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Abstract

Verifying the seismic performance of port structures when the force balance limit is exceeded is important for the
performance-based seismic design of gravity-type quay walls. Over the last three decades, performance verification
methods have been developed that consider the effects of the design earthquake motion, geotechnical conditions, and
structural details on the deformation of a quay wall to accurately predict earthquake-induced damage. In this study,
representative performance verification methods (i.e., simplified dynamic analysis methods extending from the Newmark
sliding block method and performance-based seismic coefficients developed in Japan) were quantitatively assessed with
actual cases of earthquake-damaged quay walls and the results of dynamic centrifuge tests previously conducted under
various conditions (i.e., different wall heights, earthquake motions and the thickness of subsoil). The dynamic centrifuge
test results suggested directions for improving the performance-based seismic coefficients of the representative methods,

while their field applicability and reliability were confirmed according to the actual earthquake records.

Keywords Dynamic centrifuge test - Gravity-type quay wall - Newmark sliding block theory - Seismic code -

Seismic coefficient - Time—frequency analysis

1 Introduction

Quay walls are a typical mooring facility. Conventionally,
their seismic performance is evaluated through simplified
analysis based on the pseudo-static method, simplified
dynamic analysis based on the sliding block method, or
dynamic analysis using finite element or finite difference
numerical techniques [2, 9, 12, 14, 22, 23, 37, 38, 40].
Since the Great Hanshin Earthquake-damaged Kobe Port in
1995, significant advances have been made in dynamic
analysis, which can comprehensively consider soil-struc-
ture interaction and soil nonlinear behavior in response to
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an earthquake, and performance-based design has been
introduced for port structures. However, challenges remain
for dynamic analysis in that the results differ depending on
the designer’s understanding of the numerical analysis and
the selection of input parameters such as those for the
constitutive models, mesh discretization, and material
properties. Therefore, simplified analysis and simplified
dynamic analysis, which offer the advantages of being
capable of quickly and easily evaluating the seismic sta-
bility of structures, are still widely used in countries that
apply prescriptive seismic design based on national seismic
codes for the sake of practicality [9, 14, 22, 23, 40, 49].
In the simplified analysis, the active thrust is calculated
by adopting the Coulomb earth pressure theory to deter-
mine the magnitude of the soil thrust acting on the wall and
the Mononobe-Okabe (M—-0O) [42, 50] method to consider
the seismic earth pressure. For the M—O method, defining
an appropriate seismic coefficient (k;) is crucial for
obtaining an analysis result close to the real seismic
response because the earthquake motion is transduced to an
equivalent pseudo-static inertial force through k;,.
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The conventional k; is simply defined as the peak
ground acceleration (PGA) of the design ground motion,
which is determined through a probabilistic seismic hazard
analysis, divided by the acceleration of gravity (g). It does
not sufficiently reflect the characteristics of real dynamic
motions and is conservative. To improve the definition of
kj, to consider the seismic performance of a quay wall and
site amplification effects, several methods have been con-
sidered, such as applying a correction factor according to
the allowable deformation of the quay wall crown (D,)
[14, 23, 37, 40, 60] or changing the selected PGA location
for calculating k, according to the wall height (H,,)
[14, 22, 23, 33, 40]. The representative definitions of k;, are
summarized in Table 1.

However, the simplified analysis does not provide
information on the performance of a structure when the
force balance limit is exceeded. Various studies have
focused on the effects of the frequency characteristics of
the input earthquake [10, 17, 18, 44, 49], stiffness of the
soil [20, 21, 43], and phase characteristics of the wall
inertial  forces and  dynamic  earth  pressure
[1, 8, 10, 45, 54, 57, 58] on the deformation of the quay
wall (D;,) to overcome this limitation.

The simplified dynamic analysis adopts the Newmark
sliding block theory [47] to evaluate D, during earth-
quakes. This theory obtains D;, by double integration of the
given design earthquake acceleration time history with the
critical acceleration (a.) used as the reference datum.
Here, a,, is defined as the minimum horizontal acceleration
resulting in a safety factor of 1 for sliding failure of the

wall-backfill system. Because the M—O method is used to
evaluate the sliding stability of the wall and backfill, sim-
plified dynamic analysis adopts similar assumptions as
simplified analysis.

Most simplified dynamic analysis methods are exten-
sions of the Newmark theory to improve a certain func-
tional relationship between the expected D, a.,, and
representative characteristic parameters of the earthquake
record (MP). Representative simplified dynamic analysis
methods are listed in Table 2. The main assumptions and
limitations of each method are well described by Al-Ho-
moud and Tahtamoni [2], Cai and Bathurst [9], Deyanova
et al. [12], and Meehan and Vahedifard [36]. Simplified
dynamic analysis methods do not include variables related
to soil conditions or the geometric characteristics of the
wall. MP consists of the PGA and peak ground velocity
(PGV) and does not fully reflect the frequency components
below 1 Hz, which are known to be primarily related to D,
induction, or the duration. Because the proposed simplified
dynamic analysis methods cannot accurately predict D,
owing to earthquakes, various studies have focused on
determining MP to consider the characteristics closely
related to D, induction [8, 12, 13, 16, 28, 30, 36, 44].

To consider the research trends described above, the
Ministry of Land, Infrastructure and Transport (MLIT) [38]
in Japan proposed the concept of a performance-based
seismic coefficient (k) to verify the performance of port
structures exceeding the force balance limit in place of k,
in the M-O method. This concept was derived from the
work of Nagao and Iwata [44], who used the finite element

Table 1 Overview of the representative seismic coefficient (k;) definitions (modified from Lee et al. [33])

Codes/Guidelines Equations Correction factor (r) Reference PGA (a,,4x)
H,, over 10 m H,, under 10 m
EN [14] ky = %“g 2 Free gravity walls that can accept a displacement up to Average PGA**** Base PGA**
D, =300 - aqy(mm)
1.5  Free gravity walls that can accept a displacement up to
D, =200 - a4, (mm)
1 Flexural reinforced concrete walls, anchored or braced walls,
reinforced concrete walls founded on vertical piles
MOF [40] ky = %"T 2 D, = 300(mm) Surface PGA*** Base PGA**
1 D, = 0(mm)
MLIT [37] 1 (a | Apax <0.2 Special class* Surface PGA***
Werner [60] T <T) 3 Apax > 0.2
kp = r“Lg’,“ 0.6 Class B*
MOLIT [39] kyy = Gmax N/A N/A Average PGA*##%*

4

*Detailed in MLIT [37]

**PGA of the design ground motion determined through a probabilistic seismic hazard analysis

***PGA of the acceleration motion on the backfill surface obtained from a 1D site response analysis using the design ground motion

%% Average PGA of the acceleration motions along the wall height obtained from a 1D site response analysis using the design ground motion

@ Springer



Acta Geotechnica (2021) 16:1187-1204 1189
Table 2 Overview of the representative simplified dynamic analysis methods
References Equation Remark
Newmark [47 _ (p6v)’ ag ) (ag )2 Upper bound
al Dy =", (1 - PGA) (m) PP
Ambraseys [3] D 10(2333%%) Upper bound
h = 100
Richard and Elms [53] D), = L087PGV2PGA’ Upper bound
: 6.91a,, a, —0.38
Cai and Bathurst [9] Dy, = %SPgAV exp( oL )(PGA) Mean upper bound
Whitman and Liao [61] D), = 37;&‘/2 exp( l%-ézw) Mean fit
. —9.4a.,
Zarrabi [62] Dj, = R\R, 37:51 exp( b ) Mean fit o
R, = 1015 — 72(5er)
PGA PGA
Aer ae
R.=07+12-2% (1 — o)
) + PGA PGA

analysis program (FLIP) to perform two-dimensional total
stress analysis on quay wall models under various condi-
tions for a., H,, frequency of the input motion, and
stiffness of the soil. They numerically modeled all com-
binations of the above conditions and derived the PGA
values for all the cases when D, reached 20 cm by
adjusting the intensities of sinewaves for various frequen-
cies (i.e., 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0, and
4.0 Hz). Through the derived results, they proposed the
following b filter to make the filtered peak acceleration (ay)
converge to the target a., regardless of H,,, the frequency
of the input motion (f), the initial natural period of the
backfill ground (7}), and the initial natural period of the
subsoil underneath the wall (7,). The b filter equation,
which is flat below 1 Hz and rapidly attenuates at fre-
quencies exceeding 1 Hz, has been derived using the
regression analysis of b with three independent variables—
H,, T,, and T,—affecting the frequency characteristics of
ground motion.

a(f) =b,0<f<1.0 (1a)

alf) = e 10<f (1b)
- (1/034) Jr68(1/034)

T 023 Ic

WR TbR uR (1e)

0.04H,, + 0.08 < b <0.04H,, + 0.44 (1d)

where a is the b filter, considering the frequency charac-
teristics of the input earthquake, fis the frequency (Hz), H,,
is the wall height (m), H,y is the standard wall height
(15 m), T, is the initial natural period of the backfill ground

(s), Tyr is the standard initial natural period of the backfill
ground (0.8 s), T, is the initial natural period of the subsoil
underneath the wall (s), T, is the standard initial natural
period of the subsoil underneath the wall (0.4 s), and i is an
imaginary unit. b should be set in a range determined by
Eq. 1d with H,. Regardless of the range in Eq. 1d, the
lower limit should not be less than 0.28 in all cases.
Nagao and Iwata [44] used nine measured earthquake
records to verify that the a values, which make the D), of
the quay walls with various target a., values to 20 cm,
converged to the target a., values. Their analysis results
indicated various differences between ar and the target a.,
for each earthquake record. This difference was assumed to
be due to the various durations of each earthquake record.
By regression analysis, they derived the following reduc-
tion factor (P) that can be multiplied with a, to obtain the
duration-corrected peak acceleration (a.):

P =0.361n(S/a;) —0.29 (2)

where P is the reduction factor (P < 1.0), S is the root sum
square of the acceleration time history after filtering (cm/
sz), and ay is the maximum acceleration obtained after fil-
tering (cm/s?).

Finally, Nagao and Iwata [44] used the nine measured
earthquake records to find all a. values that result in the
other D, values (i.e., 5, 10, and 15 cm) for quay walls
designed with various target a.. values. Then, they per-
formed a regression analysis with both the obtained a.
values and the set values of D, to derive kj;, which is the
seismic coefficient corresponding to D,:
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D —O.SSa
ke = 1.78 <E> EC +0.04 (3)

where k;; is the characteristic value of the seismic coeffi-
cient for verification, a, is the maximum corrected accel-
eration (cm/sz), g is the gravitational acceleration (980 cm/
s?), D, is the allowable deformation of the quay wall, and
D, is the standard deformation of the quay wall (10 cm).

The procedure for calculating kj;, was detailed by the
MLIT [38] and is briefly summarized below:

(1) The acceleration time history on the ground surface
is calculated by performing an one-dimensional site
response analysis using a level 1 earthquake ground
motion determined through a probabilistic seismic
hazard analysis as the input.

(2) A fast Fourier transform (FFT) is performed on the
surface acceleration time history to obtain the
acceleration spectrum of the ground surface.

(3) The filtered acceleration spectrum is obtained by
filtering the surface acceleration spectrum with a
b filter (Eq. 1a).

(4) ar is obtained from the acceleration time history
following an inverse FFT operation on the filtered
spectrum.

(5) a. at the ground surface is obtained by multiplying a,

by P (Eq. 2).

(6) Finally, kj is obtained by substituting a. and D, into
Eq. 3. This method is applicable when
D, =5-20 cm.

The kj; concept was validated by Fukunaga et al. [15]
and Lee et al. [32], who used real case histories of gravity-
type quay walls during earthquakes and dynamic centrifuge
test results, respectively. Their results indicated that k. can
be used to accurately predict the performance of port
structures exceeding the force balance limit in general.
However, they also confirmed the need for improvement
because this approach evaluates D, relatively conserva-
tively for cases where low-frequency components are
dominant.

This study analyzed incidents of earthquake-induced
damage to quay walls in Japan and Korea and the dynamic
centrifuge test results presented by Lee et al. [32] to
quantitatively evaluate the performance of the representa-
tive simplified dynamic analysis methods and the k.
concept. In addition, the dynamic centrifuge test results
were used to improve the b filter included in the k;; con-
cept, and the improvements were verified according to
actual cases of earthquake-damaged quay walls.

@ Springer

2 Methodology

2.1 Assessment of simplified dynamic analysis
methods and the k;; concept using actual
cases of earthquake-damaged quay walls

Over the last three decades, various methods (i.e., the
simplified dynamic analysis methods summarized in
Table 2 and the kj; concept) have been proposed to
improve the prediction accuracy for the performance of
quay walls subjected to design earthquake motions. How-
ever, few efforts have been made to quantitatively evaluate
the accuracy of these proposed methods by comparing
them with actual measurements of D, for quay walls
damaged by earthquakes [2, 7, 9, 36]. Therefore, this study
evaluated the prediction accuracy for D, of the proposed
methods by comparing the actual D, values from real cases
of gravity-type quay walls damaged by earthquakes with
those obtained by inputting the real field conditions into the
proposed methods.

Fukunaga et al. [15] recently summarized information
on damage to quay walls caused by earthquakes that
occurred throughout Japan: the structural details, geotech-
nical conditions, and acceleration time histories caused by
earthquakes. Their data were provided by the National
Institute for Land and Infrastructure Management (NILIM)
and Port and Airport Research Institute (PARI). In the
present study, this information was used for a quantitative
analysis of the proposed methods. Cases that met the fol-
lowing conditions were selected for analysis: gravity-type
walls, mainly sliding failure occurred, and D; was within
30 cm. Furthermore, a moment magnitude (M) 5.4 earth-
quake occurred in Pohang City in the southeastern part of
the Korean peninsula on 15 November 2017, and lateral
spreading took place at a gravity-type quay wall in Youngil
Bay Port approximately 6 km away from the main shock
epicenter [25]. The Ministry of Oceans and Fisheries
(MOF) investigated the damage to the quay wall in detail,
and the reported data were also used in this study [41].

The information and backfill surface ground motion on
the eight cases selected for the quantitative evaluation are
summarized in Table 3 and Fig. 1, respectively. In Case 1,
the backfill surface ground motion was recorded at the
seismic monitoring station of the Korea Institute of Ocean
Science and Technology, which was installed on the
backfill surface of the damaged wall [41]. In Cases 2-8, the
acceleration time histories on the ground surface were
obtained by Fukunaga et al. [15], who performed a one-
dimensional site response analysis on the bedrock ground
motion measured at the seismic monitoring station of the
nationwide strong-motion network (K-NET) closest to the
damaged wall [29]. Either the north—south (N-S) or east—
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2R FLELR west (E-W) direction was used for the motions, depending
= cesee =2e22° on the direction that was closest to the perpendicular of the
E damaged wall.
S The D, prediction accuracy of the proposed analysis
2 B methods for the performance-based design was quantita-
g % . 8 § g _ E 2 S tively evaluated according to the following process:
< E °cecee =e=-< (1) The MP values included in the proposed methods
) T8I 8Ig were derived from the motions illustrated in Fig. 1,
s 5533 sS5533 as summarized in Table 4.
O SN =0 (2) D, was calculated for each event by substituting the
= S 2 ..o 222¢ a., values in Table 3 and MP values in Table 4 into
_ e et - © % . the proposed simplified dynamic analysis methods
= S8 &eEems 8622 (listed in Table 2) and the &, concept (Eq. 3). Here,
~ S o © o S © © o
the values of D, calculated from the k;; concept refer
B to the D, values derived by substituting the terms &,
~ o O o~ y g
= nS v NI a., and D, in Eq. 3 with the a., values in Table 3
. divided by g, a. values in Table 4, and D, value of
g & . s 2 10 cm, respectively [15, 32, 44].
E B g ji“ g £ £ E £ (3) The calculated D), values were then compared with
§ é g § % E E § 5) the measured D), values of the actual damage cases
summarized in Table 3. The relative difference (RD)
£ £ in percentage between the measured and calculated
EE Dy, values is plotted in Fig. 2 for all cases. To
5 § ST og g2 ._2 facilitate the analysis of the cause of the RD, this
AE |22 =2Ige figure also presents the major MP values (i.e., PGA,
g e T T g g PGV, T,, 1,, a./PGA, and PGV/PGA) for all cases.
S n & ®© A A A A
glegdeg d999 The eight cases are arranged in ascending order of the
g ol 200 ot wOn etrr ot s 0 RD values. An RD converging to 0 indicates a high pre-
i S8R &R &K A diction accuracy, whereas negative and positive values
S|l I LTI indicate that the method underestimated or overestimated
5 D,, respectively. The analysis results were divided into
<t ©) ,
o - E, o B R three groups: Group 1 (i.e., upper bound [3, 9, 47, 53]),
il LE ! oD og :
2 | o = § E 2 e Group 2 (i.e., mean fit [61, 62]), and the k;; concept.
AR B E£E€5 % 8 & 2 The PGA is the most commonly used measure for the
= | S ¥ 2 £ 3» 3 3 3 & y
= | C=2o0xXT MIIZI amplitude of a particular ground motion. Figure 2 indicates
E = that the RD values of Groups 1 and 2 increased as PGA
% % increased. The ratio a./PGA is a key parameter of sim-
Z |2 lified dynamic analysis methods; the RD values of Groups
g2 P y y P
) = 1 and 2 increased as a./PGA decreased. In the case of
S + NS 0o
£ | = R RN ~ o0 o0 o6 Group 1, the absolute value of RD decreased as PGA
3 5 c® -3 923 increased up to 0.3 g and a./PGA decreased up to 0.44.
; = LRI 2222 Meanwhile, D, was gradually overestimated as PGA
% = increased above 0.3 g and a./PGA decreased below 0.44.
3 . g, g g g g In the case of Group 2, the absolute value of RD decreased
S| E 2 E ERERE as PGA increased and a./PGA decreased, but D, was
E ; g 3 E 2 EEE underestimated overall. The predominant period (7},) [52]
% % 0o 2 ﬂé 5 o % é é and the ratio of PGV/PGA [56] are the MP reflecting the
< 4 Bl . . .
z | € s_:% g7 £ Cﬁg % jo frequency content characteristics of the ground motion
gf = EEEd ¥IEIE [30]. As they decreased, the RD values of each group
m | s exhibited the same trends with increasing PGA and
= . . .
29 decreasing a./PGA. The Arias intensity (,) [5] represents
S 1S ~ & e < n O~ © the characteristic of the ground motion duration; Case 5
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Fig. 1 Acceleration time histories and response spectra at the backfill surface of the eight datasets [15, 41]
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Table 4 MP values of the acceleration time histories at the backfill surface in the eight datasets

Case no. PGA (g) PGV (m/s) PGD* (m) T, (s)** I,%%* (m/s) as (g) a. (g)
1 0.178 0.159 0.028 0.68 0.377 0.099 0.051
2 0.157 0.142 0.020 0.59 1.138 0.076 0.055
3 0.302 0.324 0.047 0.39 15.46 0.115 0.105
4 0.272 0.273 0.032 0.23 2.249 0.101 0.054
5 0.271 0.314 0.057 0.88 1.838 0.067 0.041
6 0.334 0.289 0.034 0.24 8.459 0.053 0.041
7 0414 0.266 0.030 0.19 10.60 0.053 0.038
8 0.503 0.257 0.027 0.24 9.236 0.042 0.032

*Peak ground displacement
**Predominant period [52]
**%Arias intensity [5]

was exceptional because [, was so small that it resulted in a
relatively small D;. The analysis results indicated that the
simplified dynamic analysis methods were partially reliable
when the MP values in the equations were within a certain
range. Therefore, to accurately predict earthquake-induced
Dy, under various external conditions, simplified dynamic
analysis methods should include the appropriate MP by
considering the frequency characteristics and duration of
the ground motion in their equations [8, 12, 16, 24, 30, 44].

The k;; concept corrects the frequency characteristics
and duration of the ground motion through the b filter and
P, respectively. Thus, in most cases, it provided a better
prediction accuracy of D, than the simplified dynamic
analysis methods. However, the &, concept was confirmed
to predict D, relatively conservatively in cases where the
long-period components of the ground motion were dom-
inant. This is similar to the results of Lee et al. [32], who
verified the reliability of the kj;, concept through dynamic
centrifuge tests. Therefore, the terms related to the low-
frequency band should be improved for the design of the
b filter.

2.2 Overview of the dynamic centrifuge tests
performed by Lee et al. [32]

Centrifuge tests rotate a scaled model at high speed with a
centrifugal acceleration far higher than that of gravity and
can be used to simulate in situ stress conditions in soil
models. They have been used in many prior studies to
supplement the lack of recorded case histories to validate
the  reliability of  existing design methods
[6, 31, 33, 35, 45, 48, 59, 63] and develop seismic design
techniques for port structures [11, 19, 31, 33, 63]. Several
performance-based seismic design codes for port structures
have recently recommended centrifuge testing as a seismic
performance verification method [4, 22, 38, 40]. In this

study, the dynamic centrifuge test results of Lee et al. [32]
were used to quantitatively evaluate the proposed simpli-
fied dynamic analysis methods and the k. concept as well
as to improve the b filter.

Lee et al. [32] performed four dynamic centrifuge tests
on gravity-type quay wall models subjected to various
conditions reflecting the primary variables of the kj; con-
cept (i.e., H,, the thickness of the subsoil underneath the
wall (H,,), and input earthquake motion) in order to validate
the k;,; concept and assess the behavior of the model walls
during earthquakes. Each of these test cases is summarized
in Table 5. The effects of H,, H,, and the frequency
characteristics of the input earthquake on the accuracy of
predicting D,, using the k. equation were evaluated by
comparing the results of Cases 1 and 2, Cases 2 and 3, and
Cases 3 and 4, respectively. The tests were conducted at
KAIST with an earthquake simulator mounted on the
centrifuge [26, 27]. An equivalent shear beam (ESB) box,
which minimized the boundary effect on the soil, was used
as a model container [34]. The gravity-type quay wall
models were made from aluminum alloy (T6061) and
designed with kj;, = 0.13 based on the quay wall design
procedure provided by MLIT [38]. The subsoil underneath
the wall and the backfill soil behind the wall were con-
structed from poorly graded clean silica sandy soil (SP).
The physical properties of the sand were reported by Lee
et al. [32]. The subsoil was densified to a relative density of
86% by compaction to prevent overturning and bearing
capacity failure. The soil in the backfill was prepared by
sand pluviation at a relative density of 80%. Figure 3a
shows the configurations of the test models with instru-
mentation for Cases 1 and 2, and Fig. 3b shows the con-
figurations for Cases 3 and 4.

In Cases 1 and 2, there were three pairs of bender ele-
ments, and in Cases 3 and 4, there were four pairs of bender
elements. T, and T, were obtained by measuring the shear
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Fig. 2 Relative difference in percentage between the measured and calculated D, values and the major MP values for all cases

wave velocity (V) of models in flight. An accelerometer
was attached to the bottom part of the ESB box parallel to
the shaking direction to measure the input motion. Five of
the eight horizontal accelerometers were buried in the soil,
and the rest were attached to the model wall to measure the
acceleration time histories at different soil heights and the
gravity-type quay wall. D, was measured with two poten-
tiometers. Two laser sensors were used to measure the
subsidence of the backfill and to check the bearing capacity
failure of subsoil based on the settlement of the wall. The
acceleration and D, were positive in the active direction.
The Ofunato earthquake motion recorded at Miyagi-Ken
Oki, Japan, which has short-period components, and the
Hachinohe earthquake motion recorded at Tokachi-Oki,
Japan, which has long-period components, were used as the
shaking events. Figure 4 presents the acceleration time
histories and the response spectra of the input motions. The
dynamic motions were inputted incrementally at the bot-
tom of the ESB, beginning with a weak intensity. The
centrifugal acceleration was set to 40 g for the 10 m high
wall and 60 g for the 15 m high wall. All results presented
herein are in prototype units unless otherwise stated

@ Springer

according to the centrifuge scaling laws [55]. The details of
the dynamic centrifuge tests are available in the paper by
Lee et al. [32].

3 Results and discussion

3.1 Assessment of the simplified dynamic
analysis methods and k;,; concept
with the centrifuge test results

Similar to the analysis presented in Sect. 2.1, Lee et al. [32]
evaluated the prediction accuracy of the kj, concept at
estimating D,, after the force balance limit was reached
under various conditions (i.e., H,,, H,, and earthquake input
motion) by comparing the D, values measured via the
centrifuge tests with those calculated from a. based on the
kni definition. This section presents a quantitative evalua-
tion of the accuracy of the simplified dynamic analysis
methods using the centrifuge test results. The process used
was the same as that described in Sect. 2.1, except that the
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Table 5 Overview of the test cases (modified from Lee et al. [32])

Case 1 Case 2 Case 3 Case 4
Wall model information H,, (m) 10 15 15 15
Width (m) 5.68 8.52 8.52 8.52
Length* (m) 19.48 29.22 29.22 29.22
Weight (ton) 580 1960 1960 1960
Soil model information H, (m) 2.4 2.4 13 13
T, (s) 0.057 0.078 0.210 0.220
T, (s) 0.342 0.467 0.580 0.610
Relative density of subsoil (%) 86 86 86 86
Relative density of backfill (%) 80 80 80 80
Internal friction angle of subsoil E) 437 437 43.7 437
Internal friction angle of backfill Z) 43 43 43 43
Input motion information Earthquake input motion Ofunato Ofunato Ofunato Hachinohe
T, 0.249 0.249 0.249 0.337
T,** 0.359 0.359 0.359 0.666
T,** 0.377 0.377 0.377 0.724
Supplemental information b value 0.48 0.68 0.68 0.69
Inter-friction angle between model wall and subsoil E) 29 29 29 29
Inter-friction angle between model wall and backfill E) 21.5 21.5 21.5 21.5

* All walls spanned the length of the container (i.e., 487 mm at the model scale, which was 2 mm less than the length of the container to eliminate
friction)

** T,: smoothed spectral predominant period; 7,,,: mean period [52]

dynamic centrifuge test results were used instead of actual samples from the average value of the last 500 samples

records of earthquake-damaged quay walls. from the displacement time histories. The deduced MP
For each earthquake excitation, the acceleration time values (i.e., PGA, PGV, a; and a.) and the calculated D,

histories at the bedrock and soil and the displacement time  for all seismic events in every case are plotted with respect

histories of the wall were measured to deduce the MP  to the measured Dy, in Figs. 5 and 6.

values used to calculate D;. Then, the actual D, was As summarized in Table 5, each case had different

obtained by subtracting the average value of the initial 500  combinations of H,,, H,, and input earthquake motions so

489 489
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Fig. 3 Schematic of the test instrumentation (all dimensions are in model scale): a Cases 1 and 2, b Cases 3 and 4, and ¢ top view for Case 1
(modified from Lee et al. [32])
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Fig. 4 Normalized acceleration time histories and response spectra of input motions to the earthquake simulator during the centrifuge tests at the

prototype scale ( modified from Lee et al. [32])

that the average values of T, obtained from the acceleration
time histories on the backfill surface of each case were
0.15, 0.26, 0.55, and 0.60 s. As in Sect. 2.1, the analysis
results were divided into three groups: Group 1 (i.e., upper
bound [3, 9, 47, 53]), Group 2 (i.e., Mean fit [61, 62]), and
the kj; concept. In the case of Group 1, Fig. 6 indicates that
the calculated D, values were larger than the measured D),
values for Cases 1-3, and the difference between the cal-
culated and measured D, gradually decreased as the aver-
age T, increased. The calculated D), values were less than
the measured D, values in Case 4, which had the longest 7,
in the test model. In the case of Group 2, the calculated D),
values were only larger than the measured D, values for
Case 1, which had the shortest T, in the test model. In
Cases 2—4, Group 2 increasingly underestimated D, with
increasing T),. Finally, the kj, concept slightly overesti-
mated D, in all cases, but it generally had a higher pre-
diction accuracy than the other methods because it also
considered the effects of external factors (e.g., wall
geometry, stiffness of soil, and the frequency characteris-
tics and duration of the ground motion). However, because
the difference between the calculated and measured D,
increased for cases with more low-frequency components,
the terms of the b filter related to the low-frequency band
should be improved.

3.2 Time-frequency domain responses
of the wall models

The analyses in Sects. 2.1 and 3.1 confirmed that the kj;
concept had a higher D, prediction accuracy than the
simplified dynamic analysis methods under various exter-
nal conditions. This is because the kj,; concept adopts the
b filter that corrects the frequency characteristics of the
ground motion by considering the contribution of the
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waves of each frequency component comprising the ground
motion to the D, generation. Nagao and Iwata [44] con-
firmed through numerical analysis that the frequency
components below 1 Hz of ground motion are mainly
related to D, generation and suggested the b filter (Eq. 1).
In the present study, a time—frequency analysis was per-
formed with the dynamic centrifuge test results to evaluate
the suitability of the b filter shape experimentally. Time—
frequency analysis is an effective method of investigating
the changing frequency content of the dynamic response
over time [46, 51, 59]. The dynamic displacement of the
wall models was obtained by double integration of the
acceleration signals measured from the accelerometer,
which was attached to the top of the wall front (A(6) in
Fig. 3). Figures 7 and 8 present the time histories of the
dynamic displacement and permanent displacement, the
frequency contents of the dynamic displacement, and the
time—frequency domain of the dynamic response for the
wall models of all cases during a weak earthquake (i.e.,
PGA at backfill surface, A(6) = 0.1 g) and a strong
earthquake (i.e., PGA at backfill surface, A(6) = 0.3 g),
respectively. The frequency energy of the dynamic
response of the wall model was concentrated at 1 Hz or
less in all cases. In particular, the permanent displacement
occurred where the frequency energy below 1 Hz was
dominant in all cases. Because the frequency components
below 1 Hz were the main contributors to D, generation,
the suitability of b filter shape was experimentally recon-
firmed. The results in Sects. 2.1 and 3.1 indicate that the
ki concept generally predicts Dy, reasonably well after the
force balance limit is reached but is less accurate in cases
containing many low-frequency components. To improve
the performance, b (Egs. 1c and 1d) was revised according
to the dynamic centrifuge test results and actual cases of
earthquake-damaged quay walls.
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3.3 Revision of b using the centrifuge test
results

Equations 1c and 1d were derived by multiple linear
regression analysis of the correlation between the three
independent variables of H, T}, and T, and the dependent
variable of b based on the numerical analysis introduced by
Nagao and Iwata [44].

To perform multiple linear regression analysis with the
centrifuge test results, the target b values (b qe,) cOITE-
sponding to the values of D, measured from the dynamic
centrifuge tests were derived. Here, b, represents the
b value that makes a. from the measured acceleration time
history produce the measured D,, of gravity-type quay wall
models designed with k&, = 0.13. Multiple linear regres-
sion analysis was performed using events where the mea-
sured D; value was close to 5-20 cm, which is the
applicable range of k.

Figure 9 details the procedure for obtaining by, using
the measured signals in the centrifuge tests. The signals
were obtained for Case 4, where the Hachinohe earthquake

with PGA at the backfill surface equal to 0.2 g was applied
to the test model.

(1) During each earthquake excitation, the acceleration
time history of the backfill soil surface (A(1)) and the
displacement time history of the wall (P(top)) were
obtained.

(2) The a. value corresponding to each Dy, (ac, rarger) Was
deduced by substituting the design kj; value of 0.13
for the quay wall model and the measured D), values
into the kj; and D, terms of Eq. 3.

(3) To design the filter, b was initially set to 0.01. The
filters for all seismic events were designed by using
b and frequency characteristics of the measured
acceleration time histories; the designed filters were
applied to the acceleration spectra obtained by the
FFT of the measured acceleration time histories.

(4) The filtered acceleration time histories were obtained
by the inverse FFT operation on the filtered accel-
eration spectra. Then, asand P were derived from the
filtered acceleration time histories and multiplied
with each other to calculate a. (a;, caicuiarion), Which
was then compared with a; 14rger

(5) Steps 3 and 4 were repeated while b was increased
from 0.01 to 1.5 in steps of 0.01, and the b value with
the smallest error between e, rarger a0 dc, catcutation
was found (b,4,¢.,). Here, a;, caicutasion Should be equal
to or greater than a., ;qrger

The measured Dy, a;, urgers Prargers Tp» and T, values of
the events for each case are summarized in Table 6. For the
multiple linear regression analysis, the independent vari-
ables needed to be determined first. Various studies
[20, 21, 43], including the results of the dynamic centrifuge
test [32] and numerical analysis [44], confirmed that the
low-frequency components of an earthquake motion in
backfill soil become more amplified with increasing 7, and
a greater D), is generated. Therefore, in order for the cal-
culated b to increase with the amplification of low-fre-
quency components in the backfill soil, the coefficients of
the independent variables H,,, T, and T, should be posi-
tive. However, in Eq. 3, the coefficients of H,, and T, are
positive whereas that of T}, is negative. According to Nagao
and Iwata [44], there is no physical basis for estimating the
coefficient of T}, to be negative, and this was merely done
to improve the accuracy of the equation. In particular,
because T, represents a natural period that includes not
only the backfill but also the subsoil, Eq. 3 considers T,
redundantly. Therefore, a multiple linear regression anal-
ysis was performed on b with H,,, T}, and T, as the inde-
pendent variables. Then, additional analysis was conducted
with only H,, and T, as the independent variables. Fol-
lowing Nagao and Iwata [44], the reference values of H,,,
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Fig. 6 Comparison of the calculated and measured D;, values for all cases

Ty, and T, were set to 15 m, 0.8 s, and 0.4 s, respectively,
for non-dimensionalization and normalization.

Through the multiple linear regression analysis, the
following Eqs. 4 and 5 were derived. The adjusted R
squared values, which indicated the suitability of the
regression model, were 0.96 and 0.97, respectively.

subsoil underneath the wall (s), and T, is the standard
initial natural period of the subsoil underneath the wall
(0.4 s).

The adjusted R squared values indicate that the suit-
ability of b, (Eq. 5), which excludes T, as an independent
variable, was the same or greater than that of b; (Eq. 4),
which does include 7,. In addition to the adjusted R

H, T, T,
by = 0-13—R + 037% —0.06 - +0.24 (4)  squared values, the Dj, values derived with Eqs. 4 and 5
H T were compared with the measured D, values to evaluate
by = 0,18H7W + 0'26T7b+ 0.25 (5) the prediction accuracy. The results are presented in
wR bR Fig. 10. Applying the revised b values (Eqs. 4 and 5) to

Here, H,, is the wall height (m), H,, is the standard wall
height (15 m), T} is the initial natural period of the backfill
ground (s), Ty is the standard initial natural period of the
backfill ground (0.8 s), T, is the initial natural period of the
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obtain a. for calculating kj, decreased the difference
between the calculated and measured D, values for all
cases, compared to the original b value (Eqs. 1c and 1d).
The revised b values considerably improved the D,
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prediction accuracy for Cases 3 and 4, which included
more low-frequency components, compared to Cases 1 and
2. In Cases 3 and 4, the D, values calculated with b,
(Eq. 4) were slightly less than the measured D), values,
which means that Eq. 4 can cause kj,, to be underestimated.
These results suggest that b, (Eq. 5) is more suitable than
by (Eq. 4) for calculating kj; with regard to simplicity and
safety.

Because the reliability of the revised b values (Egs. 4
and 5) was evaluated with the dynamic centrifuge test
results used to derive the two equations, it is natural for the
results to be positive. Therefore, further verification using
actual cases of earthquake-damaged quay walls was
required to confirm the field applicability and reliability of
the revised b values (Egs. 4 and 5).
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(Step 5)

3.4 Assessment of the revised b values using
actual cases of earthquake-damaged quay
walls

The procedure and actual records of earthquake-damaged
quay walls presented in Sect. 2.1 were applied to validate
the field applicability and reliability of the revised b values
(Egs. 4 and 5). RD was determined between the calculated
D, values obtained with the different b values (Eqs. lc, 1d,
4, and 5) and the measured D;, values summarized in
Table 3. The calculated D, values were obtained by sub-
stituting the a., values in Table 3 and the a. values derived
from the different b values (Egs. lc, 1d, 4, and 5) into the
real earthquake records in Fig. 1 into the kj; and a. terms
of Eq. 3. The revised b values for all cases used in the
evaluation and the corresponding a. values are summarized
in Table 7. The RD values for all cases are plotted in
Fig. 11.
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Table 6 Measured Dy, ac, rargers Drargers Tp» and T, values for the events of each case used in the multiple linear regression analysis
Case no. Event no. Measured D;, (cm) ac, rarger (&) brarger Ty, (s) T, (s)
1 11 4.37 0.032 0.46 0.330 0.055
12 7.09 0.042 0.47 0.340 0.056
13 9.86 0.050 0.48 0.342 0.057
14 13.89 0.061 0.48 0.340 0.059
2 10 4.41 0.032 0.57 0.465 0.075
11 5.78 0.037 0.56 0.462 0.069
12 8.16 0.045 0.58 0.467 0.078
13 9.33 0.049 0.59 0.470 0.079
3 8 5.94 0.038 0.59 0.570 0.195
9 7.85 0.044 0.60 0.580 0.200
10 10.07 0.051 0.61 0.590 0.210
11 11.79 0.055 0.60 0.581 0.200
12 13.82 0.060 0.60 0.580 0.200
13 16.47 0.067 0.59 0.570 0.195
14 17.71 0.069 0.60 0.580 0.200
15 19.94 0.074 0.61 0.590 0.210
16 22.15 0.078 0.60 0.581 0.200
4 10 3.55 0.029 0.61 0.595 0.220
11 6.05 0.038 0.62 0.600 0.222
12 9.03 0.048 0.63 0.610 0.240
13 11.99 0.056 0.62 0.610 0.210
14 15.87 0.065 0.62 0.600 0.222
15 19.43 0.073 0.61 0.595 0.220
16 24.07 0.082 0.62 0.600 0.222
17 27.44 0.088 0.63 0.610 0.240

Similar to the evaluation in Sect. 3.3 with the dynamic
centrifuge test results, Fig. 11 indicates that the revised
b values (Egs. 4 and 5) significantly improved the accuracy
of the calculated D, values, compared to the original
b values (Egs. 1c and 1d) in Cases 1-4, which contained
more low-frequency components. In cases 5-7, where H,,
was less than 7 m, using the revised b values caused Dj, to
be calculated slightly conservatively compared to when the
original b values were used (Eqs. 1c and 1d). Particularly
in case 5, using the original b values caused the calculated
D;, to underestimate the measured D;,, but applying the
revised b values (Egs. 4 and 5) allowed D, to be safely
predicted. In addition, the variation in RD was confirmed to
be small when the revised b values were used instead of the
original b values. Thus, the revised b values (Eqs. 4 and 5)
allowed D, to be predicted consistently, regardless of
external influences (e.g., H,,, T}, earthquake motions).

The field applicability and reliability of the revised
b values (Eqgs. 4 and 5) were partially verified through the
above evaluation using actual cases of earthquake-dam-
aged quay walls. Because the RD values with b, (Eq. 4)

and b, (Eq. 5) were similar, the better equation cannot be
quantitatively determined. However, in terms of the sim-
plicity of the equation and verification with the centrifuge
test results in Sect. 3.3, Eq. 5 comprising the independent
variables H,, and T, can be concluded to be more effective.

4 Conclusions

This study assessed representative simplified dynamic
analysis methods and the kj;, concept for the performance-
based design of port structures. Incident records of earth-
quake-induced damage on quay walls in Japan and Korea
and the results of dynamic centrifuge tests performed under
various conditions were used for a quantitative evaluation
and improvements. Unlike the simplified dynamic analysis
methods, which simply reflect the frequency characteristics
of the ground motion associated with the deformation of
the quay wall as the ratio of PGV to PGA, the k,; concept
corrects the frequency characteristics of the ground motion
by also considering the wall geometry, stiffness of the soil,
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Fig. 10 Comparison between the D, values calculated with a, filtered by b (Egs. 1c and 1d), b; (Eq. 4), and b, (Eq. 5) and the measured D,

values for all cases

Table 7 Revised b values (Eqs. 4 and 5) for all cases and the cor-
responding a, values

Case no. by a. with by (g) b, a. with b, (g)
1 0.47 0.041 0.52 0.043
2 0.64 0.045 0.66 0.046
3 0.55 0.089 0.58 0.091
4 0.54 0.047 0.56 0.048
5 0.39 0.047 0.40 0.050
6 0.41 0.046 0.42 0.048
7 0.38 0.040 0.39 0.041
8 0.36 0.030 0.38 0.032

main frequency range related to wall deformation, and
duration of the ground motion. The kj,; concept was found
to accurately and consistently predict the deformation of
quay walls under various conditions, compared to the
simplified dynamic analysis methods. However, the kj;
concept is relatively conservative when low-frequency
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Fig. 11 Relative difference in percentage between the D, values
calculated with the different b values (Egs. lc, 1d, 4, and 5) and the
measured D, values for all cases

components are dominant. Thus, the b filter was revised in
relation to the low-frequency band. Multiple linear
regression analysis was used to derive two revised equa-
tions for b, where the independent variables were the wall
height and the natural periods of the subsoil and backfill
soil or the wall height and natural period of the backfill soil
only. The field applicability and reliability of the revised
b values were partially verified through evaluations using
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the dynamic centrifuge test results and actual records of
earthquake-damaged quay walls. The results of this study
demonstrated how the kj;, concept can be improved and
various methods of verifying the performance-based design
of gravity-type quay walls. In the future, more accurate
regression equations for verifying the performance of a
quay wall should be derived by considering a few addi-
tional aspects.

First, the actual deformation of quay walls during an
earthquake is a combined result of the shear deformation of
the subsoil and the relative displacements between the
subsoil and the quay wall. However, as the subsoil stiffness
of the dynamic centrifuge tests and field records analyzed
in this study were mostly high, the applicability of the
equations with the revised value of » may be limited for
liquefied or loose ground conditions. Therefore, for more
comprehensive analyses of the deformation of quay walls,
the effect of subsoil shear deformation should be investi-
gated by considering additional experimental variables
such as the shape, thickness, material properties, and rel-
ative density of the subsoil.

Second, it is necessary to derive appropriate indepen-
dent variables for the regression analyses by conducting
studies on additional influence factors that can affect the
main frequency range related to wall deformation, in
addition to existing variables constituting the b filter.

Lastly, the reliable databases from physical tests,
numerical analyses, and field data for various variables
such as the design seismic coefficient of the wall, ground
stiffness, and input earthquakes should be constructed to
improve the reliability of the regression analysis.
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