precise and reliable undrained shear strength than theoretical
and empirical approaches. Furthermore, neural network model has a possibility to be a generalized relationship between
piezocone measurements and undrained shear strength over the various places and countries, while the present empirical

correlations present the site specific relationship.
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7} of)| & (piezocone)-2 9] A F(penetration test)} 7+
Z4=0}0] AAFA]E(dissipation test)S E3f FAFR|HEO]
5812 E-5(soil classification)2} &Y Al5(coefficient of
74, AHke] g2 o] (stress history)i}
vl A T E(undrained shear strength) 2] 7% 0] 715
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Chen and Mayne(1993)3} Chen(1994)2 0|23 X
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% 1. O|2™ 2 J£&=S(Konrad and Law, 1987)

Ne(¢=0) o, B3 ={ ] H X}
7.41 1 Terzaghi
7.0 1 Caqguot and Kerisel
9.34 1 Smooth base Meyerhof
9.74 1 Rough base Meyerhof
9.94 1 de Beer
E
g[lﬂn 35‘ }1 g, 2 SCE, E:: initial tangent modulus Meyerhof
—[Hlnl:—s}ﬂ g, 2 SCE, E,: secant modulus at 50% failure Skempton
4 E, .
—3~|:1+1n3s :|+c0t6 o, 2 SCE Gibson
4 E, - . .
§|:1+1ns—}+00t9 o, 2 SCE, finite strain theory Gibson
%[1+lnIR] o, 2 SCE Vesic
%[1+lnIR]+2.57 O mean 3 SCE Vesic
[l +mIg]+11 o, 3 CCE Baligh
a 4 T Er 4 e . .
S—Jr—s—[1+1n J+~ o 4 Trilinear stress—strain approach Ladanyi
Su 38y 35| 3 ve
Eu/Su —Er/sur'sur/su Eu Sur . f v
I
{ - }n —y o, 5 Elastic perfectly plastic strain path approach Teh
2M)+3.9 -uy 6 SCE, CCM for CIUC s, data
Chen and Mayne, Chen
a(2+3.9M)/sing'a? + 1) | - 6 SCE, CCM for CAUC s, data

+»22: 1.Classic bearing capacity, 2.Cavity expansion theory, 3.Conservation of energy combined with cavity expansion theory, 4.
Analytical and numerical approaches using linear and non-linear stress-strain relationships, 5. Strain path method, 6. Hybrid

method{Cavity expansion theory combined with Cam Clay Model).

T Ir=Gy/s.=Ey/3s,=Rigidity indeX, o meam = (0 w+2: 0 no)/3=mean normal stress, 6 =semiapex angle.
Es=secant modulus, E.=tangent modulus, SCE=Spherical Cavity Expansion theory, CCE=Cylindrical Cavity Expansion theory,

CCM=Cam-Clay Model
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714, qr=EF5HAu] s +HE & HDGAG
g=q. +(1-a)u,, q=A4F AGAYY, a=E 5 H Ay
(unequal end area ratio), u= A FoA H2H 72
2%, Nou=F A 4(2/M)+3.9 for CIUC test, No =(2/b)
(2+3.9M) for CAUC test, M =S, 3-sing

3-sing’’ 6-4sin¢’’
b=sing/@?+1)}, ¢'= Bupzh A=a #H

HEE H(plastic volumetric strain ratio)=1- % , k=5

FASEFUZAE Al e-Inp' 4 B2 727, »
AR H SRS A) o~ Inp 4 ETAe) 7]87])

Mayne(1980)-2 96742 A2 Th2 e 2o Tfat 4F
ZA19 A REZ2HE dTIsHR] 42 XA E(insensitive
natural clay)®| 79 & WRupEZT &H44H4 Wy
& u7} 18 <¢'<41°, 0.6sAs<08L QrEFGTE.
v ¢ 3 A T FHRE AolEle E Al N,
7b o] F kol & FFE x| gong FhHl 53
= Mt AR ¢'=30T A=075& HE
sto thZo BAA 3)F ARRE AL AU
(Chen and Mayne, 1993).



(8 e = (ar —v,)/5.5 Ga)

(su )CAUC = (qT —UW )/6-5 (3b)

A7VA, Bude =58 4 AFEEA1 ¥ (isotropically
consolidated triaxial compression test), (S, Joayc =H] =5}
A Ak29tEAlY(anisotropically consolidated triaxial

compression test)of] 25t vjujHAGH
22 48 zd

E 19] 03] HIUSE 59} AFRY goz

A AYHESE A7) e Bug APE Tt
EHTo] glo] guty oz AHAHA vy Eo] AsEHo]
grh BEA S ol i EITE A H
A g A @~ (O)E°] T2 HLHI Qi)
A D~ ()%= AME E TSR S8 et &
A& E(net cone tip resistance)(q; -0,,), LI
259 (u, -u,), 8 AL (effective cone tip
resistance) (qT—uz)% ARESIEL gJon oo wle} =
Hl4(cone factor) Ny, Ny NieE Z}2he] AAAleR
Relste] AHg3tm Stk

AE YO DR eIt 0|2 WAL wigos s s, =L @
qlot = A A 598 & A5 ehestel 4] i
chpg ol 990z Qs B4 BAS 2E At s, =L -
el Aut AZE ST E Ak Aoj4 aTshs 5 :
# 2. ZHH Z ASE(0[14K, 1997)
2 A% F7HLIRI) He oin HHeHELE AFY H|QFxt
Norway 13~19 FVT Lunne et al.
Northern Sea 17 CluC Kjekstad et al.
London, England 10~30 PLT Marsland,P(l)vlv\gﬁland and
England 10~20 TXT Powell and Quarterman
Canada 11~18 LvT La Rochelle et al.
11 clays 8~29 CIUC, CAUC Rad and Lunne
Northern England 12~20 CluC Nash and Diffin
Norway 12~19 FVT Lacasse and Lunne
8~16 FVT ]
Ner Italy 810 CKoOUG Jamiolkowsky et al.
Vancouver, Canada 8~10 adl Konrad et al.
SBPT
Brazil 13.5~15.5 FVT, CIUC Rocha—Filho & Alencar
Singapore 9~12 FVT Dobie
Australia 13.7 FVT Jones
Malaysia 5~13 FVT Wong
Korea 10~25 Uu, CIUC, CAUC, FVT Lee
Japan 8~16 uer Tanaka
9~14 FVT
Canada 2~10 FVT Campanella et al.
Nie Canada 6.2~7 FVT Konrad et al.
Korea 9.3~17.2 Uy, CIUC, CAUC, FVT Lee
Norway 6~12 UCT Senneset et al.
Nas North Sea 1~13 CAUC Lunne et al.
Norway 2~9 CAUC Karlsrud et al.
Korea 1.7~4.4 Uy, CIUC, CAUC, FVT Lee

LVT=Nilcone vane test, TXT=Triaxial compression test, SBPT=Self boring pressuremeter test, UCT=Unconfined compression test,
PLT=Plate loading test, CIUC and CAUC=Isotropic and anisotropic consolidated undrained compression triaxial test, FVT=Field vane test
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S Na=5~30, Ne=2~10, Na,~1~139] ¥
2 Hof] Exshy W Z|§ke] A E Nr=10~
25, Nie=9.3~17.2, Nay=1.7~4.49] ¥ jo] B Z5}o]
=7 W A Hof whaba o
2& 27} Yol E Hla

sto] Do 2T B

=€

Y

degne 1Y AN ¢
methodS 18 2%} Zho] A

2ol g Btk E3E
A v ATT s AR

waA o] 882 A4kl ﬂr%f‘?a“:‘l(OCR)% e
SE(E ALEATE qr, HEATE
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skt o] WA= A

Yol e 71 go] Alolafel YN o ARS M ATl FehA e AEAA BAN @)~
(6) AF231A) oron A2k o s doj Hlbl
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3. 1 BAHY B (Artificial neural network model)

A7 o] B2 79 | FRoA TFEHL &
Hul= 7]& 249 LEAAE mARE AFE BREE
22 Autgs Boo M= thekst BEAjof 24H1 9l
THToll, 1996). I e AFARYS o83 TF
o] A W +FHY O 2, dHA 5 4,
E31E0 EFHshe 24, YU S, 4FAE
O RHE HMSARYE dF, 23 A F2o] BA 9
A ofl& Fof) ARE-E vl 9l on ThaFst Fofof| A
AFAAY o]29 $-8o] F7Iet Qe FAlolrt &
o] YA 5(2002) T 2T o RRE X|Rhe] A3y
UEE =S 93t AFAIFY BhS MIEtEL
o Kurup and Dudani(2002)%= %23t A7)0 At
1ML ol sty Iy dEndS sEste] Fo
Z2 340l oA AFAAET 0|29 A-8o] Hi-- F
23 Zloz Ar"rh AYA F(2002)7} Kurup and
Dudani(2002)2) AFZAzto] 2JatH 1FAAY mdS
2ol (stress history) 8- T Hol| 2 sfi40
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$ oty WA 7129 Yt s ofg-3ste] I1H
33} Zro] Zt Fof £A3H= - *T(neuron) 7+ AR
E(weigh) S 2A5H= E¥dA|(training phase) 2, ©]
A Foto] AFY BEdL Foj AnE S Yyt
g 4 e HFH Y A TE AAR T(learning)3}
A dr). o2 TRRPE ot A5EH 2EES AS
3He T A(testing phase)2, &€ Hdlof 5ol AN
=2 k& 71R)9] AughS 7H= dEEs dEstd
Polzl W=zt AEE Wmgo RN 74H v
& Az

2% 38 B aolN AEE BAYEERY 4
Eo] ¢ HBAE 2HE 5 FEE ABAAT
of F2olth. UL YAHD-LYHH)-FSHO))
g tF AAY FHE AR 24 Fole At
o] AAzxZe] 7|AHAE BEARGE F$-F(neuron)O]

Mﬂom 2 54 1‘?%%%% % % =& i

?&9« X%‘a@ﬂtransfer function)o]] <] 3} i%alﬂoi grs
Ho] thA] ok o EX5t= FEES BB R
Ag =t Homik 5(1989)2 ¢ty 2y 2uto 2w F
Mok o) Fowo] EATLY T4 ASHKfunction
approximation)2} | &€l ¢1&l(pattern classification)©] Z-
B3t A E(accuracy)E 7Hs S SET vF 3o, &
ATFINE Tl £HEL g 3te] £

=2 AR}ttt A g<(transfer function)2A4 &= ¢
9% 4§ A|2mo|=(sigmoid) ¢4
2 AFEIIUT SUEI 2US Aolo HFHLE

Q)

714, alk)=A 3 A 7ol vl d e = oS3k k)
=43 o R dojR HEjeHG = A5 n=3A A2
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3.1 HO|EM[O]A(Database)

B Lo A= Rad and Lunne(1988)ofl Al &FE &}
250 AFAFT B2 &3} FFo AMEHUL
o AR5 =240], S, ¥, B, ATt
o) 117 HEoA +3H 417) P2 FA= o] 9]
o 7 A3} Ruke) B4o] & 30 Helsel Qe of
% 73%c) sigshs 3070 el A2t AFANAT
B P52 98 HeAR 2 AgHgon, A
A2 F Qelz AuE 27%e) Hgsie 1) Ae)
ARE 34 B0 IAR 2 AU, 4G
2 5l AgE dHHSER FYIEESAST
wyol ezt & 49 X*EIEM Row, 2t JYPES
AFAIATLY e158 AEH2E +gstr] §Jsto] F
ekt gk 71E2o2 [, 189 HE2
SKnormalized) =] $iT}.

=
[=]
[o}

—

%]

2y(Matlab neural network toolbox)& ©|-§38le] T2
A goon st oRE oA ut gare|Eol Ab
L=k thE AFHE gl ol §FHE AR
¢} Z(error back-propagation algorithm) &gt
Ao v AZEAe FAS FHI= TrIARE
(function approximation)] Wj->- &2 Aoz I
A ok B3 AF7FEe} vpojo] Ax(bias)E A 3eh=
Yo dEY EutAoA AFdte
Marquardt7| - 0] 83t91 o o] 7|2 7|&9 4%
3174 (steepest descent method)of| H] 3| 22} Hu} &
Doz e BRS U Y AVE Aom U9
A itk Shae At TSR TRAY 4 (N2
HoHs BRARLAmse7t HAE 2H g
(mean squared error goal) 0.00050]3}2 Hdl= 72
of Fusteys ZEIY HUh

Levenberg-

35 RHe) T4 U KLU MY

3.2 8H5&l A 2|H3|J|¥(Learning rule and optimi-
Zation technique) % ﬂ;"oﬂj‘ib 57H’] tﬂ‘)li; g )?)}-X S5 0"0’ 1’1_]0"
23 AHAFEY qr, T ARRH BSH 14T w
2 AgoA TEH AJAAY md S v ESY B w280 IYUH(OCR) - 2FFsto] 229 FAl
H 3. UBM2Y Dol s ¥ AZ0l ALSE BRI Axle KUSY
Site Location Soil description
Onsoy Norway Plastic clay with shells or Homogeneous clay
Haga Norway Lean OC clay or Plastic OC clay
Troll 2 North Sea Plastic clay or Lean sandy clay
Brage 2 North Sea Silty clay

Haltenbanken 2

Norwegian Sea

Silty sandy clay with gravel

Cowden England Weathered Stony clay(till) or Unweathered stony clay
Brent X England Weathered clay or Unweathered clay
Rio Brazil Highly plastic clay
Vancouver Canada Clayey silt
Emmerstad Norway Silty quick clay
Drammen Norway Plastic drammen clay or Lean drammen clay
E 4. 93 9 #2ussol el
Qg " SEAE HERE
Z 4 (Min) Z th (Max) Z 4 (Min) Z|t§(Max)
M2 o, (kPa) 30 820 44 682
MEXEH g (kPa) 134 4320 245 2890
MR FHCHR 7250t y (kPa) 112 1350 210 2380
b-ﬁ- MBS 5 71249 w(kPa) 82 2360 158 1790
% 248t H (OCR) 1.2 38 1.2 35
sEs | HIHANEYE s(kPa) 7.4 380 1.8 270
LYE2E 0188t AE2 HltixE 2T =HOQ cIsaFL 018 B8 293



% 5 HEE ABMHY EQ UBHLEL| M Q5 (relative importance)

oy oyzo | Yeitel 40 FRE(%) | s R(%)

FRE F o, qr u u OCR S EA A5
SuM3 7 31.71 28.39 - 39.91 - 99.8 99.6
SuM4 4 13.08 36.13 36.21 - 14.58 98.9 98.8
SuM4—1 4 26.06 23.21 - 33.15 17.58 99.3 99.1

SuM5 4 44.21 10.79 27.91 11.24 5.85 99.8 99.3
Ay Bdlo] A4g 93t TEHE 49 A= o2 12 ojth. Z} ¥y E3 A Y 2495-EHSY
£ 2= Rdlo] AEHon &# 5o 7 mEo gl#H A7 = (connection weight) &2 H2|FOEHN ALkt
FE0] FelEo] Sty BE RS s Y &Y 4 Slon 7hegt Al 9] dli= Goh(1994)F #rarst
5= 7 2495 WY 799 o ool A E ute 2 7} 2R o) o AFeEE AHEH, 39t
2ol o P AF A5 Zde A 7w $E IHj= SuM4, SuM4-1, SuM5 ZdEo|A tHE =W
AR 2952 AEYFAIE(CIUC and CAUC) £o} vjusto] Aoz G FALS 2= J0E
NA FoA)= v ADFEE EEY = JU=E T B0} SuM3 mdof e} Zo] AerE = 982 Al

el -9 (newon) 2.2 TAH ST, Yt ow Sy
AFE AR NS ALS AR Qojxl uujs e
o= 5~10%9] Ato]7F 91 o1} Rad and Luune(1988)
9l Direct correlation method2 P ozl ZAute} v|w3}7|
oA = Aol Qolxl A= S TR
AT AMEBIT

Zy BdolA od&E vpledgdE GESa A8
7ro. g2 AArE AbA|s(Correlation coefficient, R)S 4t
HEH, 2 A7 HES Y e BdEo] THDA
ot AFIANN B Bl FE3 ESHE=E M4
Ao GriE|gon 1 FoA 8 B9 7 7F
22 SuM3 Bdo] Sh5HA |9t HF AN BF 7H
=2 ABASE B B3 SuM3 BE-2 Qb
(OCRYE YHAARE o|-§3A| Yot o] gt& 2517
A5t o] AWAIES 3T dart glom, A
oA BEE =) o] 838kA] ot E A
i FHol A 239 eSS o]8817] g Eof of
F A, wyolAd FAlel 7=E4SS BEoF =
o212 FHIEHA grot A4 WAz 71 ERO
= Aeg HriEol Ao Zdz HAAEHUC

B 5o 2 o] EATGA I ASHAL] ABAF
(correlation coefficient)2} &7 ZF mE o] YSHE9
At A9l 29 T(relative importance)7} AlALE o] gich
| 29 T (relative importance)= Garson(1991)] 23}
of AetE|lon zt meloA F &3t Sl 7)o
She dguifo] A9l 28 T(relative importance)
£ oujstn BE HMpES A F859 T 100%
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