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There are many seismic-induced damages in these years. It is undoubtedly that the
earthquake engineering and seismic design is increasingly important, and it is a challenge for the
appropriateness of the traditional methods of seismic design. Therefore, a code meets the
requirements of design according to characteristics of earthquake and site condition in Taiwan is
an urgent demand. The developments of seismic code in Taiwan started in 1974. Many
modifications have been made after that year, such as in 1982, 1989, 1997, 1999, and 2005.
Though there are a large amount of research results for earthquake engineering and related
topics in the past decade, especially after 921 Chi-Chi earthquake in 1999, the current or
oncoming codes of buildings and bridges of road and railway in Taiwan are still mostly based on
other country codes, such as America and Japan, owing to lack of definite site condition. There
are a lot of inconsistencies in different seismic code, such as site classification criteria and
corresponding spectral site amplification. Thus, much confusion need to be settled is existed in
seismic design practices.

In view of site classification criteria and corresponding response spectra are the essential
parts of seismic design, the uncertainty and indefinite factors influencing these results must be
reduced to minimum if possible. The most effective method to resolve all the doubts is to
perform site response analyses based on earthquake records and site conditions in Taiwan
directly. Currently, there are 686 free field seismograph stations set up by Central Weather
Bureau (CWB) and more than 300 boreholes data of CWB strong motion stations investigated
by National Center for Earthquake Engineering (NCREE) are ready at hand. Strong ground
motions are recorded for each earthquake, and site conditions are explored for every CWB
strong motion stations year by year. These records and site information can provide an abundant
database for setting up a site classification criterion suitable for Taiwan, and for performing site
response analyses to establish the relationship between site conditions and response spectra.
These are the main research items of this plan. It is meaningful to evaluate the site effects for
Taiwan from that database, which form the basis of this research.

This study first introduces and verifies a frequency-dependent equivalent linearized
technique, FDEL, of site-specific dynamic ground response analysis. FDEL model can resolves
the unrealistic amplification effects or divergent phenomena over the high frequency range
efficiently when using SHAKE model for deconvolution analysis on soft and deep sites. It
provides a feasible technique to perform ground response analyses and statistical analyses
directly for evaluating ground motions on soft sites with geological data and neighboring
earthquake records. Following, a case study for the evaluation of soil liquefaction damage is
performed to demonstrate that the method to determine the site-specific ground motion of soft

sites proposed in this research.
Keywords : site classification, site effect, response spectrum.
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2 B0 2 AR A KRR E G RB U o d AT RS LPIE R
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ARER S, (om) - KR SR AT AR 2 M ek L - A o f 10<S,< 30 P - B HEE
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424 i g5 AT
bR i 2 RS AT AH T R - HREFTH R R VS SA 4T o 1R
% F(008)2 # 3 o (- 5 P v d T #| i iF (logit regression) 5 4 & -
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1+exp{—[8.1-0.236 (N,),, + 4.0In(CSR, ;)] }
v
SRy, =200, (15)
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» P A RARAS 2 (NJRA 2 3)E B AL RATIRZ PR DN o4 S H A KT 4
R C-HETIgio 20 AR A M2 BRI R Z 5[ IRY S B RA IR Gl
T (N)p 5 NJRA G ? S0 B3 B il 5 B2 4Eft it 10 ER ¥ 1 (52 SPT-N i -
L“@%&SBEL“ER'VE’*‘@/;#&Z? Bx2 3 TR RN (F R 0 2008) ¢
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BoF20m RR RN 2 B E S (Py) 0 RIERAIY T A
20
jo P, (z)W(z)dz
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BoEER E(FEF ) | 180<V,<360 | 15<N<50 | 0.51<5,<1.02
5 ZRER AR (3 e ) V<180 N<I15 5,<0.51

22 RP o RRRES EOHL

B ERLRE | BERFRE | DEBERS
Fo R R(EREY) Vs> 360 Ve>270 Ve>270

180< ¥, <360

180< ¥, <270

180< ¥, <270

V<180

V<180

V<180

£z FR#S4EREL 1%L ik Fa (P 48 &) (P %% > 2005)
v BRmib ok T i B ik Sg(SP SV
S$5<0.5 S5=0.6 Ss=0.7 S$5=0.8 S$520.9
¥ dpH
— 1.0 1.0 1.0 1.0 1.0

(27 %)
¥ RS 1.1 1.1 1.0 1.0 1.0
(‘E’ﬁf‘ J;n-) . . . . .
(=R R ‘

I 1.2 1.2 & 1.1 1.1 1.0 1.0
(8135 1)

v FRUESEAREZ 143t hicFy (P ERE) (P F » 2005)

BR- Y KT E4ed R BES (S~ 8

$1<030 | $1=035 | 5040 | $=045 | $0.50
P In
(3 ,;; 1.0 1.0 1.0 1.0 1.0
TR T
l—'—.: ;L;-.-f; Bl
i " ,#;"5) 15 1.4 13 1.2 11
a3
R Rl )
AN 1.8 1.7 1.6 1.5 1.4
(455 ¥ 48)
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# 7 % W NEHRP 2003 2 IBC 2003 «t‘r%b’-fﬁ.%\ Vo4
(5 o8tz 152 E3 6 #28 S1 3 S4)
a4 5] T R e | A EkTH
B 4 i V, (m/sec) N or N, 5 R
2335 AR (iT# % 30m) | (blows/ft) 5, (kPa)
. A Ml T >1500 — -
B E T 760-1500 - —
TR
il c |7 ;;;i;g 360-760 >50 >100
S2 D 2 g 180-360 15-50 50-100
<180 <15 <50
E B35 (2 K06 7 3m b 4R AR (3 by 8 PI>20
3 P w>40%’ F KT A 55 R S <25kPa)
z l. X BREFIBEARIEZ IE v Rt 5o
s4 Buldg 20 AR/ BT EE H>3m) -
F |(CGFE&Fzn3 V8 YF ﬂH (H>8m ® PI>75) -
i) 4. 2§ B2 @;; P X RF AL (H>36m * 5,
<50 kPa) -

4 % B NEHRP2003 2 IBC 2003 T4 4Lfe2 ‘&% 1 & £ ¥ B4 2 S ic 4

#ic Fa &2 F, (BSSC, 2004 ; ICC, 2003)
(@) =% #F S Hab i« il Fa(SiEp &R 1E)

By 5w & B 02 4% 8 MCE kT 34cit B falk

RGN | §5<0.25 Ss=0.50 Ss=0.75 Ss=1.00 | Ss>1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 (0.9)
F * % % % LS

(b) & % #F B2 Fhct kP (REP ERE)

H-ph 57 v 2 B L% 8 MCE kT #4cid B thidkc

230 R | 5,<0.10 $;=020 | §;=030 | 5;=040 | S; >0.50
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 (2.4)
F * % % k k

() FEEHITFN 2B FTHAZHLF AT

21



% = FDEL g SHAKE #8245 58 % 21 9 Bl &2 v &
B 4 B 45 4ciE B PGA(g)
% B (m) EW = % NS = %
2 ip FDEL SHAKE 2 ip FDEL SHAKE

0 0.157 0.157 0.157 0.207 0.207 0.207
6 0.153 0.147 0.141 0.138 0.149 0.154
11 0.117 0.130 0.116 0.110 0.111 0.144
17 0.103 0.110 0.086 0.092 0.086 0.131
47 0.081 0.087 1.177 0.099 0.053 0.428
(60) — 0.092 4.410 — 0.064 0.879

i1 1L.SHAKE 4 45 % 47 5 fc =10HZ(EW = %) ; fc =I15Hz(NS = @) <
2.FDEL 4~ 5% i * *» % HE F o

1A PRBATRAPR ALY LT kR

(=3 SP | R | Sy(EFSP) | 048, | I R¥P R D475 2)
A=0.48,1 (2)
it 0.7 | LI 0.77 0.308 | 1.5 0.462
8 | SY | F, | SulEFSY) | 048, | 1 B AN R0 F)
’ ’ ‘ MR " A=048,1(g)
it 09 | 1.0 0.90 0.360 | L5 0.540

24 PEHRETRAFCHAE S 85 A5 (GRAE K2 3 £ kT4 B

S PGAs (g)
g PGARr (g) Fy 1 A=PGAs1(g)
W (=F4 - PGAR)
475 i 0.275 1.150 0.316 1.5 0.474
2500 & 0.395 0.909 0.359 1.5 0.539
2 RUBaipiLPl &R 2R MG
i 1 4 3 e LPT w o R
0 2 AR
O0<LPI<S LR A L
S<LPIL15 PR R
LPI > 15 B £
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21— AR SR TRRLM G

SR TR A kaE S (cm) AT AERE R
3 AR 0<S,<10 R AR 0 B A R
YRR 10<S,<30 PR EAF LA BB
B 245 30<8,<70 BEAET  #2F AR~ A B
2L - ¥ s g (Juang et al., 2002)
i i Py v A
5 P;>0.85 BV R g R
4 0.65<P;<0.85 E Al AL
3 0.35<P;<0.65 RiCBEARCFAPERE
2 0.15<P;<0.35 R Rk
1 P;<0.15 BIVEEEH ERIT
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g Stiff soils e e
S 04 - // '/ i
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S] il - ~
S 03 - SOlls , ,/' -

// -
' -
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g 02 P -‘\ |
= e ft to medium
5 - 50
s stiff clay and
01 d sand
y/ “
///
0.0 | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Maximum acceleration on rock (g)

Rz 2 e Hh e iR (PGA;) BAGTELHBIHE AP 2432 B (PGAR)
Z_RE % (Seed et al.,1976a)

Soft to medium clay
3L and sand—15 records

Deep cohesionless soils
(>250 ft)—30 records

Stiff soils
(<200 ft)—31 records

Spectral acceleration
Maximum ground acceleration
N
I

Rock—28 records

0 | | | | |
0.0 0.5 1.0 15 2.0 25 3.0

Period (sec)

Bz 7 &R0 F Bak2 vt #(Seed et al.,1976b)

0.6 T T
Based on calculations
)
2 05
'E 1989 Loma Prleta/ -
— 04 -
3 \ -
c - /
S 03 =5
5 -7
= ’4' Median relationship
= 0.2 7 recommended for use
E / in empirical correlations
g o1
< "] 1985 Mexico city
] i i
0.0 ‘ ‘
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Acceleration on rock sites (g)

W s ¥ iR (PGAS) HMTHLEBFEA S 24 R (PGAR)
Z2_ M % (Idriss, 1990)
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>
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Maximum acceleration (rock), g

W+ A b iw ik (PGAs) BT ELE B # 44t & (PGAR)
2_ M % (Seed et al., 1997)
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2 ;Sile Class E Loma Prieta Strong-Motion Data

@© b Soft soils Fa-95%

T — —  — Fa=(997/Vs)"0.36

) A —————— Fat95%

g 5 l—“——— SiteClassD | |= T T T~ FV’?S/“ on

8 L \ Stiff clays and Fv 7(1‘?67 sy°0.64

- \ \ Sandysoils {4 T T 77T Fvt95% )

o P/ A O SRR SR —C Fa (0.1g) for Site Class Intervals |
g L \ Fy (0.1g) for Site Class Intervals
= ’\_ \

S 3 N -

g f‘k \ Site Class C

@ = < > Gravelly soils and Sofi rocks

s, N X ~ Site Class B

= F 1\- ;\ N = Firm to Hard rocks

2 el e o — =—— _
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© L
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= S
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O 1/12 MODEL

FALS N
30.48m ARMI
FAl4
6.10m
FAL3
6.10m
FAL2 m Accelerograph
3.05m
FALL

(a) Surface accelerographs

2-211% 45.7m N
[FAIl FA12 FAI3  FAl4 FALS
v, —N
4 J 7 t
6m
[ ] - m DHB6
DHA6
11m
DHAIl ® - m DHBI1
17m
DHAL7T m - ® DHB17
DHA DHB
47m
DHA47 = - ®  DHB47

(b) Surface and downhole accelerographs along ARM1

B~ % & LSST #u Flre i3] & 3 & %' 57 % F(Yoshida et al., 1998)
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0 r 1
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E
= |
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30 r 1
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-6{0m

Bedrock ~400m

W+ - R4 LSST 3u# ¥ e BH(Yoshidaetal., 1998)
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Acceleration (g) Acceleration (g) Acceleration (g) Acceleration (g)
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1y
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DHB06_EW
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Acceleration (g) Acceleration (g) Acceleration (g) Acceleration (g)

Acceleration (g)

X FAL5NS (May 20,1986 ; M=6.5)
— Observed (PGA=0.207g)
0.1
0.0 NPT ,uAuhwnmvnuAun"r\VﬂV i V(LUAAVA\}%{\"\/\U \//\’\V \/’\V/\WA AN o o
-0.1
'02 T T T 1T T T 7T ‘ T 1T T T T 1 1T 17T ‘ T 1T T T T 1 1T 17T ‘ T 1 T T T 1T 17T T
0 10 20 30 40
Time (sec)
0.2
B DHBO06_NS
Observed (PGA=0.138g)
L0 R FDEL  (PGA=0.149g)

SHAKE (PGA=0.154g)

'0.2 T T T T T 7T T { T 1T T T T 1 1T 17T { T T T 1T T T 1T T 7T { T 1T T T T 7T L
0 10 20 30 40
Time (sec)
0.2
e DHB11_NS
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5 5 T FDEL  (PGA=0.111g)

SHAKE (PGA=0.144g)

B0 e L e s e e Sy e e e By s e s
0 10 20 30 40
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0.2
4 DHB17_NS
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75 N [ FDEL  (PGA=0.086g)
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0.4
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Peak ground acceleration, PGA(g)
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Spectral acceleration, Sa(g)
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m.].

Spectral acceleration, Sa(g) Spectral acceleration, Sa(g) Spectral acceleration, Sa(g)

Spectral acceleration, Sa(g)

B & LSST #4 DHB 5] & iR R A 4597 8 4eid B 5 ¥ &2t (NS * %)

0.1

0.01

DHBO06_NS
Observed

0.001

o
O
[y

0.1

DHB11_NS
Observed

0.001

DHB17_NS
Observed

0.1

R

0.01

Ll

DHB47_NS
Observed

0.001
0.01

0.1

33

Period (sec)



Shear wave velocity, Vs (m/sec)
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Chianan Plain site (B.E. profile)
———a——— PGAg=median+1c

——lp— PGA; = median value
—@— PGAg=median-1c
—————————— 1driss(1990) soft soils =

Seed(1975) for soft
to medium stiff soils

Chang et al. (1997) for
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SPT-N value
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Liquefaction Potential Index , LPI ( NJRA method , Design earthquake(94) )
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Summary. In this study, a reliability evaluation method integrated with artificial neural
network (ANN) and first-order reliability method (FORM) is explored. By performing a case
study, an analysis procedure for reliability analysis of driven piles is proposed.

1 INTRODUCTION

Deep foundations, such as driven piles, are widely used in building, bridge, and other
structures. Traditionally, the capacity of pile foundations is evaluated based on static analysis
methods, such as SPT-N method, CPT-g; method, a-method, B-method, and A-method, etc.!
However, the pile capacity estimated from different static analysis methods is often diverse
greatly. Thus, static load tests are conducted in most large projects to verify the ultimate
capacity of piles, despite the unsettled question concerning definition of failure load.
Nevertheless, the static load test is expensive and time-consuming to carry out and can only
be performed on a few selected piles consequently. Therefore, if a lot of data of static load
tests are collected and analyzed to obtain a general rule directly, the pile capacity can be
estimated more correctly and efficiently in stead of static analysis methods. The artificial
neural network” can just serve as an appropriate approach to build a good approximator for the
pile capacity prediction.

As to design of pile foundations, safety factors are common used in engineering practice.
This approach not only does not consider the influence of randomness and uncertainties of
soil properties, analysis model and associated parameters on the analysis results, but also has
not any implications about the failure probability of pile according to the factor of safety. The
inherent empiricism in the deterministic factor-of-safety approach may lead to un-
conservative when uncertainties are greater than anticipated. Accordingly, the reliability-
based design (RBD) approach is preferred for pile designs in recent years.

This paper will focus on the application of artificial neural network to reliability analysis
of driven piles. After modeling the ultimate capacity of piles by artificial neural network,
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ANN-based FORM?® is then performed to assess the reliability of driven piles. One case study
is 1llustrated to demonstrate the usefulness of this method.

2 PROCEDURES OF THE RELIABILITY ANALYSIS

The procedures of the reliability analysis of driven piles are shown in Figure 1. It includes
seven steps where ANN will use the popular back-propagation neural network algorithm?, and
the reliability analysis by FORM will use the ellipsoidal method® to evaluate the reliability
index g and corresponding failure probability, Ps:

XeF
i i

ﬂ=min\/(X"_”")’R‘(X"_”") (1)
o. o.

P =D(-p) )

in which X is a vector representing the set of random variables Xj, # is the vector of mean
values u;i , R is the correlation matrix, gjis the standard deviation, F is the failure domain, and
@ is the cumulative distribution of the standard normal variate. If the variables X do not
follow the normal distribution, a transformation must be processed. All the optimization
process can be efficiently carried out in a spreadsheet environment such as Microsoft EXCEL.

Collection of pile load tests and
associated geological data

i

Determination of design variables and
its statistical properties

i

Preparation of training and validation
pattern for artificial neural network (ANN)

I

Determination of ANN topology, and
training and validation of ANN

I

Determination of ANN-based pile
capacity and correction factor

I

Definition of performance function or
limit state function

I

ANN-based reliability analysis by
first-order reliability method (FORM )

Figure 1: Flowchart of reliability analysis.
3 CASE STUDY OF THE MAI-LIAO SITE

3.1 Description of the Mai-Liao site

This study collected 33 pile load tests of pre-stressed concrete driven piles from Naphtha
Cracker No. 6 at Mai-Liao in Yunlin County, Taiwan. The site is filled with alluvial and
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hydraulic-filled soil deposit. The geological data include soil unit weight (y), blow counts of
standard penetration test (SPT-N), undrained shear strength (S, ), and ground water table (dw),
etc. The ultimate vertical bearing capacity, Qu, of the static load test piles are interpreted by
Fuller & Hoy method®.

3.2 Training and validation of the artificial neural network (ANN)

The topology of ANN in this study is shown in Figure 2, with 6 input neurons, 5 hidden
neurons, and 1 output neuron. The six important parameters selected as the input neurons are
the length (L) and diameter (D) of the pile, soil layer thick-weighted unit weight (;), blow

counts of SPT (N ), undrained shear strength (S,), and ground water table (dw). The output
neuron is the ultimate bearing capacity of the pile (Q). The above-mentioned 33 data sets
(patterns) including input and output are divided into two parts, each with 25 and 8 patterns,
to train and validate the artificial neural network.

After suitable training, the implicit mapping relationship of the capacity and corresponding
parameters of the driven piles is well established. It can be seen from the scatter diagram of
Figure 3 that the coefficients of determination, R%, between network outputs and targets are all
grater than 0.9. Thus, the generalization capabilities of the trained network are validated.
Therefore, the trained ANN can be used as a universal approximator for predicting the pile
capacity, and can be employed in the following reliability analysis for pile design.

600

ANN: 6-5-1 4
Qu:Fuller & Hoy °
*

500 —

Training

Testing
400 - Recalling

300 —

Qu

200 — A

100 —

Network outputs, Qu,ann ( t)

0 — T T T T T T
0 100 200 300 400 500 600
( Input layer ) ( Hidden layer ) (Output layer ) Targets, Qu,t (t)

Figure 2: ANN topology in this case of driven piles. Figure 3: Scatter diagram of ANN outputs vs. targets.

3.3 Reliability analysis

The limit state function for reliability analysis is defined as followed:
9(X)=E-Qy(L.D.7.N,S,,dw)-Qq ©

where Qy(+) is the ANN-predicted ultimate bearing capacity of driven pile, E is the correction
factor of the ANN model error, and Qq is the design load of pile. One example to perform the
reliability analysis for pile design by first-order reliability method with EXCEL is shown in
Figure 4. The failure probability of pile can be evaluated efficiently based on given conditions.
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LogNormal
LogNormal
LogNormal
LogNormal
LogNormal
LogNormal

Normal

N

N

Mean StDev X* I 4 nx L, D, }7; N, S, dw, E-
L 1 20 0.02 20.000063 20 0.02 0.004 L 1 1 0 0 0 0 0 0
D, 0.5 0.0005  |0.5000066] 0.5 | 0.0005| o0.014 D, 0 1 0 0 0 0 0
}73 1.95 0.195 1.8836097| 1.93949 | 0.18789 -0.297 }73 0 0 1 0 0 0 0
E 15 4.5 15.850923| 14.2933 | 4.6532 0.335 E 0 0 0 1 0 0 0
Siuj 6 1.2 5.4216615] 5.86486 | 1.07372 -0.413 ?ﬁ 0 0 0 0 1 0 0
de 1.5 0.3 1.4014842| 1.46921 | 0.27755 -0.244 dW6 0 0 0 0 0 1 0
E, 1.011 0.131 1.0808616| 1.011 | 0.131 0.533 E; 0 0 0 0 0 0 1
Design load, Qg (t) = 300.000 lga) = 0.0000 [ B=o0s46] [ P,= 0801107

ANN-predicted ultimate capacity, Q, (t) 240.222

Figure 4: Reliability analysis by first-order reliability method (FORM) with EXCEL.

Another design example is shown in Figure 5 for different pile length. The engineer can
select an appropriate pile length to meet the design requirements according to the failure
probability (i.e. g(X)<0) of the pile considered.

0.1

P(E-Qu<Qd)

0.001

0.0001

13

0.014

Parameters : Log-Normal

————— L=20 m, D=0.5m
L=25m, D=0.5m
————— L=30 m, D=0.5 m

‘ ANN ( Qu : Fuller & Hoy method)

|

0
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—
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Design load, Q¢ (t)

900

Figure 5: Comparison of reliability for different length of driven piles.

4 CONCLUSIONS

- An ANN-based first-order reliability method (FORM) to evaluate the reliability of
driven piles is proposed. The engineer can follow the procedures recommended in
this paper to design the driven piles more reliable and efficiently.
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