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1 OVERVIEW

There are two main areas for the application of performance 
based design in geotechnical earthquake engineering; soil struc-
tures such as embankment dams and soil structure-interaction 
systems such as high rise buildings on pile foundations. In the 
design or remediation of soil structures, the geotechnical engi-
neer has the primary responsibility for establishing the criteria 
of satisfactory performance, producing an appropriate design or 
remediation scheme and evaluating whether the resulting struc-
ture meets the performance criteria. In designing the founda-
tions of soil structure systems, the primary responsibility of the 
geotechnical engineer is to provide a foundation design that al-
lows the structural designer to meet specified performance crite-
ria for the superstructure. Some of the critical elements of per-
formance-based design in these two areas of application were 
presented during the workshop with illustrative examples.  

Performance-based design in geotechnical earthquake engi-
neering is one of the topics under study by TC-4. This Work-
shop on Performance-based Design, held in connection with 
16th ICSMGE, was designed to acquaint geotechnical engineers 
with the current state of the art and the research underway on 
essential elements of performance-based design.  At the work-
shop, formal presentations were made by the following profes-
sors (in order of presentation); W. D. Liam Finn, University of 
British Columbia, Vancouver, Canada who was Chairman of 
the workshop; Ross W. Boulanger, University of California, 
Davis, California; K. Tokimatsu, Tokyo Institute of Technol-
ogy, Tokyo, Japan and S. Yasuda, Tokyo Denki University, Sai-
tama, Japan.  Extended abstracts of these presentations are 
given below. The abstracts were developed from written sub-
missions and, except for a few editorial changes and some in-
terpolations to ensure continuity and understanding, are in the 
authors own words. No references are given in the text of the 
abstracts. A major reference or two by each author is given at 
the end of each abstract. These references cover the major 
points and supply lists of other pertinent references. A brief 
summary of the important issues raised during the discussion 
period are also given below. 

2 PERFORMANCE-BASED DESIGN OF REMEDIATION 
MEASURES FOR AN EARTH DAM [FINN] 

Performance based design of structures is design for specified, 
acceptable levels of damage. In order to deliver the expected 
performance at competitive cost, it is essential to be able to 
evaluate reliably the performance of a proposed design. The 
evaluation should be done preferably by a nonlinear dynamic 
response analysis but in some instances such as post-
liquefaction analysis, where gravity is the prime driving force, 
static nonlinear analysis is adequate.  In many liquefaction cases 
large displacements may occur so that the capability for large 

strain analysis is required. The value of any analysis depends on 
how well the computational model represents the structure-
foundation-soil system. Therefore all significant factors that af-
fect the seismic response of the structure should be included in 
the computational model.   

The evaluation of the need for remediation an embankment 
dam with potentially liquefiable soils in the foundation follows 
three main steps: 
��Evaluation of liquefaction potential 
�� Assessment of the consequences of liquefaction 
��Design of cost effective remediation measures, if necessary. 

Engineering practice relied entirely on limit equilibrium 
methods of stability analysis to assess the post liquefaction sta-
bility dams prior to 1990. In these analyses, the residual 
strengths of the liquefied soils were used. A Factor of Safety, 
FS < 1.0 was considered to result in failure and the dam was 
usually remediated to achieve a FS ≥ 1.2. In many cases, the 
dam could undergo displacements, in some cases up to 2m, 
without any serious effects.  Movements of this level suggested 
FS < 1.0 and, by the old procedure, would not be acceptable.  
The huge costs of remediation for a large embankment dam en-
couraged the development of a performance based design ap-
proach in which performance would be defined by tolerable 
displacements.  It was considered that meeting such guidelines 
would result in considerably cheaper remediation costs. 

The first comprehensive application of this approach was to 
Sardis Dam by Finn in 1990. The main concern about this dam 
was an upstream sliding failure along a potentially liquefiable 
layer in the foundation, although areas of the upstream shell and 
the core were also expected to liquefy. The post-liquefaction re-
sponse of the dam was analyzed using the nonlinear program 
Tara-3FL which employs a Lagrangian formulation to cope 
with large displacements. The deformed shape of the dam after 
liquefaction is shown in Figure 1. 

The computed crest settlements of the dam at various factors 
of safety corresponding to different estimates of post-
liquefaction residual strength are shown in Figure 2 as a func-
tion of factor of safety. 

After detailed studies, it was decided that a crest settlement 
of 1.6m would be tolerable for Sardis Dam.  This corresponds to 
a factor of safety of 0.95. The minimum factor considered ac-
ceptable, when using a limiting equilibrium analysis, is about 
1.2. Therefore the adoption of displacement criteria for design 
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Figure 1 Deformed shape of Sardis Dam
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of the remediation measures led to major savings and subse-
quently this approach has been used by the author in many other 
dams.

The cost of remediation depends to a large extent on the ex-
tent and location of the remediation. The most effective location 
for the remediated zone is the one that requires the least amount 
of remediation to meet the displacement criteria. Appropriate 
analysis gives the design engineer the capability to determine 
this optimum location and extent of remediation for the ex-
pected stiffness and shear strength of the remediated zone and 
so reduce costs further.    

After detailed engineering and financial studies of various 
remedial measures to stabilize the upstream slope, pile pinning 
emerged as the cheapest, most easily constructible option and 
offered the best quality assurance. An elevation view of the pin-
ning design is shown in Figure 3.  

Initially a uniform distribution of piles over the remediation 
area was analyzed to obtain an overall view of how load would 
be shared among the piles after liquefaction.  An effective stress 
non-linear dynamic analysis was first carried out using the pro-
gram TARA-3. This analysis gave time histories of moments, 
shears and deflections.  A static analysis was then conducted us-
ing TARA-3 FL to determine the effect of the static thrust of the 
upstream slope after liquefaction of the weak horizontal layer. 
During the analysis the strengths and stiffnesses were gradually 
reduced from pre-earthquake values to values consistent with 
the seismically induced pore water pressures and the residual 
strengths of fully liquefied soils.   

A major portion of the load is carried by the line of piles 
closest to the dam crest. The peak moment is nearly double that 
of the next line of piles. This occurs because there is no pile cap 
to transmit load efficiently between piles. Transmission of load 
depends on pile deformations.  Although it is possible to design 
for this load distribution, there is clearly a risk of a chain reac-
tion failure, if the piles in the first group should fail. Therefore 
the pile spacing was decreased for the first three rows and the 
piles in these rows were designed for the moments and shears in 
the leading row. A plan view of the final layout of piles is 
shown in Figure 4. 

This case history is a good example of how useful analysis 
can be in giving a designer a detailed picture of how the struc-
ture is likely to deform and alerting him to potentially danger-
ous phenomena.  Any continuum analysis with a reasonably 
representative constitutive model can provide this function, at 
least qualitatively. To guarantee a measure of reliability in 
quantitative predictions, the method of analysis should be vali-
dated by data from other than laboratory element testing. Cen-
trifuge testing provides the best environment for validation. 
These tests provide non-homogeneous stress, strain and pore 
water pressure fields that are representative of field conditions.   

The Sardis study is a classic illustration of the elements of 
performance-based design.  The engineers had to establish their 
own criterion of satisfactory performance for the particular local 
conditions.  Consideration was given to the internal structure of 
the dam, the amount of freeboard available, uncertainty associ-
ated with the estimation of residual strength and post-
liquefaction stiffness and the limitations of the method of analy-
sis in arriving at a tolerable level of deformation.  Such a study 
has to be done anew for each dam under consideration. 

The Sardis study clearly demonstrated the huge savings that 
resulted in this case from adopting a displacement criterion for 
satisfactory performance.  The advanced state of practice now 
follows this kind of procedure in assessing remediation re-
quirements.
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3 BRIDGE ABUTMENTS ON PILES [BOULANGER] 

3.1 Introduction

Deformation of bridge abutments due to earthquake-induced 
liquefaction in the underlying foundation soils can make large 
load or displacement demands on pile foundations that are em-
bedded through the abutments. The imposed loads and dis-
placement demands depend on the extent to which the pile 
foundations and bridge superstructure may act to restrain the 
lateral displacements of the abutments. A typical case is shown 
in Figure 1.

The hatched area is the sliding section of the embankment 
which transfers loads to the piles.  The final displacements of 
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Figure 2  Crest settlement of Sardis dam as a function of factor of safety 

 Figure 3  Piles pinning the upstream slope to the foundation  

Figure 4  Plan view of pinning piles at Sardis Dam  
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the both the pile foundation and abutments must be compatible, 
which requires that their interaction be accounted for in design. 
Analysis methods that account for this "pile pinning" interaction 
effect can reduce the expected foundation loads to values sig-
nificantly smaller than those estimated without consideration of 
this pile-pinning effect. 

Design methods that account for this compatibility in dis-
placement between the pile foundation and the abutment soils 
have been used in practice and incorporated in the NCHRP 472 
recommended specifications for seismic design of bridges. 
These design methods can be summarized as consisting of the 
following three primary steps.  

(1) Estimate the abutment displacement for a range of re-
straining forces from the piles and bridge superstructure. 
This step involves performing a slope stability analysis to 
estimate the yield acceleration, followed by a Newmark 
sliding block analysis to estimate the abutment displace-
ment. 

(2) Estimate the expected restraining force exerted on the 
abutment by the piles and bridge superstructure for a 
range of imposed abutment displacements. This step in-
volves either a pseudo-static pile pushover analysis or 
some simpler approximation to determine the pile re-
straining forces or pushover curve.  

(3) Determine the compatible displacement and interaction 
force between the abutment and the piles/bridge based on 
the intersection of the relations established in steps 1 and 
2 above as shown in Figure 2  

These design methods for pile pinning effects have not pre-
viously been evaluated or validated against physical data or well 
defined case histories. 

3.2 Evaluation of design procedures 

Boulanger et al (2006) presented an initial evaluation of the 
above pile pinning analysis method based on the results of a dy-
namic centrifuge model test. The centrifuge model test showed 
slope displacements of about 1.6 m in an abutment without piles 
and about 1.2 m in an abutment with a row of six 0.72-m diame-
ter piles. They identified four primary issues that need to be ac-
counted for in the pile pinning analysis:  

(1) The equivalent constant restraining force from the piles is 
smaller than the pile force at the end of shaking because 
the pile load builds up from zero to the final value. This 
must be accounted for in determining the compatible dis-
placement for the piles and abutment. 

(2) The critical slide mass increases as the pile pinning force 
increases as shown in Figure 3. This affects both the yield 
acceleration in the Newmark analysis and the restraining 
force in the pile. 

(3) The tributary slide mass width is greater than the abut-
ment crest width. A width equivalent to the crest width 
and half the side slope width is tentatively suggested. 

(4) Deformations within the abutment can reduce the pile 
fixity above the liquefied layer, which reduces the shear 
resistance that the piles can provide. 

3.3 Conclusions and recommendations 

Current pile pinning analysis methods would have predicted 
much smaller pile displacements than were observed. The fol-
lowing modifications to these pile pinning analysis methods 
were introduced and subsequently shown to result in reasonable 
agreement between computed and observed pile displacements.  

��The increase in the critical slide mass with increasing 
pile pinning force must to be explicitly accounted for. 

��The equivalent "constant" restraining force from the 
piles should be taken as the average pile restraining 
force up to the final displacement. 

��The tributary mass of the abutment should include a 
portion (e.g., ½) of the side slope masses, and not just 
the mass of the soils behind the crest width. 

��The pile shear resistance across the liquefied layer must 
account for the potential reduction in pile fixity above 
or below the liquefied layer that can occur due to inter-
nal abutment deformations or shear strains in the under-
lying strata.  

The consequences of the different assumptions on the results 
of analyses are clearly evident in Figure 4. 

These pile pinning analysis methods involve several crude 
approximations that are expected to contribute to significant un-
certainty in the predicted responses. Nonetheless, the methodol-
ogy can still be useful for bracketing the range of likely re-
sponses given the inherent uncertainties in the input parameters 
and analysis results. Further evaluations of these analysis meth-
ods are required, and are the subject of ongoing studies involv-
ing centrifuge model testing and associated analyses.  

Figure 1 Bridge abutments on piles  (Martin et al. 2002) 
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4 SHAKE TABLE TESTS ON NEARLY FULL-SCALE 
PILE GROUPS [TOKIMATSU] 

The objective of this study is to examine how inertial and kine-
matic effects during earthquakes are taken into account in the 
pseudo-static analysis and to examine the sensitivity of pile 
stress with respect to various influential factors, based on large 
shaking table test results and parametric studies. 

4.1 Outline of large shaking table tests 

Several series of shaking table tests were conducted on nearly 
full-scale soil-pile-structure systems using the shaking table fa-
cility at the National Research Institute for Earth Science and 
Disaster Prevention. Figure 1 illustrates fifteen soil-pile-
structure models, the results of which are used in this study. A 
2x2 pile group was used in all the tests. Pile heads were fixed to 
a foundation with or without a superstructure. A model ID con-
sisting of three or four letters specifies the test conditions. The 
first one indicates soil condition (D: dry sand; and S: saturated 
sand), the second one the presence of foundation embedment 
(A: no; and B: yes), and the third one the presence of a super-
structure and its natural period (Tb) relative to those of non-
liquefied soil (Tg) (N: no; S: Tb<Tg; and L: Tb>Tg). The fourth 
one, if exists (R), indicates that the piles are stiff; otherwise they 
are flexible. 

The dry sand deposit prepared in the laminar box consisted 
of a homogeneous layer of 4.0 or 4.5 m.  The liquefiable satu-
rated sand deposit consisted of three layers including a top non-
liquefiable sand layer 0.5 m thick (if a foundation was embed-
ded), a liquefiable saturated sand layer 3 to 4 m thick and an 
underlying dense sand or gravel layer about 1.5 m thick. Prior to 
each shaking table test, cone penetration tests were conducted to 
estimate density distribution of the deposit with depth. Either 
artificial accelerogram called Rinkai or the one the 1940 El 
Centro earthquake record, with a maximum acceleration ad-
justed to 1.2-2.4 m/s2 was used as input motions to the shaking 
table.

4.2 Pseudo-static analysis 

The tests were analyzed using pseudo-static analysis, in which 
pile-soil interaction was modeled by Winkler springs, p-y 
curves. The governing equation is given in Eqn.1.  

4

4 ( )h p g
d yEI p K B y y
dz

= − = − − (1)

in which z is the depth, y and yg are the pile and ground dis-
placements, EI is the flexural rigidity, p is the subgrade reac-
tion, kh is the coefficient of horizontal subgrade reaction, and Bp
is the pile diameter. 

The coefficient of subgrade reaction, kh, in Eq. (1) is given 
by: Eqns. (2);  

1
1

2
1 /h h

r

K k
y y
α=

+
(2a)
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Figure 1  Soil-pile structure model 
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0 0.7E N=  (2c) 

in which kh1 is the reference value of kh. defined in Eqs. (2b) 
and (2c), � �is the scaling factor for liquefied soil, yr is the rela-
tive displacement between pile and soil, i.e. yr (= y-yg), y1 is the 
reference value of yr, E0 (MN/m2) is the Young’s modulus of 
soil, N is the SPT N-value, and B0 is the pile diameter in cm.  It 
is assumed that � = 0.1 for liquefied sand and 1.0 for the non-
liquefied sand and gravel and y1 in Eqs. (2) is 1.0 % of the pile 
diameter. 

In the estimation of pile stress from Eq. (1), the combination 
of inertial force and ground displacement, p-y behavior of a pile 
and earth pressure acting on any embedded foundation must be 
considered as shown in Figs. 2. 
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Figure 2 Inertial loading by the superstructure and kinematic loading by 
the ground  

The appropriate combination of inertial force and ground 
displacement may be determined on the basis of the relation of 
the natural period of the superstructure (Tb) to that of the 
ground (Tg).  The following cases are considered:  

Case I (Tb<Tg): The pile stress may be estimated, provided 
that the maximum (design) inertial force and 
ground displacement are applied to the pile at 
the same time.  

Case II (Tb>Tg): The pile stress may be given by the square 
root of the sum of the squares of the two val-
ues estimated, provided that the maximum 
(design) inertial force and ground displace-
ment are applied to the pile separately. 

The earth pressure, PE, acting on the embedded foundation 
is given by the difference in passive-side and active-side earth 
pressures. 

4.3 ESTIMATION OF PILE STRESSES IN SHAKING 
TABLE TESTS 

To demonstrate the effectiveness of the pseudo-static analysis, 
the maximum bending moment, shear force and axial force in 
all the thirty-one tests are computed. It is assumed that the iner-
tial force is equal to the observed maximum and the ground dis-
placement above the base of the foundation is equal to the ob-
served maximum at the ground surface and decreases linearly to 
zero at the base of the laminar box for dry sand or at the bottom 
of the liquefied layer for saturated sand. The N-value to be used 
in Eq. (2b) is estimated from the CPT-value measured prior to 
each shaking table test.  

The estimated maximum bending moments, shear forces, 
and axial forces at the pile heads are compared with observed 
ones in Figure 3. The computed pile stresses agree reasonably 
well with the observed values irrespective of such factors as in-
put acceleration, ground displacement, pile stiffness, natural pe-
riods of structure and ground, and presence of embedment. The 
good agreement indicates that the proposed pseudo-static analy-

sis considering such factors as the combination of inertial and 
kinematic effects, earth pressure acting on embedded foundation 
and scaling factor for p-y spring is promising for estimating pile 
stress during earthquakes.         
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Figure 3  Comparison of measured and computed pile shears, moments 
and axial forces 

4.4 Conclusions

Pseudo-static analysis for estimating pile stress in liquefiable 
and non-liquefiable sand has been presented in which inertial 
and kinematic effects observed in large shaking table tests are 
incorporated, and its effectiveness has been demonstrated 
through the comparison of observed and computed pile stresses 
in the shaking table tests. Sensitivity analysis has been made to 
differentiate from crucial and less crucial factors affecting pile 
stress in liquefied soil. The following conclusions may be tenta-
tively made based on the test results and analytical results. 

1) Pile stresses during earthquakes are affected not only by 
the inertial force from the superstructure and kinematic force 
due to ground displacement but also by their relative phase con-
trolled by the natural periods of both superstructure and ground. 

2) The pseudo-static analysis, in which effects of the combi-
nation between inertial force and ground displacement, p-y be-
havior and earth pressure acting on an embedded foundation are 
considered, can estimate the pile stresses in large shaking table 
tests with a reasonably degree of accuracy, regardless of pile 
stiffness, the presence of foundation embedment and the occur-
rence of soil liquefaction. 

3) The pile stress in liquefied soil with low stiffness is gov-
erned by inertial force from the superstructure, while that with 
high stiffness is governed by the ground displacement. The ef-
fects of inertial force on pile stress become less significant when 
the foundation is embedded in a non-liquefiable crust overlying 
a liquefiable/soft layer. 

4) The bending moment at the pile head without embedment 
is sensitive to scaling factor for p-y spring but becomes insensi-
tive when the foundation is embedded in a non-liquefiable crust. 
Since the cases tested and analyzed are limited, the above con-
clusions may not be applicable in general and thus further stud-
ies are required. 
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5 PERFORMANCE-BASED DESIGN OF EMBANKMENTS 
AND FOUNDATIONS [YASUDA] 

5.1 Critical condition 

Many road, river and railway embankments slid or settled dur-
ing past earthquakes. If an embankment slides, destructive fail-
ure such as large settlement and lateral spread occurs. There-
fore, the sliding of an embankment has been considered a 
critical condition. In general, the safety factor of a slope, Fs, is 
evaluated by slip surface analyses. Sine the 1978 Miyagiken-oki 
earthquake, in Japan, this approach has been applied to the 
analyses of liquefaction-induced failure of embankments by 
considering excess pore water pressure and a pseudo-static 
seismic force.  However, after the 1995 Kobe earthquake, it was 
considered necessary to evaluate not only the safety against 
sliding but the embankment deformations also. In the case of 
river dikes, the purpose of the dikes is to protect from flood. 
Therefore, critical condition of the dikes is not to cause over-
flow of river water, as schematically shown in Figure 1(a). In 
road embankments, emergency vehicles must run just after 
earthquakes. For example differential settlement of approaches 
to bridges from embankments must be within the appropriate 
value for the vehicles, as shown in Figure 1(b).       
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Figure 1 Critical conditions for river and road embankments 

Thus, differential settlement must be one of the critical con-
ditions in road embankment.  One more reason why the evalua-
tion of deformation of embankments must be introduced in the 
seismic design, is that the calculated safety factor against slid-
ing, Fs, is apt to be lower than 1.0 under the Level 2 earthquake 
motion, even if the ground is medium dense. Therefore Fs can-
not be used in the design under Level 2 shaking, corresponding 
to onshore earthquakes.  Level 2 represents very severe shaking. 

5.2 Studies on the allowable settlement 

Recently allowable settlements for super levees, railway em-
bankments and river levees were introduced in design manuals 
or guideline in Japan, as shown in Table 1. For super levees, 
which incorporate residential areas, allowable settlements are 50 
cm for the top of levee and face of backside slope, and 20 cm 
for the ground on the super levee.  

Table 1 Proposed allowable deformations for super levee and railway 
embankments 

Structure  Allowable deformation  
Super levee   Level 1: Allowable settlement is 50 cm at crest 

and face of back slope, and 20 cm on the 
ground of super levee  

Railway em-
bankment  

Level 1: Allowable settlement is 0 to 20 cm  
Level 2: Allowable settlement is 20 to 50.  

In the guidelines for railway, damage, levels of deformation 
of embankments are classified into four grades for embank-
ments and approaches to bridges, respectively. If the settlement 
is greater than 50 cm, it is considered that long term restoration 
work is necessary. Damage is slight if the settlement is less than 
20 cm. Therefore allowable settlements under Level1 and 2 
earthquake motions were decided as 20 cm and 50 cm, respec-
tively as shown in Table 2. 

Recently, a seismic diagnosis of existing river dikes has been 
conducted in Japan. It is now recommended that the crest of the 
embankment after the earthquake must be more than 2m higher 
than mean monthly highest water level, taking into considera-
tion the height of any waves. 

5.3 Methods of analysis 

Several methods, both static and dynamic, have been proposed 
and applied for estimating the deformation of embankments. A 
technical committee organized by the Japanese Institute of Con-
struction examined the efficiency of some of these analytical 
approaches. In the examination, two kinds of dynamic analyti-
cal methods LIQCA and FLIP, and two static methods: ALID 
and Towhata’s method], were applied to seven river dikes in-
cluding both damaged and undamaged dikes, which experienced 
the 1993 Hokkaido- nansei-oki earthquake and 1995 Hyogoken-
nambu earthquakes.  

LIQCA and FLIP are two dimensional effective stress analy-
sis computer codes developed by Oka et al.  and Iai et al., re-
spectively. ALID is a simplified method using static FEM de-
veloped by Yasuda et al. by assuming that residual deformation 
would occur in liquefied ground due to the reduction of shear 
modulus. Towhata’s method was developed based on minimum 
energy principles. Figure 2 shows the comparison between the 
calculated dike settlements and the observed settlements]. Set-
tlements estimated by an empirical approach are shown also in 
the Figure . The predicted settlements by the analytical ap-
proaches agree fairly well with each other. 

Figure 2 Comparison between calculated and observed settlements 

5.4 Studies on the allowable settlement 

Liquefaction causes differential settlement of structures also. 
Therefore, two items: average settlement and tilting angle of the 
structures, must be considered. In buildings, the average settle-
ment relates to the damage of underground pipes which are bur-
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ied in the ground through buildings. Large settlement of piers or 
abutments of bridges causes traffic accidents or falling down of 
bridge girders. On the contrary, the tilting of buildings or 
houses results in uncomfortable living for residents, as men-
tioned later. 

In Japan, performance-based design has been introduced into 
the design of buildings. In Recommendations for Design of 
Building Foundations three levels of critical conditions are 
stipulated; ultimate limit state, repair limit state and service 
limit state as shown in Figure 3 
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Figure 3 Three performance levels for design 

In the evaluation of liquefaction potential, about 150 to 200 
Gals and 350 Gals of design accelerations are recommended for 
repair limit level and ultimate limit level, respectively.  In case 
of differential settlement, the allowable angle of inclination has 
been stipulated in several structures, such as buildings and oil 
tanks, for consolidation settlement and immediate settlement 
during construction of structures. However, in the case of the 
differential settlement in liquefied ground, only few studies 
have been conducted. The author and his colleagues studied the 
allowable angle of inclination for timber houses during the 2000 
Tottori-ken-seibu earthquake in Japan. More than 100 timber 
houses settled and tilted due to liquefaction at a housing devel-
opment during the earthquake. Among the damaged houses, 47 
houses tilted more than 15/1000. In the heavily tilted houses, 
inhabitants felt giddiness and nausea, and could not live in the 
houses after the earthquake, though walls, pillars and windows 
of the houses had no damage. The heavily tilted houses were re-
stored to a level position. Their superstructures were lifted by 
jacks, and their footings were repaired or reconstructed to be-
come horizontal. Then, the superstructures were replaced on the 
footings. The cost per house was in the range of 3-4 million Yen 
(about US$ 25000 to 35000). Slightly tilted houses were not re-
stored. Yasuda et al. studied the tilt angles of the restored and 
not restored houses. According to the study, the critical angle 
for restoration was about 1/100. 

5.5 Concluding remarks 

Several studies and codes on performance-based design for liq-
uefaction in Japan were presented. It is clearly necessary in fu-
ture to study the allowable deformations for many structures. In 
the determination of the allowable deformation, the following 
several items must be considered: 

i) Stability of the structure, 
ii) Importance of the structure 
iii) Ease of restoration work 
iv) Serviceability of the facilities 
v) Damage to human life 
vi) Access for emergency vehicles 
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6 CONCLUDING REMARKS ON THE WORKSHOP 

After the formal presentations there was an extended period of 
very active discussion. In general there were two types of ques-
tions; one kind related to the elements of performance based de-
sign and the other questions were related to specific problems 
the questioner met in his practice. The latter questions were in-
teresting and elicited a lot of discussion. But these questions 
cannot be dealt with here.  

In the more general discussion the audience probed the un-
certainties in the procedures for evaluating a performance-based 
the design. The methods of analysis especially for pile founda-
tions are in a state of evolution. The methods for estimating 
post-liquefaction deformations incorporate a variety of constitu-
tive models which have substantial validation from laboratory 
tests and centrifuge tests. They seem fairly adequate.  The real 
weakness with analysis is the major uncertainty associated with 
the properties of liquefiable soils. 

A major concern was the appropriate value to select for re-
sidual strength. Some found the discrepancy between the 
strengths measured in the laboratory and the strengths derived 
from back calculation of case histories which have been related 
to normalized standard penetration resistance by Seed and oth-
ers very troubling. The latter are widely used in practice and are 
considered to incorporate the effects of water transfer during 
liquefaction and the creation of internal water layers that drasti-
cally reduce shearing resistance, until fracture provides some 
drainage. 

The issue of selecting a displacement criterion was probed 
thoroughly in discussion.  In the discussion it was stressed again 
that this Figure is arrived at by considering all factors that can 
impact the behavior of the dam and there is no escaping the per-
sonal professional responsibility for making a decision aided by 
appropriate analysis and experience. 

The vital role of centrifuge tests in validating analyses and in 
demonstrating failure and interaction mechanisms, as demon-
strated in the formal presentations, was stressed also in discus-
sions.

In retrospect it seems that the workshop was useful in intro-
ducing the benefits and problems associated with performance 
based design in earthquake geotechnical engineering to earth-
quake engineers and led to a very fruitful and enjoyable inter-
change of ideas between practicing engineers and researchers.   
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