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R= xO=iDU= =@ u}vJty w |m}t=v}O =} w |m}D=DU= |Q=PoQ=@ |=yuwtR; R= xO=iDU= =@
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w 0=73 OOa VRwt; |=yxO=O |=Q@ u}}aD ?} Q[ 'Q[=L VywSB QO xOW xO=O
QO GMDH pOt xm OvyO|t u=Wv Q}N= O=Oa= "CU= 0=76 uwtR; |=yxO=O |=Q@
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"OvDUy
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i + a5x2
j + a6xixj (6)

z = b1 + b2yi + b3yj + b4y2
i + b5y2

j + b6yiyj (7)

w = c1 + c2zi + c3zj + c4z2
i + c5z2

j + c6zizj (8)
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'xv}tm |=]N MQv emin 'OQ=Ov=DU= =]N ec :u; QO xm OwW|t xOy=Wt 9 |x]@=Q
x@ p=kDv= |=Q@ =y|}xrtHOvJ u} QDy@ u}}aD QDt=Q=B � w xv}W}@ |=]N MQv emax
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|xv}y@ Q=Okt 'xRwL u}= QO xOW s=Hv= C=ar=]t |=v@t Q@ "CU= xOW x�=Q= GMDH
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[30�28]"CU= xOt; CUOx@ Q[=L VywSB |=Q@ xv}y@ Q=Okt uOQw; CUOx@
ec = �emin + (1� �)emax (9)

EL@ w G}=Dv "4
|=Q@ |awvYt Vwy OQ@ Q=m |UQQ@ |xRwL QO xOW s=Hv= C=ar=]t R= |Q=}U@ QO
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xHwD =@ "OyO|t u=Wv =Q |QDq=@ |}=Q=m pOt 'OW=@ QDtm RMSE XN=W xJ Qy
Q[=L VywSB QO xOWxDiQo Q_v QO |}=yv |Q@ Q=@ C}iQ_ Q}eDt u}ov=}t xmv}= x@

31



"""|
=y`t

Wu
=tR

x@x
DU@=

w|
Q@Q=

@C
}iQ_

|v}
@V

}B"GMDH |xOW xO=O xaUwD pOt |OQmrta |=y XN=W "4 pwOH
VRwt; uwtR; \QW x]@=Q xQ=tW
0=85 0=88 0=8 < R R 1

796=21 742=85 RMSE 2

1=07 1=01 0=85 < k
k =

Pn
i=1(hi�ti)

h2
i

3
< 1=15

0=99 1=04 0=85 < k0 < 0=15 k0 =
Pn
i=1(hi�ti)

t2i
4

0=92 0=94 RO2 = 1�
Pn
i=1(ti�hoi )2Pn
i=1(ti��ti)2 ; hoi = k � ti 5

0=93 0=92 RO
02 = 1�

Pn
i=1(hi�toi )2Pn
i=1(hi��hi)2 ; toi = k0 � hi 6

hOy Q}eDt xOW |Q}oxR=Ov= Q=Okt : �hi hOy Q}eDt xOW |Q}oxR=Ov= Q}O=kt u}ov=}t : �ti

hOy : n hOy Q}eDt xOW |v}@V}B Q=Okt : hi

GMDH pOt OQmrta |UQQ@ "1"4
R= GMDH pOt |xaUwD R= pY=L |xOW x�=Q= |x]@=Q OQmrta |UQQ@ |=Q@
OyO|t O=yvW}B �1986� 16C}tU= p=Ft |=Q@ "OwW|t xO=iDU= |irDNt |=yQ=}at
Q=Okt u=}t |O=} R Q=}U@ j@=]D xm OQm ZQi u=wD|t 'OW=@ 0=8 R= QDnQR@ R Qo = xm
Q@ xwqa [35]"OQ=O OwHw xr�Ut hOy Q}eDt |=Q@ xOW |Q}oxR=Ov= w xOW |v}@V}B
xv}tm O}=@ RMSE uwJty |OQmrta |=yXN=W Q=Okt 'OQ=wt |t=tD QO 'u}=
VRwt; |=yxO=O |xawtHt |=Q@ QwmPt |=yXN=W Q=Okt Qo = 'u}vJty "OW=@
xm|Qw] x@ 'OQ=O pOt ?wN OQmrta R= u=Wv 'OW=@ l}ORv Qo}Om} x@ uwtR; w
l}ORv w |v}@V}B QO pOt ?wN OQmrta R= u=Wv RMSE Q=Okt uOw@ xv}tm
u; |Q}PBs}taD C}r@=k |xOvyOu=Wv uwtR; w VRwt; |=yxO=O |=Q@ u; Q=Okt uOw@
R = 0=88 =@ GMDH pOt xm Cio u=wD|t 4 pwOH x@ xHwD =@ [36]"CU=
x@ =Q |@ wN OQmrta 'uwtR; |=yxO=O |xDUO |=Q@ RMSE = 742=85 w
M} Q@ro \UwD pOt OQmrta |UQQ@ |=Q@ R}v |Qo}O |=yQ=}at "CU= xDW=Po V}=tv
\w]N |=y?}W R= |m} |xv}tm xm CU= xOW O=yvW}B �2002� 17=WB wQD w
xwqa "OW=@ 1 x@ l}ORv 'xOW xO=O xaUwD pOt |=Q@ �k0w k� -=O@t R= |vw}UQoQ
w xOW |Q}oxR=Ov= w xOW|v}@V}B Q=Okt u=}t |oDU@ty ?}=Q[ QwPHt 'u}= Q@
R= u=Wv 'OW=@ QDl}ORv 1 x@ xJ Qy R}v hOy Q}eDt |=Q@ �R020 w R20� Tma Q@
'OwW|t xOy=Wt 4 pwOH QO xm Qw]u=ty [37]"OQ=O xOW x�=Q= pOt ?wN OQmrta
QO xm CU= 1=04 w 1=01 ?}DQD x@ uwtR; |=yxO=O |xDUO |=Q@ k0 w k Q=Okt
0=92 w 0=94 Q}O=kt =@ ?}DQD x@ R}v R020 w R20 w OQ=O Q=Qk |rw@k p@=k |xOwOLt
OQmrta GMDH pOt xm OvyO|t u=Wv OQ=wt u}= "OvDUy l}ORv 1 x@ Q=}U@
xOWpY=L G}=Dv w OQ=O |v}@V}B CQOk w CU= xDW=Po V}=tv x@ =Q |@U=vt
sD} Qwor= R= xO=iDU= =@ xOW x�=Q= |x]@=Q w pOt |}=Q=m u}}aD |=Q@ "OvDU}v |iO=YD
u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |v}@V}B QO QwmPt pOt CkO u=R}t 'GMDH

|NQ@ 'Qt= u}= |=Q@ "CU= xOW xU}=kt u}W}B C=ar=]t QO xOW x�=Q= |=yx]@=Q =@
18u}mv} wU= '�1988� QwvO w wmU= '�2018� xvww=Q=D C=ar=]t uwJty '=yVywSB
|xO=O 51 OwYkt u}= |=Q@ "Ov=xOW |UQQ@ �2000� u}mv} wU= w wmU= w '�1996�
'Ov=xOW xO=iDU= Q[=L VywSB QO GMDH pOt |HvUCLY |=Q@ xm 'uwtR;
|iQat xOW xOQ@t=v u}kkLt \UwD xOWx�=Q= \@=wQ x@ |OwQw |=yxO=O u=wvax@

" "OvOW

:CU= 12 |x]@=Q
Qu = w = �61=69� 0=06z2 + 1=1z7 + 2=85�10�5z22

�24�10�4z27 + 2=09�10�4z2z7 (12)

x@ xHwD =@ =yu; R= s=Om Qy xm OQ=O OwHw |}xrtHOvJ wO 'swO |x}q QO
|[=} Q u=}@ "OvwW|t u}}aD �pw= |x}q� p@k |x}q QO xOW O=H}= |=y|}xrtHOvJ

:CU= 14 w 13 \@=wQ KQW x@ |}xrtHOvJ wO u}=
z2 = �239=16� 0 22y3 + 1=31y6 + 0=001y23

+8=14�10�4y26y26 � 0=002y3y6 (13)

z7 = �19=86� 0=43y3 + 1=37y4 + 3=6�10�4y23

+9=27�10�5y24 � 4=43�10�4y3y6 (14)

CU= xOQm O=H}= =Q |}=y|}xrtHOvJ '|OwQw |=yQ}eDt |}=DwO ?}mQD 'pw= |x}q QO
VQ}o u=R}t |v}@V}B |va} xr�Ut |}=yv ?=wH x@ u=wD|t =yu; uDiQoQ_vQO =@ xm

:�17 |r= 15 |=yxrO=at� Ci=} CUO `tW
y3 = 883=19 + 0=83Qi + 11=64T + 1=04�10�4Q2

i

�0=06t2 + 0=002QiT (15)

y4 = �1295 + 119=36L+ 1=09Qi � 1=14L2

+10�4Q2
i � 0 007 (16)

y6 = 3322� 0=25Qi � 33=78Su � 5=59�10�5Q2
i

�0=13S2
u + 0=02QiSU (17)

'u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |v}@V}B |=Q@ Ovv=wD|t ' 17 |r= 12 CqO=at
xm OwW|t xOy=Wt "OvwW xO=iDU= =y`tW |L=Q] Ov}=Qi QO xOW xDio ?}mQD QO
C}iQ_ x@ ?wYvt |=y|OwQw R= pmWDt pw= |x}q QO xOW O=H}= |=y|}xrtHOvJ
`tW pw] w (Su) xOWv |WmyR |WQ@ Ctw=kt '(T ) u=tR '(Qi) x}rw= |Q@ Q=@
?} Q[ pFt =yQ}eDt |NQ@ 'Q[=L |xar=]t QO xm CU= QmP u=}=W "OvDUy (L)

"Ov=xOWv xDiQo Q_v QO =yxO=O C}OwOLt p}rO x@ |t}mLDV}@ XN=W w s}mLD

32



3/
2|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

|Q}oxH}Dv "5
|W@ wm |=y`tW u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |v}@V}B |=Q@ 'Q[=L |xar=]t QO
C=}YwYN R= =Q|D=aq]= xm xO=O 170 R=pmWDt|}xO=Olv=@ R= 'xOv@UJl =N QO
xm q=@ CkO =@ w =Q=m |}x]@=Q |x�=Q= |=Q@ "CU= xOW xO=iDU= 'OQ=OQ@ QO l =N w `tW
w OvtWwy VwQ R= 'OyO Q=Qk Q_vOQwt =Q l =N w `tW C=}YwYN R= |a}Uw h}]
'sDU}U u}= x@ |OwQw |=yQ}eDt w xOW xO=iDU= �GMDH� =yxO=O C} Q}Ot |ywQo
'|Q}tN XN=W 'xOWv |WmyR |WQ@ Ctw=kt 'u=tR 'x}rw= |Q@ Q=@ C}iQ_ %pt=W
x@ Q[=L |xar=]t R= pY=L G}=Dv "CU= xOw@ `tW Q]k w `tW pw] 'QF-wt VvD

:CU= KQW u}=
|=yxO=O |=Q@?}DQD x@ 0=76 w 0=73R2 =@ GMDH |xaUwD R= pY=L pOt �
x@ xDU@=w |Q@ Q=@ C}iQ_ |v}@V}B QO =Q |rw@k p@=k OQmrta 'uwtR; w VRwt;

"CU= xO=O u=Wv u=tR
x}rw= |Q@ Q=@ C}iQ_ Q}eDt wO xm OyO|t u=Wv C}U=UL p}rLD R= pY=L G}=Dv �
|v}@V}B QO CmQ=Wt �22 w �37 =@ ?}DQD x@ xOWv |WmyR |WQ@ Ctw=kt w
�3 =@ R}v `tW Q]k Q}eDt "OvDUy |}xOWxDN=vW C}ty= =@ |=yQ}eDt 'VQ}o

"CU= xOW xDN=vW Q}eDt u} QDC}ty= sm 'CmQ=Wt
'QwmPt pOt xm OyO|t u=Wv CqO=at QO VQ}o |v}@V}B |=Q@ xOW x�=Q= \@=wQ �

"CU= xOQm ?=NDv= |v}@V}B |=Q@ =Q `tW w l =N C=}YwYN R= |@}mQD
|@Uv C}ty= =@ xm xrO=at QO xOW x�=Q= |}=yv |x]@=Q QO `tW pw] Q}eDt Qw[L �
uOW xO}@ wm xm OyO|t u=Wv 'CU= pOt ?=NDv=OQwt |=yQ}eDt R= |m} �15
QO VQ}o MQv Q}}eD Ea=@ Ov=wD|t |}x}q l =N QO `tW |=yxvwtv R= |NQ@

"OvwW l =N p}iwQB QO Cw=iDt |=y`=iDQ=
R= xO=iDU= =@ xOW x�=Q= \@=wQ =@ xU}=kt QO GMDH pOt OQmrta |xU}=kt �
OvtWwy pOt xm OyO|t u=Wv u}W}B C=ar=]t QO |Q=t; w |r}rLD |=yVwQ
"OvR|t u}tND =Q u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |@U=vt CkO =@ 'GMDH

"GMDH pOt \UwD xOW |v}@V}B w xOW |Q}oxR=Ov= |Q@ Q=@ C}iQ_ "5 pmW
R= xOW pY=L |x]@=Q w xOWQmP \@=wQ OQmrta |xU}=kt R= pY=L |xH}Dv
pOt 'u; j@=]t xm OwW|t xOy=Wt 5 pmW QO Q[=L VywSB QO xDi=}xaUwD pOt
|=y`tW u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |v}@V}B QO =Q |QDy@ OQmrta GMDH

CUOx@ (R2) u}}aD ?} Q[ Q}O=kt "OQ=Po|t V}=tv x@ xOv@UJ l =N QO |W@ wm
R= C}=mL GMDH pOt |=Q@ Q=Okt u}= =@ xU}=kt QO 'QwmPt |=yVwQ |=Q@ xOt;
w |}=Q=m ?D=Qt x@ w CU= G}=Q |=ypOt =@ C@=kQ p@=k GMDH pOt xm OQ=O u}=
'�2000� u}mv} wU= w wmU= \UwD xOW x�=Q= \@=wQ |=Q@ (R2) "OQ=O |QDW}@ CkO
xvww=Q=D w �1988� QwvO w wmU= 'u}}=B u=Qm u}mv} wU= '�1996� q=@ u=Qm u}mv} wU=
xU}=kt QO xm 'CU= xOw@ 0=72 w 0=67 '0=73 '0=70 '0=71 Q}O=kt ?}DQD x@
"OvDUy QDtm Q[=L VywSB QO xOW xO=O xaUwD GMDH pOt |=Q@ 0=76 OOa =@
pOt w QwmPt |=ypOt \UwD xOW|v}@V}B Q}O=kt xm R}v 5 pmW 'u}= Q@xwqa
'OyO|t u=Wv u=tR x@ xDU@=w |Q@ Q=@ C}iQ_ |ak=w Q=Okt p@=kt QO =Q GMDH

Q}O=kt w CU= QDl}ORv |]N Cr=L x@ GMDH pOt Q=DiQ xm OQ=O u}= R= u=Wv
"OvQ=O |QDW}@ j@=]D 'xOW xOR u}tND w |ak=w

=yCWwv=B
1. Aging
2. case pile wave analaze program (CAPWAP)
3. Kam Ng and Rami Ksaibati
4. Murad Abu-Farsakh and Na�ul Haque
5. Skov and Denver
6. group method of data handling (GMDH)
7. Volterra series
8. over�tting
9. Bashar Tarawneh
10. gene expression program (GEP)
11. Genetic Algorithm (GA)
12. Genetic Program (GP)
13. MATLAB
14. selection pressure
15. relative importance percentage
16. Smith

17. Golbraikh and Tropsha
18. Svinkin

�References� `@=vt
1. Fellenius, B.H. \E�ective stress analysis and set-up for

shaft capacity of piles in clay", Research to Ppractice in
Geotechnical Engineering, 9, pp. 384-406 (2008).

2. Haque, M.N., Abu-Farsakh, M.Y. and Zhang, Z. \Eval-
uation of pile capacity from CPT and pile setup phe-
nomenon", International Journal of Geotechnical Engi-
neering, 14(2), pp. 196-205 (2020).

3. Khanmohammadi, M. and Fakharian, K. \Numerical
modelling of pile installation and set-up e�ects on pile

33



"""|
=y`t

Wu
=tR

x@x
DU@=

w|
Q@Q=

@C
}iQ_

|v}
@V

}B

shaft capacity", International Journal of Geotechnical
Engineering, 13(11), pp.484-498 (2017).

4. Ksaibati, R. and Ng, K. \Medium-scale experimen-
tal study of pile setup", Geotechnical Testing Journal,
40(2), pp. 269-283 (2017).

5. McVay, M. and et al. \Pile friction freeze: a �eld in-
vestigation study", Research Report No. WPI 0510632
(1999).

6. Randolph, M.F., Carter, J. and Wroth, C. \Driven piles
in clay- the e�ects of installation and subsequent consol-
idation", Geotechnique, 29(4), pp. 361-393 (1979).

7. Soderberg, L.O. \Consolidation theory applied to foun-
dation pile time e�ects", Geotechnique, 12(3), pp. 217-
225 (1962).

8. Komurka, V.E., Wagner, A.B. and Edil, T.B. \Estimat-
ing soil/pile set-up", Wisconsin Highway Research Pro-
gram Madison, WI, USA (2003).

9. Chow, F., Jardine, R.J., Nauroy, J.F. and et al. \Time-
related increases in the shaft capacities of driven piles in
sand", Geotechnique, 47(2), pp. 353-361 (1997).

10. Schmertmann, J.H. \The mechanical aging of soils",
Journal of Geotechnical Engineering, 117(9), pp. 1288-
1330 (1991).

11. Ng, K. and Ksaibati, R. \Understanding the responses
of surrounding soils to pile setup from medium-scale ex-
periments and cone penetration tests", Transportation
Infrastructure Geotechnology, 5(2), pp. 129-145 (2018).

12. Haque, M.N. and Abu-Farsakh, M.Y. \Development of
analytical models to estimate the increase in pile ca-
pacity with time (pile setup) from soil properties", Acta
Geotechnica, 14(3), pp. 881-905 (2019).

13. Haque, M.N., Chen, Q., Abu-Farsakh, M. and et al. \Ef-
fects of pile size on set-up behavior of cohesive soils",
Geo-Congress, Geo-characterization and Modeling for
Sustainability (2014).

14. Skov, R. and Denver, H. \Time-dependence of bearing
capacity of piles", Proc. 3ed International Conference on
the Application of Stress-Wave Theory to Pile, Ottawa
(1988).

15. Svinkin, M.R. \Setup and relaxation in glacial sand-
discussion", Journal of Geotechnical Engineering-ASCE,
122(4), pp. 319-321 (1996).

16. Svinkin, M.R. and Skov, R. \Set-up e�ect of cohesive
soils in pile capacity", Proceedings of 6th International
Conference on Application of Stress Wwaves to Ppiles
(2000).

17. Ivakhnenko, A. and Ivakhnenko, G. \The review of prob-
lems solvable by algorithms of the group method of
data handling (GMDH)", Pattern Recognition And Im-
age Analysis C/C Of Raspoznavaniye Obrazov I Analiz
Izobrazhenii, 5, pp. 527-535 (1995).

18. Iba, H., Sato, T. and de Garis, H. \System identi�-
cation approach to genetic programming", Proceedings
of the 1st IEEE Conference on Evolutionary Computa-
tion, IEEE World Congress on Computational Intelli-
gence (1994).

19. Ivakhnenko, A.G. \Polynomial theory of complex sys-
tems", IEEE transactions on Systems, Man, and Cyber-
netics, SMC-1(4), pp. 364-378 (1971).

20. Harandizadeh, H., Tou�gh, M.M. and Tou�gh, V. \Ap-
plication of improved ANFIS approaches to estimate
bearing capacity of piles", Soft Computing, 23(19), pp.
9537-9549 (2019).

21. Li, D., Armaghani, D.J., Zhou, J. and et al. \A GMDH
predictive model to predict rock material strength using
three non-destructive tests", Journal of Nondestructive
Evaluation, 39(4), pp. 1-14 (2020).

22. Najafzadeh, M., Saberi-Movahed, F. and Sarkamaryan,
S. \NF-GMDH-Based self-organized systems to predict
bridge pier scour depth under debris 
ow e�ects", Ma-
rine Georesources & Geotechnology, 36(5), pp. 589-602
(2018).

23. Anastasakis, L. and Mort, N. \The development of self-
organization techniques in modelling: A review of the
group method of data handling (GMDH)", Research
Report-University of She�eld Development of Automatic
Control and Systems Engineering (2001).

24. Harandizadeh, H. and Tou�gh, V. \Application of devel-
oped new arti�cial intelligence approaches in civil engi-
neering for ultimate pile bearing capacity prediction in
soil based on experimental datasets", Iranian Journal of
Science and Technology, Transactions of Civil Engineer-
ing, pp. 1-15 (2020).

25. Ardalan, H., Eslami, A. and Nariman-Zadeh, N. \Piles
shaft capacity from CPT and CPTu data by polynomial
neural networks and genetic algorithms", Computers and
Geotechnics, 36(4), pp. 616-625 (2009).

26. Tarawneh, B. \Gene expression programming model to
predict driven pipe piles set-up", International Journal
of Geotechnical Engineering, 14(5), pp. 1-7 (2018).

27. Amanifard, N., Nariman-Zadeh, N., Farahani, M.H. and
et al. \Modelling of multiple short-length-scale stall cells
in an axial compressor using evolved GMDH neural net-
works", Energy Conversion and Management, 49(10),
pp. 2588-2594 (2008).

28. Armaghani, D.J., Momeni, E. and Asteris, P.G. \Appli-
cation of group method of data handling technique in as-
sessing deformation of rock mass", 1(1), pp.1-18 (2020).

29. Koopialipoor, M., Nikouei, S.S., Marto, A. and et al.
\Predicting tunnel boring machine performance through
a new model based on the group method of data han-
dling", Bulletin of Engineering Geology and the Environ-
ment, 78(5), pp. 3799-3813 (2019).

30. Li, D., Monjezi, M., Arnaghani, D.J. and et al. \Devel-
opment of a group method of data handling technique
to forecast iron ore price", Applied Sciences, 10(7), pp.
2364-2384 (2020).

31. Armaghani, D.J., Asteris, P.G., Fatemi, S.A. and et
al. \On the use of neuro-swarm system to forecast the
pile settlement", Applied Sciences, 10(6), pp. 1904- 1921
(2020).

32. Armaghani, D.J., Mirzaei, F., Shariati, M. and et al.
\Hybrid ANN-based techniques in predicting cohesion
of sandy-soil combined with �ber", Geomechanics and
Engineering, 20(3), pp. 191-205 (2020).

33. Harandizadeh, H., Armaghani, D.J. and Mohamad, E.T.
\Development of fuzzy-GMDH model optimized by GSA
to predict rock tensile strength based on experimental

34



3/
2|

xQ=t
W'

37
�2

|xQ
wO'

�14
00

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

datasets", Neural Computing and Applications, pp. 1-21
(2020).

34. Strozyk, J. and M. Tankiewicz, M. \The undrained shear
strength of overconsolidated clays", Procedia Engineer-
ing, 91, pp. 317-321 (2014).

35. Smith, G.N., Probability and Statistics in Civil Engi-
neering, Collins professional and technical books, 244 p.
(1986).

36. Pan, Y. and et al. \A novel QSPR model for prediction
of lower 
ammability limits of organic compounds based
on support vector machine", Journal of Hazardous Ma-
terials, 168(2-3), pp. 962-969 (2009).

37. Golbraikh, A. and Tropsha, A. \Beware of q2", Journal
of Molecular Graphics and Modelling, 20(4), pp. 269-276
(2002).

35




