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ABSTRACT: Performance-Based Seismic design (PBSD) of the geotechnical engineering structures can be evaluated by a number of 
methods taking into account the uncertainties of the designed influence factors. Despite the fact that the seismic force is known to be a 
significant factor, the static and/or pseudo static analyses seem to be commonly adopted in design practice. This paper briefly discusses 
alternate approaches with the emphasis on dynamic analysis. Examples are given by the assessments of two deep foundations located in 
Taiwan. It can be found that dynamic analysis is rather important to the seismic design problems since it can monitor the details of time-
dependent structural responses incorporating both peak ground acceleration and duration of the earthquake. Other than the 3D finite element 
analysis, the simplified solution from 1D wave equation analysis can be very effective and convenient for PBSD analysis on deep 
foundation. 
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1. INTRODUCTION 

Performance-Based Design (PBD) has been introduced to 
geotechnical engineering society for nearly two decades (ISO, 1998; 
Honjo et al., 2002; Fajfar and Kawinkler, 2004; Frank, 2007; 
Kokusho et al., 2009; PEER, 2010; Bolton, 2012). The significant 
principle of PBD is that the uncertainties involved in the design 
must be taken into account. The uncertainties involved in the design 
of any geotechnical structure can be classified as aleatoric 
uncertainties and epistemic uncertainties. The former could be 
introduced statistically by natural changing and/or engineering 
measurements, whereas the latter could be systematically produced 
by man-made errors and/or limits of the methods. In geotechnical 
engineering, the influence factors of the design are mostly focusing 
on ground conditions (e.g., geometry and geology of the site), 
physical properties and engineering parameters of the soils, and 
loads and/or deformations of the structure, etc. The uncertainties of 
these influence factors must be computed and/or considered in a 
scientific manner whereas the probability of their occurrence and/or 
the reliability of their quantities should be analysed and then 
incorporated into the design. In this way, the design of geotechnical 
engineering structures could be assured by quality controlled 
procedures. Conventional measure such as the factor of safety based 
upon engineering experiences and knowledge is no longer used. 
Figure 1 depicts the difference of PBD and conventional design on 
geotechnical engineering structures. The purpose of this paper is to 
show the useful tool in PBD of piles with the seismic concerns. 
 

 
 

Figure 1 Geotechnical engineering design methods 

2. PERFORMANCE OF GEOTECHNICAL 
 STRUCTURES 

The performance of geotechnical structures can be analysed on 
either capacity (and / or resistances) or deformation problems. 
Different techniques have been adopted to solve the problems. For 
example, analytical formulas for the capacities of shallow 
foundation, slope stability, and retaining wall were extensively 
studied. To take into account the uncertainties, Reliability methods 
such as the First Order Secondary Moment (FOSM) method, the 
First Order Reliability Method (FORM), and the Monte Carlo 
Simulation (MCS) method were adopted in various studies. 
Corresponding performance function needs to be defined first and 
the reliability index of the function was calculated accordingly. It 
was reported that the reliability index should be least 2.4 to satisfy 
the foundation design (Whitman, 1984). For static capacity 
performance of the foundation, some people suggested that the 
physical modelling could also be used. However, it’s rarely seen 
since varying the uncertainties of the influence factors is not easy in 
the experiment. As to the deformation problems, one needs to 
conduct the structural analysis and/or the physical modeling. 
Performance functions in this case can be defined by checking either 
displacements or stresses (including bending moment) to satisfy the 
design. The above reliability methods could also be used for the 
assessment. More information of the applications can be found in 
Phoon (2008). 

Additionally, Honjo et al. (2002) suggested that the Probability 
methods and the Load and Resistance Factor Design (LRFD) 
method are also available for PBD analysis. Probability methods can 
be analysed by estimating the probabilities of failure (or occurrence) 
by a number of consequent measures. Total Probability Theory can 
be used in such modelling. For LRFD method, load and resistance 
factors are implemented based upon the AASHTO design 
specifications. These factors were assumed and evaluated 
incorporating both the performance function and the reliability 
analysis to validate the design (Paikowski, 2002). It should be noted 
that the above methods discussed are mostly suggested to count for 
aleatoric uncertainties. For epistemic uncertainties, the efforts 
should be made to gain better knowledge of the system, process of 
mechanism, in which the methods such as Fuzzy Logic and 
Evidence Theory are available. Figure 2 summarizes the categories 
of performance of geotechnical structures and the corresponding 
analytical procedures on design uncertainties. 
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Figure 2 PBD in geotechnical engineering and corresponding 
analyses 

 
In general, evaluating the structural deformations and stresses is 

very important to PBD for geotechnical engineering structures. The 
designer must have a good control of the performance of a 
foundation. Foundation deformation needs to be controlled to ensure 
the satisfactions of stresses and bending moments. If deformations 
of a structure were limited and the structural safety had been ensued, 
then problems of foundation capacity should become trivial since 
structural displacements are much less to yield the soils. Recall that 
the foundation capacities are usually calculated on a hypothetic 
failure surface occurred in the soils. Although the design guideline 
of Combined Pile Raft Foundation (CPRF) published by TC212 of 
ISSMGE in 2013 suggests that both foundation capacities and 
deformations should be assessed, it should be noted that deformation 
of a foundation is a key issue rather than the capacity. The capacity 
problem becomes important only if large displacements of the 
foundation were encountered. This is especially true in laterally 
loaded piles and in piled raft foundation encountered large 
differential settlements. Since the soil model parameters used in 
calculating foundation capacities will be incorporated in the 
structural analysis, understanding the material behaviors is thus 
significant to performance based design. 

 
3. PERFORMANCE BASED SEISMIC DESIGN 

For geotechnical structure located in seismic area, the seismic 
performance needs special attentions. Both numerical modelling and 
physical modelling are available. The physical modelling including 
push-over, shake table, and centrifuge tests have been conducted by 
many researchers. Again varying the influence factors is relatively 
difficult in physical modelling. On the other hand, numerical 
modelling is found more economical to the problems. Alternate 
procedures such as statically push-over simulation, pseudo-static 
analysis, and the time-dependent dynamic analysis are all 
applicable. At present time, static and pseudo-static analyses are 
used more comfortable by engineers. Seismic design of a static 
ultimate load is known to be conservative. Significance of the 
dynamic effects upon the structure is generally neglected in these 
analyses. According to Kramer (2008), the seismic influences of a 
bridge pile foundation could be dominated by the seismic force 
rather than any other design factors. With this concern, the 
uncertainties of the time-dependent seismic force need more 
attentions. As the computation speed and the capacity of modern 
computers were improved dramatically, the dynamic analysis 
becomes a better solution to show the response details. 

To count for the uncertainties of the influence factors, the 
authors have studied the PBEE (Performance Based Earthquake 

Engineering) analysis (Porter, 2003) and Reliability analysis such as 
MCS using the dynamic solutions. Example studies can be found in 
Chang et al. (2010 and 2014b). Figure 3 summarizes the alternate 
solutions associated with the seismic concerns. The influences of the 
soil parameters and geologic condition are indeed much less than 
those resulted by seismic forces. It was also found that by 
calculating the equivalent factor of safety for the seismic design of 
the pile foundation, the factors of safety obtained from both the 
PBEE analysis and the MCS method can agree reasonably well. 
Table 1 shows the definitions of the equivalent factor of safety for 
seismic design. Their possible values could be in a range of 1.1 to 
2.2 for the design and maximum consideration earthquakes.  

 

 
 

Figure 3 Solutions of PBSD on pile foundation 
 
 

Table 1 Equivalent factor of safety against seismicity 

Method 
Factor of safety against seismicity 

Medium 
earthquake

Design 
earthquake 

MCE 

PBEE 
analysis 

Mcr / Mmax My / Mmax Mult / Mmax 

Monte Carlo 
Simulation cal/R cal/R cal /R 

Note:  Mcr = moment when concrete crack starts; My = moment when 
steel bar yields;  Mult = moment when plastic hinge occurs; 
Mmax = calculated maximum bending moment; cal = 
calculated reliability index; R = required reliability index 

 
4.  DYNAMIC ANALYSES USING FEM AND EQWEAP 

Finite Element Method (FEM) is well known to modern 
geotechnical engineers. There are a number of FEM packages 
available to solve the geotechnical problems. To yield rational 
solutions, discrete mesh and elements as well as the boundary 
conditions need to be verified. For special interests in the frictions 
and/or forces between soils and structure, the interface contact 
elements must be incorporated. In addition, the material models in 
use are very important. Nonlinear behaviours of the soil and 
structure can be captured only if appropriate material constitutive 
laws were used. It was generally found that the stresses obtained 
from the FE analysis are relatively sensitive in comparison with the 
displacements computed. At present time, three-dimensional FE 
analysis is considered as the most rigorous solution for deep 
foundation behaviours. However it is too time consuming to satisfy 
the routine design. A recent study carried by Kouroussis et al. 
(2013) has a closer discussion on applying 3D dynamic FE analysis 
to model the pile-soil-pile interactions. 

To simplify the complexity of FE analysis, one-dimensional 
Finite Difference (FD) formula of the wave equations of single piles 
under the earthquake excitations has been suggested (Chang et al., 
2014a). The corresponding EQWEAP (Earthquake Wave Equation 
Analysis for Piles) procedure adopts the lumped mass analysis to 
obtain the free-field ground responses. Once the site responses were 
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acceleration record at a nearby seismic station (see Figure 7), the 
displacement-time histories of the P1 pile (centre pile) at the design 
earthquake were calculated and shown in Figure 8. Note that the 
superstructure load was temporarily ignored in these analyses. Only 
the ground motions were considered. Scaling method was adopted to 
form the artificial earthquake whereas a target PGA of 0.24 g was 
assigned for the design earthquake. Although the analyses are very 
different, it was surprisingly to see that compatible solutions were 
able to obtain. Domination by the ground motions of the structural 
responses is obviously a reason behind this observation. The PBSD 
assessment was then conducted using the EQWEAP analysis with 
PBEE approach. 

 
Table 3 Structural dimensions and material properties/parameters 

used in the case studies 

Case study No.1 

Pile  
Fdn. 

Dimensions 

Pile length: 26.5 m; Pile 
diameter: 2 m ; S/D=2.5+; Raft 
length & width: 60m; Raft 
thickness: 2 m 

Material 
properties 

E=3×104  MPa; =0.1; = 24 
kN/m3;ξ=0.02 

Coal 
ash 
and 
under-
lain 
gravel 
layer 

Geometries 
Length and width: 160 m, Coal 
ash thickness: 12.5 m ; 
Underlain soil thickness: 16 m  

Coal ash 
properties/ 
parameters 

Midas analysis: E=20 MPa; 
=0.3; =14 kN/m3; sat=17 
kN/m3; cohesion, c=20 kPa; 
=35o;ξ=0.05 
EQWEAP analysis: 
Same as above; SPT-N=4 

Underlain soil 
properties/ 
parameters 

Midas analysis: E=2×103 MPa; 
= 0.25; = 19 kN/m3; sat= 22 
kN/m3; c=0 kPa; =36o;ξ=0.05 
EQWEAP analysis: 
Same as above; SPT-N= 30+ 

Case study No.2 

Pile  
Fdn. 

Dimensions 

Pile length: 28 m; Pile diameter: 
0.7 m; S/D= 2.5; Pile cap length 
& width: 3.9 m ; Pile cap 
thickness: 0.6 m 

Material 
properties 

E= 3×104  MPa; =0.1; = 24 
kN/m3;ξ=0.02 

Sandy 
gravel 

Geometries 
Length and width: 100 m, 
Thickness: 50 m 

properties/ 
parameters 

Midas analysis: E= 97  MPa; 
=0.3; = 19 kN/m3; sat= 21 
kN/m3; c=0 kPa; =38o,ξ=0.05 
EQWEAP analysis: 
Same as above; SPT-N= 30+ 

 

 

 
Figure 7 Acceleration time-history used in case study No.1 

 

 

 
Figure 8 Displacement time history obtained from different analyses 

for P1 pile in case study No.1 
 

Figure 9 depicts a possible seismic assessment for the maximum 
pile displacements versus the annual probability of exceedance 
based on a single seismic record. Typically, at least ten records 
should be considered if they are available around the engineering 
site. The absolute values of the maximum pile displacements at 
different levels of the seismicity in design were found as 0.24, 0.98 
and 1.21m in this case. The analyst needs to change the seismic 
record and use the average and/or the medium values to interpret the 
PBEE analysis. More detailed discussions can be found in Chang et 
al. (2010). 

 

Figure 9 PBEE analysis on maximum pile displacement from 
EQWEAP for case study No.1 

 
The second case study is on the pile foundations of a 70 meter 

height statue located at the Da-An coast park in Taichung. Twenty 
groups of 2×2 pile foundations were designed and oriented in a 
double-ring shape (see Figure 10). The structural dimensions and the 
material properties/parameters used in the modelling are 
summarized in Table 3. For the FE analysis, Mohr Coulomb model 
was used for the site soils formed by interlayered sand and gravel, 
the pile is assumed to be linearly elastic. For EQWEAP analysis, 
material nonlinearities were again monitored. The East-West 
acceleration time-history record in 1999 Chi-Chi earthquake at a 
nearby seismic station was used (see Figure 11). Scaling method 
was adopted for the artificial earthquake whereas the target PGA is 
aimed at 0.35 g. Neglecting the loads from the superstructure, 
displacement-time histories of the P2 pile (see Figure 10) were 
obtained and shown in Figure 12. 



 

F

sim
ana
bel
cau
to b
som
Fig
pro
rec
max
are 
the 
adju
def
sho
the 
dyn
sho
use
sim
pra

Figure 10 FE lay

Figure 11 Acc

Figure 12 Disp
ana

 
Again, the so

milar order. Ho
alysis was found
ieved that the 

using such diffe
be calibrations 
mehow incons
gure 13 shows 
ocedures using 
ord was cons
ximum pile di
0.32, 1.4 and 1
target PGA is

ust the pile dia
flections and in
ould be taken in

FE and wave 
namic analyses 
own in Table 4.
ed for Midas an
mplified analys
actice. 

Geotechn

yout and bird vi
stud

celeration time 

placement time
alyses for P2 pi

olutions obtaine
owever the re
d larger than th
material mode

erence. The one
since this site c
istent top the
further seismi
EQWEAP ana

sidered. Note 
splacements at
1.75 m in this c
s a significant i
ameter until sa
nternal stresses
n an efficient m

equation analy
in two case st

. Time increme
nd EQWEAP re
sis has great 

nical Engineering

 
iew of the pile f

dy No.2 
 

 
history used in 

 

 
e history obtaine
le in case study

ed from differ
esponse obtain
he one from the
el in use and 
es used in EQW
consisting more
e presumption
ic assessment f
alysis. Similarl
that the abso

t different leve
case. It is neces
influence factor
atisfaction by c
s of the pile sh

manner. To show
yses, the comp
tudies at the de
ents of 0.02 sec
espectively. It i
efficiency in 

g Journal of the SE

foundations in c

case study No.

 

ed from differen
y No.2 

rent analyses a
ned from EQW
e Midas analysi
their paramete

WEAP analysis
e stiff soils whi
ns of the pro
following the P
ly, only one se
olute values o
ls of the earth
sary to point ou
r. The engineer

checking the fle
haft. This proc
w the applicabil
putation time of
esign earthquak
c and 0.002 sec
s easy to see th
the seismic d

SEAGS & AGSSEA

 

case 

 

.2 

nt 

are in 
WEAP 
s. It is 
rs are 
s need 
ch are 

ogram.           
PBEE 
eismic 
of the 
hquake 
ut that 
rs can 
exural 
cedure 
lity of 
f both 
ke are 
c were 
hat the 
design 

Fi

C

 
7.

This 
perfo
seism
using
calcu
that 3
one, 
obtai
mater
How
signi
indic
effec
the sp
the s
meas
prepa
of pr
respo
geote
 
8.

This 
Mini
grant
expre
M.Y.
prepa

 

A Vol. 47 No. 2 J

igure 13 PBEE 
E

Table 4 Compu

Case Study \ Ana

No. 1 

No. 2 

Computer 
Specification

CONCLUSI

paper discusse
ormance of geo
mic performanc
g both the 3D F
ulation based on
3D dynamic FE
it can be fou

ned from both
rial model an
ever, dynamic
ficant in affec
ate that the sim
tively in design
peed of comput
structure to be 
surements of 
arations of the s
eserving the tim

onses should b
echnical engine

ACKNOWL

paper is parti
stry of Science
t MOST-102-22
ess their sincer
. Hong, M.J. 
aration of this a

June 2016 ISSN 0

 
analysis on ma

EQWEAP for c
 

utational time o

alysis 
Mid

1hr40
for
el

7hr14
for 
el

ns 
CP

ON 
es the alternat
technical struct

ce of the deep 
Finite Element a
n 1D wave equ
E analysis is m
und that the p
dynamic analy

nd model par
c load induce
cting the solut
mplified 1D wa
n practice. The 
tations, which a
accomplished 
material m

seismic excitati
me dependence
be adopted mo
ering structures

LEDGEMENT 
ial results of t
e and Technol
221-E-032-024
re gratitude fo

Lee, S.L. Y
article is also ap

0046-5828 

aximum pile dis
ase study No.2 

of different dyna

Computation
das-GTS 

0min34sec 
r 36153 
ements 

4min24sec 
r 131860 
ements 

PU: Intel Xeon
RAM: 16

te methods use
tures. Example
foundations in
analysis and th
uation formula

more rigorous t
pile displacem
yses have ration
rameters are 
ed by the ear
tions. The exa
ave equation an

simplified solu
allows the asses
within a short

odel paramet
ions, the dynam
e of ground mot
ore frequently 
s. 

the research st
logy in Taiwan
-MY3. The aut

or the support. 
Yang and Y.R
ppreciated. 

 

splacement from

amic analyses 

nal time 
EQWEAP 

60 sec 

35 sec 

n E3-1231v3 
6GB 

ed to evaluate 
s on evaluating

n Taiwan are gi
he Finite Differe
as. Despite the 
than 1D simpli

ment time histo
nal agreement. 
important fact
rthquake is m

ample studies 
nalysis can be u
ution will fasten
ssment of PBSD
t time. With g
ters and car

mic analysis cap
tions and struct

in PBSD of 

tudy supported
n through rese
thors would lik
The assistance

R. Lin in help

 

87 
 

m 

the 
g the 
iven 
ence 
fact 

ified 
ories 
The 
tors. 

more 
also 
used 
n up 
D of 
good 
reful 
able 
tural 

the 

d by 
arch 

ke to 
e of 
ping 



Geotechnical Engineering Journal of the SEAGS & AGSSEA Vol. 47 No. 2 June 2016 ISSN 0046-5828 
 

 

88 
 

9. REFERENCES 
Bolton, M., (2012) “Performance-based design in Geotechnical 

Engineering”, 52nd Rankine Lecture, 21st March, Imperial 
College, London. 

Chang, D.W., Cheng, S.H. and Wang, Y.L. (2014a) “One-
Dimensional Wave Equation Analyses for Pile Responses 
subjected to Seismic Horizontal Ground Motions,” Soils and 
Foundations, 54(3), pp. 313-328. 

Chang, D.W., Lin, Y.H., Chao, H.C., Chu, S.C. and Liu, C.H. 
(2014b) “Seismic PBD on Piles from Monte-Carlo 
Simulation Using EQWEAP Analysis and Weighted 
Intensities, Geotechnical Engineering, 45(2), pp. 62-69. 

Chang, D.W., Yang, T.Y. and Yang, C.L. (2010) “Seismic 
Performance of Piles from PBEE and EQWEAP Analyses,” 
Geotechnical Engineering, 41(2), pp. 79-86. 

Cheng, C.T. (2002) Uncertainty Analysis and Deaggregation of 
Seismic Hazard in Taiwan, PhD Thesis, Dept. of Earth 
Science and Inst. of Geophysics, National Central University, 
Chung-Li, Taiwan. 

Fajfar, P. and Krawinkler, H. (2004) Performance-Based Seismic 
Design Concepts and Implementation, Procds., International 
Workshop, Bled Slovenia, June 28-July 1.  

Frank, R. (2007) “Basic Principles of Eurocode 7 on Geotechnical 
Design”, 18th EYGEC, Ancona, Italy, June 17-20. 

Gasparini, D. and Vanmarcke, E.H. (1976) “SIMOKE: A Program 
for Artificial Motion Generation” Dept. of Civil Engineering, 
Massachusetts Institute of Technology, Cambridge, MA. 

Honjo, Y., Kusakabe, O., Matsui, K., Kouda, M. and Pokhard, G. 
(2002) Foundation Design Codes and Soil Investigation in 
View of International Harmonization and Performance Based 
Design, IWS Kamakura, A.A. Balkema Publishers, 457 pp. 

ISO, (1998) “International Standard ISO/FDIN 2394, General 
Principles on Reliability for Structures, International 
Standardization Organization. 

Kaul, M.K. (1978) Spectrum Consistent Time History Generation” 
Procds., ASCE EM4, August. 

Kokusho, T., Tsukamoto, Y. and Yoshimine, M. (2009) 
Performance Based Design in Earthquake Geotechnical 
Engineering, From Case History to Practice, Taylor and 
Francis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Kouroussis, G., Anastasopoulos, I., Gazetas, G. and Verlinden, O. 
(2013) “Three-Dimensional Finite Element Modeling of 
Dynamic Pile-Soil-Pile Interaction in Time Domain”, 
Procds., 4th ECCOMAS Thematic Conference on 
Computational Methods in Structural Dynamics and 
Earthquake Engineering, June 12-14, Kos Island, Greece. 

Kramer, S.L. (1996), Geotechnical Earthquake Engineering, 
Prentice Hall, 653 pp. 

Kramer, S.L. (2008) “Performance-based earthquake engineering: 
opportunities and implications for geotechnical engineering 
practice,” Geotechnical Earthquake Engineering and Soil 
Dynamics IV, ASCE GSP 181. 

Lu, C.W. and Chang, D.W. (2015) “Case Study of Dynamic 
Responses of A Single pile Foundation Installed on Coal Ash 
Landfills Using Effective Stress Analysis and EQWEAP”, 
Geotechnical Engineering, 46(2), pp. 77-81. 

Midas GTS (2012) User Manual, MIDAS Co. 
Paikowski, S.G. (2002) “Load and Resistant Factor Design (LRFD) 

for Deep Foundations”, Procds., International Workshop on 
Foundation Design Codes and Soil Investigation in view of 
International Harmonization and Performance Based Design, 
Tokyo,, pp. 59-94. 

PEER (2010) Tall Building Initiative – Guidelines for Performance 
Based Seismic Design of Tall Buildings, Version 1.0, Report 
No. 2010/05. 

Phoon, K.K. (2008) Reliability-Based Design in Geotechnical 
Engineering: Computations and Applications, Taylor and 
Francis, 526 pp. 

Porter, K.A., (2003) “An Overview of PEER’s Performance-Based 
Earthquake Engineering Methodology”, Procds. Ninth 
International Conference on Applications of Statistics and 
Probability in Civil Engineering (ICASP9) July 6-9, 2003, 
San Francisco, CA. Civil Engineering Risk and Reliability 
Association (CERRA) 

Whitman, R.V. (1984) “Evaluating Calculated Risk in Geotechnical 
Engineering”, Journal of Geotechnical Engineering, ASCE, 
110(2), pp. 145-188. 

 


