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Minimum Cost Design of Piled Foundations Using
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ABSTRACT

This paper reports the application of hybrid genetic algorithm (HGA) to the minimum cost
design of piled foundations. The objective function is the combined costs of soil excavation,
pile cap, piles, and soil backfill. The design variables, including pile length, pile diameter,
depth of pile cap, pile spacing, and pile number, are al discrete. The procedure of HGA is based
on real-coded genetic algorithm (RGA). When the solution obtained by RGA is located on the
infeasible region, HGA will use modified relative difference quotient algorithm (MRDQA) to
find the local minimum solution on the feasible region. HGA is combined the advantages of
RGA (global search method) and MRDQA (local search method), therefore, HGA has well
performance to find the global minimum solution. However, the problem of a piled foundation
design belongsto amulti extreme values problem. The efficiency and validity of the HGA have
been verified by comparing the solutions with the global optimum solutions obtained from
exhaustive search method (ESM). In this paper, when the parameters of HGA, including
popular size, generation number, crossover rate, and mutation rate, are equal to 10, 20, 0.8, and
0.10 respectively. The comparative results show that the mean error of the HGA solutions is
around 1.5% only, and the probability of finding global optimal solution is 47%.

Keywords: hybrid genetic algorithm, minimum cost design, piled foundation.

VR M A 0 BB AR I EFT Y TR
LR E RS LR
MR SR E S 3



IR RS SRR IER-T EP

IV
\'13‘,!‘_’

B VB R LA 2 R
B g bR o RNRAHFIL LR
P R R
BOkHF R R[] e 5 A
L,,ﬁ ;lyﬂ:azg.q ﬁi&;‘l.;a Foeuk 4 Q)EJQ
[2] ~[3]~ & E " B Ap ¥ £ 72
(Modified Relative Difference Quotient
Algorithm, MRDQA) £2 @t 73 2 % p i
(Discrete Lagrangian Method) i& {7 3 5 28
AL e I R e e R[4 R 0
b o AR LT R BT P R T
ERF Ry r TR 2 FEEfE S 1.69%
2 201% > [RAPSZ [ 2 BRI P
% ¥ AR gk d¥ x ;2 (Neighborhood Search
Algorithms) ERar BNk EfEa 2245

DA FfE

A2 - BRES GA FE 2
(Hybrid Genetic Algorithm, HGA) 4- ¥t 35-4%
*%ﬁ%ﬁﬁﬁﬁ¥“#“kmA%Uﬁ
B #g ehif @ % ¥ 2 (Real-Coded Genetic
Algorithm, RGA) % 2 & e ®x = £ » § %
HYOBWE AP TR ,fg;%d
MRDQA 5% 375 T AR crk 204 & iz o
#2487 GA 2 ##HF 2 MRDQA & tig
HREL T OU L HF D 2 G R0
Bdoo 2 P LP BRAH I LR
EHF . TRpP A2 AL GAFRE
i R B AR 0 k4] otk A A8
S0 B R E SN o AR
MR B ER

N S SRS T35

21 E A KB A AT AR

AR E R A AR A TR
G B & ) Rt AR P =
R GRERT > B 7w R EAR
Pl RORRZRT CRPII TR
(A) i 1t 5 B)¥H ol 5 (Ot fe
Foo D)t g bl BEREFE -3 Mk
AL I A ihig &K R
9*%%%ﬁ [6]z R > @ Fyth 2 Aty
fie 5 5530 4R u%%[ﬂ [8]@5;‘,{#"

!&ﬁiﬁ?“% HERRTH
W - BT RIS

S L B STk 3
Ho-R(Lr) ~ 42(D) ~ A4 B R (Ho)
B IE(S,. S7) © 6 4 B (N2, Nr)

H st

il Rt s 3 st 5
LR lRE RN

PEE Y252 ¥
B3 E AR Pa
AR,

[rmn |- %kt ibaan

&Sty 2 A A 1) P

& A 2 A SHAN 61 J) Py
B B2 A EM,

|

|

|

|

|

|

|

|

|

1

| 16 H0 3 71 MR B
i HREXT A
! HEF AL A
I

|

|

|

|

|

|

|

|

|

|

I

I

- >
KA FILH A
A AR A
AL ]
TS No
e
BRI ZIEAEN i i SR I 5t A 4 4

AT AR E

AT 1859 ) e

Bl- AR A G S A TR AR

2R R T

A= 1 ii%%.ﬁ;%&? 3 m;}% Py ﬁﬁkﬁf%
=y ﬁ@’&awﬁgﬁ«&gwi’
f%%i%%ﬁwﬁ o F T 2 R
R FABE AL ABLED) &
A N b SO
f&ﬁ@iﬂ(NL NT):{- R f@; » Hod x? 3 E_L
jaE SRR SURRIIE & SO 8 T

23 o Bt &4
A E MR TR RO AR
?ﬁpi]ivT v 1 A3 % ﬁgl%tﬂ7;{’L" o B
s e L 1A 0 RIAREFER T
A § 13 Fa#z #oy §£+§1? £ N F;&E ?
Z % saaFu,q; ,;z;gasqrm_ai.%nh i m
‘\.?%—,4,\ ]K«*/ngk[g]lh[]_] g iE & &
114 < (58 g (7 I3 & 1 (A)
EE &» 4 (B)éﬁg}?ﬂﬁ&mﬁbj (O
¥k B LH (D)t E 4 ] S (B) A
Brng L DR E
1 A LA (T2 (1] §
PR



IR RS SRR IER-T EP

= AR GAFE

K% i HGA i B i Azho = #f
70 28 RGA #TE F chr B iPH 7 4 &
MRDQA HOF T ARIT B 3% E 1 R i A
SRIEE BN LS P L SRR
Bt o

WAREED  RYEP, -
HEBEHN, ~ A IN g
v
UL BERL A & 7 4 2 2F
3% HEAE R EN,=0)
\

b
AR AT R AT

Ptk kb 365 0 8

IR AT ARAB AR
MMRDQA#

WA EER
BB TITH

ERURAER
P MAATF KT 48 EE A P
s | T ARG — 1A R B
x| | :
i} | ‘ R T AT B
|
'y 1 !
A }
1 |
R ! | v
******************** ‘ #i— KB (N=NgH)
WA AR
AT BT b
JETAT AR AMRDQA | |
WFERYRAEM s R
. . 55
?]_ . HGA 131?—?-1' ‘/Vl“'ﬁigl
1A 24 4%¥

A7 & N % i (Popular Size, Np)
0 AT B N AL AR 7
FOBAE o de kRS SR RPEHP L
BHEEHIE LT AR ZIRY TR
BEFL 2E R EMEOBE

32 S ¥ 4 H] S R
Y L BB ALY Sk
(Fitness Function) & /- z_> if i S8 ¥ & B
| B RE chdE M ko #ﬁﬁﬁﬁﬂgﬁ
ELE QA ISTE - ‘e e P E | P B o Q/-i"r[:].O]‘Eﬁ P 4
Bips FEID A AT T L A wﬁ”{fﬂ” e
a7 PRI T RIE 2 R AR S R
S¥o RIABEFA T 0 B 5L RNED
QS:’ Velv: -yt /ﬁ’ﬁﬂz SR L R
WAEADBENLTEE P FECEPEE
BEIE NG R ERE R kAT
* StatlcPenaItyMethod(SPM) REAU G 15T

B ik o

&

\\\?{r we 3

33 FEHZ H U

A AEHE BRESITE L L EEY

By a2 N[0, 1 B 2

B3t 2 e F (P2 B AR ¥ iR - i
w2 ez R R

v R AR PR owﬁmé

TR ANES BB #E}Fmﬁk‘%é

Qe 0 WL FIE S Jach 45 4 H0F

Rul
N

TTH
o |
s
T
3

£ > ,Il_ﬁ_@ﬁbﬁigf?’*-q—‘ 'E’r/i’u—%ﬁ":
PG L fiemh o A B RE L LR
X H 2 BLX-ao' Crossover[11] & 3¢
iﬁim’ﬁiﬁ%i*mﬁ“%ﬁﬂu
Simple Crossover = ;% it (7 % fie o

35% %

hil BFE AT 0 RPEE S - A&
L (P) i€ 5 0 B ALY K
2 S R (SECE S
> F RE a2 B RGA #H
Fred o R A4 - P TT
T_ATK 3 % #c e Random Mutation[12] =
FEEFRE -

36T A EHE2 BY

% & RGA j# iy - 4 S,
aap;,'[;;gfr;z g@g'a‘;%g»;? i~ B

Jf%iﬁ%wﬁtm EERAS - EHED Np
l[%ﬁ“u*? BRI Frens (AEHE o d 3 A
v AT PE S R r&%ﬁmﬁﬁt’ TR R
RBEHE BEEL FrAL 2 3 R
FF B BEEFRA S EHET Np B
2. PR RAG AT NOEF o gL TR ol
A 21 BGA &% F N B i BAE[13] 5 & H 4
iWW%'%WHQ*fﬂﬁ%WW’%
VHE LY CREDFEA ey ’f\i"j‘ FiEAT
Bl S I

3.7 Jx ac B

Pt RGA 2Rk 2 - B it g
WA N B R 0 50 3 RGA
/ﬁ"‘]i’(ff’!)‘-ﬂi%
Hop o 8 RGA &t IEMIES ST A F A
PR A& & U RO TSk
& Iy :’f\iﬁ@@'{ﬁﬁiNgmﬂf’% R L



IR RS SRR IER-T EP

3811 #Pi‘fi’rfa’«é (MRDQA)

tp ¥ £ 7 i (Relative Difference
Quotient Algorithm, RDQA)[15] 7 45 4 4
E R AR RSB e
BHIOE T HINE R LR REHD
P e & ) S e B AR B
MRELRT 23 VA R3HE o A RDQA 2
ECRE S Rl ‘?\ﬁf'l S e G H
Sl R R R R 2T R
BOSERAOR o XA fhAH D G 1K
S e R Sl 2L E B 3 8[2] > e
R TR AL RARELS wiEE R T
T At VAR R TR 0 Y
L@ H OB 0T
REEH K fath o < xoba Ly &
;g;FF'“‘,‘ﬁwz,min o F|pL o k2 B H @;}%
[2] #7421 08 T 4p 3t £ 7 4 (MRDQA) »
P2 i & i3 :c RDQA aslBE T & % 7
RCEHEE S e e s > B b M P L ERELIEE
2L FE 4]0 @ MRDQA * #5AA # 5 it

T E Y L

DN SPAR

B m

m

41 %5 6% F

R L
[4] P ek 3261 5 B 0 ot % ) B 44 Sl
F AT N2 AR R TR
HAs R A A SRS 17 o £ - 3 ¥
P R TR R AR T e
L H g d oA okT iR Gl
0.25° 4 3 S BP4od = 971 o B K B
W PEHEY 2% > fcdrk = 911 o

3 - #ﬁ%f’f?r’é }ggg TE® ¢f A4

2z 1% >k

R | Bk B |
¥R 3 3 6
BRI 2 2 3

d k- T A A#HAE R A2 TR
B T AT 162m}§@r'17,1j_£§m;\§\~
K (SPT-N & 5 50) o #* % blehR 3k 3+ 4rd
w o FIRR P AR E T R
YA ki T 1 RE REEGH

Rk tena dzid i 5 2,039,924 & o g At
TR R R 5 YR B RIS E R 4D
FE[ARF2Z 285 30E7T Lie > BE
%QWmaxrﬁﬁ%&mﬁﬁﬁﬁﬂ%
%= 90 0 frie 10,221,120 = A 5 4017 B
i f3ena fid 1,391,274 Ao R K
&4 3L8%:hi R > MEREF AP LY
AR oo

Br WP UPRRFEERT %

Lp| D |Hc| S | St | N | Ny COS(NTD)
R 3F 3 [15.0[1.20[2.20|13.053.05] 3 | 3 | 2039924
B i 3% 4(26.0/1.10|1.80{4.10[3.60| 2 | 2 | 1391274

Vo (KN) | H (KN) | M (kN-m)

¥ 13162 0 0
o M w(L)| 10562 | 2476 | 21147
R g~ » (D] 10562 | 2056 | 19922

SRS &5
i+ pred 4 .

E R (M) |2 B AFSPTN & i,\;ﬁ) Eﬁj}?) @(*}ff
0.0~ 27 wi 4 5 17.0 - 24.0
2.7~ 52 b1+ 2 5 17.0 30.0 -
52~ 92 w2 10 17.0 - 27.0
0.2~12.7 %E1+ 2 5 17.0 30.0 -
12.7~16.2 ®j i 2 15 19.0 - 30.0
16.2~40.0 #) & 4 50 19.0 - 40.0

S LTCRIL E3 AN A

TP H iy
IBERT 320 NTD/m®
w37 %% * 430 NTD/m®

-k PR s 4 (240 kgffent) 2100 NTD/m’
-k @ R 5 4 (280 kgffent) 2400 NTD/m’
“ & 4% 55 (4200 kgf/ent) 18800 NTD/ton
B A RR A (TR 4T 300 NTD/n?
o e R 2000 NTD/m
(Zéffgo Cfn) ®7k 3000 NTD/m
o 4500 NTD/m
o7 D RKFRENL TR WE
- x?l\ —1. x-fl\ i% :"E
Lp (M) 10.0 30.0 1.0
D (m) 0.7 1.4 0.1
Hc (M) 15 2.4 0.1
S-S (M 2.0 45 0.1
N~ Ny 2 4 1

42HGA B 7 B HF i

d 3~ RGA m:};%"%* Moae § X T EF K
(N~ 2 e (P ~ % %8 % (P % 18 30
B (Ngmax) 2= 72 58 ﬁ ? 71}?‘[1]5: & P B~
0.8 PP 0.10 #x & < #3817 Np £ Ngmax
$HergE s A R R -
A2 Np~ % 352 101 B4 A Ngmax
& %3 10~20~30~40 %2 50 #:E 7 HGA




Bk

L RARNE S

i i

HGA #18 2.

%k

ﬂ,

,‘L%

LA ET IR AR R g

o d % HGA % RGA 3R

IRt
Nes 352 10 '@;'@;@B?LF ' HGA *t %
Ngmax FE 2. 305 %% > Bl= 57 F Np P&
HGA WT%E"—l ﬁi'l i,‘:ll‘é f%’ Kiii Ng,max—i ‘% fv oo

4 =
~

BLF JEIT 0 | E
an P?' r‘t_llir'ﬁé_.
)% €452 HGA & 100

,;\ JHL ]"r

e

4

= A
24

;i%\»’iln\‘gjﬁ‘

: % o NymaxP¥ HGA 493 &

% (Np:3)

AR

% (NTD)

s

Ny rrax

:L-y_;,'_g_

B i %

B A f2

e

Pt
= #c

Boid
e

(%)

10 |1451727

1391274

1488195

20654

4098

2

20 1443730

1391274

1478285

20711

7090

8

30 |1439513

1391274

1461321

20902

9928

11

40 |1435137

1391274

1461321

22967

12524

15

50 1431023

1391274

1461321

24344

15132

22

3~

: % Nymex % HGA 4875 2 % (Np=5)

AR

% (NTD)

Eayes

Ny rrax

:L-y_;,'_g_

Btk fi2

B A f2

e

Pt
== #c

(%)

bt

e

10 |1438679

1391274

1485829

20321

7162

9

20 1430396

1391274

1461321

20104

12540

17

30 |1425371

1391274

1461321

21455

17674

24

40 |1422139

1391274

1458232

21759

22526

32

50 1418049

1391274

1458232

21890

27228

38

#1417 I Ngmax P¥ HGA 30& %

(Np: 10)

1423 (NTD)

Eayes

Ny rrax

:L-y_;,'_g_

B i %

B A f2

1 i

Pt
== #c

(%)

b

e

10 1423639

1391274

1461234

20382

15110

21

20 |1412513

1391274

1461234

22465

26472

47

30 |1409079

1391274

1458232

22154

36417

60

40 |1405819

1391274

1436417

20918

45424

66

50 1403286

1391274

1436417

19444

53724

71

1.80x10°

1 AT s i%i (NTD)

1.40x10°
0

B =

1.70x10° ¢

1.60x10° ¢

1.50x10° ¢

—e— N,=03
O Ng=05
——- N=10

o=

R Ny
D F b Np T 5938 B % Ngmex 2 % 1
¥ 5o HGA *t Np 5 3 1F B8 2

Nmax = 10 5 > 4 206:04s ¢ 0% 3
A fF o v r[16]9 2 RGA i 740 I &
F2atr o kdp iy Ne s 103 B4
® Ngmex > 100 AB% ) G s § HOF
I EEREfE o BRIR HGA 132 Np%
Ngmax > > 12 HGA & ¢ 7 MRDQA 4
$7 = B0 B T 354 45 5 #(4,098 ) 5 ;
RGA(L,611 = )11 2.5 1 o 8 253+ 4 I+ Np(10
B B A) % Nyme(50 % )P » HGA 8 1 42
T 3533 1 (1,403,286 = )# RGA(1,520,100
V&R TT7% 0 Haded 2 L
(19,444 )7 i 13+ RGA(59,805 =) » i
H T 39 45 = #(53,7246 = )47 L RGA
(809 %):166.4 & % % -
KB = iR AR j\:ﬁ v 1 F7 T ¥asd
'% € 58 F Np % Ngmax 3 4e i 5 0 2 g
U HRBHUNEE NpAk 5 @ A% P BT o ML IR %
% r] HGA ¢ 1% MRDQA #-7 ¥ {7 f24&
EIVEfRL T NPf‘LﬁF‘*“”I*z\
HGA*" TR R 4?’(& =l S
4% 7 MRDQA % » & %"ﬁi P m
Ngmax F'P—jjé ﬁ*'_{m\‘?{a’}?ﬁ ° LL?/F‘ pEN
s BEZR NpA% § P 7 38 4% #0° o7 Ngmax 38
f’réo\’]‘ﬁ' AR ¥ Npi‘a bepEbE - X AR T
MRDQA =t #icn B2 82 o dod 2 AN 2
%4 7 HGA* Np % 10 B BAEY Ngmax
% 20 NpF s AT E 2 T 3a L 47 =X #(26,472
=) Np % 5% BAEY Ny o 50 A2 T
¥k 475 #(27,228 )4 R0 B F 2
1AeTiog W R4 A7 7 04% > 2 HGA
% Np% 10 % BH Y Nymex 5 20 %P > 2
4 ATY%fs € HOH T 2B fE o
FE VS AT EREN R
* HGA 2. 2 47pF » g% Pci 08~ Py
% 010~Np 5 10 i# B4 ~ Ngmax » 20 *
AT o B E R EHY 3
A7%: s S Hx 1 283 f3 > 2 H1 4%
T¥od§ i 1412513 ~ 0 & 2B G R
(1,391,274 =) % £ 1.5% o
I~RBhBEER
FEAY @ LAWY RS B
LRNABBGHEEHR LR ST -
1. 5 100 = ¢hip|3E s HGA #+18 T 351 4213
BB LA A H 5 1412518 Adr



IR RS SRR IER-T EP

22,465 7 > fp >t > B B iE f2(1,391,274
) B R N5 15% . 55 28
B RS K L AT% 2o A dEo

2. 5278 HGA #7Z P sl Bh30 & 2 (4o
DLM ¢ RDQA)E - f& b #17% & 2 %"
WAL A4 A %’Jﬁéam 4efE 0 &
?ﬁﬂk@A%zk@%@ﬁyﬁwﬁ
B AR et AR e

k2R EE L HF AR T I AAT
PERM PR g 4 AEEH 2 F R
FHESFEZER B@ - i
RET o

4.4 = o5 B mﬁé@ﬂ%WX&bﬁi
- feEkt 2 F R A KT Rt

EEARN s AR R
=4 2
PO

ﬁéa%Wﬁgﬁ%%%?**ﬁ”

(NSC 94-2622-E-008-009-CC3) » 3yt 35381
34 2

1 4P & rﬁ,fgé{& iRz myT 0
J,;*v N LR S ﬂxlﬁ%‘f,s » ¥
¥ (2006) -

2 MG~ F A BAETARHEIH RN
FHRAAR B E2 r ’ﬁmi%k
flafega%L4 %5 % 155165
7 (2007, El) -

M EAEF A T HEERAH

4“]"—’: >
S E L A

P N -
oA r'/'?’ %

L o
L

I T 2R3 2005 &
4(—?1]_1 2 R ,{_Hgf}g s
401-407 F (2005) °

4. p AFEEEE o F R
%’B*ﬁyfé’
7 (1997) -

R AR T A
¥ 2-1~2-139

5. P AEEAEE  FRAMT DG - FfEE -
TIEE o P AMEREE 0 LR (2002) o

6. p %;‘E'&?T%ﬁ D RAMRT - kRS -
it R o P A B € 0 LA (2002) ¢

TN SRR G A AR
S ¥ EESeEAL 0 S (2001) ¢

8. cl;;]ﬁld\wﬁj\fg‘fg,,gﬂﬂlwﬁpq
RgedfR-4 ok 401-930 PLHME 0 5
(2005) -

R At RE & Lk
fo» & (2004)
10.Coe||o, C.A., “Theoreticd and numerica

constraint-handling techniques used with
evolutionary algorithms: A Survey of the state
of the art,” Computer Methods in Applied
Mechanics and Engineering, Vol. 191, No. 12,
pp. 1245-1287 (2002).

11.Eshelman, L.J., and Schaffer, JD.,
“Real-coded  genetic  algorithms  and
internal-schemata,” Foundations of Genetic
Algorithms 2, San Mateo, CA: Morgan
Kaufmann, pp. 187-202 (1993).

12.Michalewicz, Z., Genetic Algorithms + Data
Sructures = Evolution Programs,
Springer-Verlag, New York (1992).

13.De Jong, K.A., “An analysis of the behavior
of aclass of genetic adaptive systems,” Ph.D.
Dissertation, University of Michigan (1975).

14. £ 2 -0 @75 2 PR l% fL2g 3t
L}"?_-'*J Z{ﬁ—_l_ 71@*"i1§4*\1
2R g A7 ¢ 4 (2003) -

15.Chai, S., and Sun, H.C., “A relative difference
quotient algorithm for discrete optimization,”
Structural Optimization, Vol. 12, No. 1, pp.
46-56 (1996).

16.44P &)~ B E -7 LA T E%BE @
WEE R AA MR R B
- B4 %1;&§ﬁﬂﬂ’“f € Hm
.0 A1-030 = 30 & & (2007) -



