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This paper presents a numerical study on the seismic response of pile-supported wharves equipped with metallic yielding dampers.
Using 20 ground acceleration records, the contribution of the yielding damper is examined, and its main parameters are optimized
through a parametric study. In the current study, considering coupling effects of different parameters, a new optimization procedure
is proposed. The obtained results indicate that the stability condition of the retaining wall (quay wall) behind the wharf, period
of the soil-wharf system, and also maximum allowable ductility ratio of the damper are the key factors affecting the optimum
damper parameters. A simplified design guideline is proposed for either the design or the retrofit purposes followed by a numerical
assessment to evaluate the contribution of the proposed damper on the seismic behavior of a typical pile-supported wharf. The
obtained results show that yielding dampers, through their nonlinear behavior, can dissipate a large portion of seismic input energy
and mitigate piles damages which have been observed in earlier earthquake events.

1. Introduction

During an earthquake event liquefaction of saturated loose
sandy soils and excessive piles drifts make the most common
causes of damages to pile-supported wharves. Therefore, in
absence of liquefaction conditions, pile drift can be consid-
ered as a suitable indicator in order to evaluate performance
of wharves under seismic events. Some techniques, which
rely on stiffness increasing, such as inclined piles, have been
investigated in earlier studies by Gerolymos et al. [1] and
Poulos [2], as a method to reduce lateral displacements
of pile-supported wharves. Inclined piles have two main
drawbacks, high construction costs and punching failures in
their connections. As reported byOyenuga et al. [3], however,
the punching failure problem can be moderated using a new
design approach for pile-deck connections. Lehman et al. [4]
have also improved performance of pile-wharf connections.
In another study a novel stone column has been proposed by
Mageau andChin [5] to improve seismic behavior ofwharves.
Using passive control techniques, this study tried to improve
the seismic behavior of pile-supported wharves.

Nowadays passive control methods have gained more
attention in order to mitigate natural or man-made struc-
tural vibrations. Some of these passive techniques have
been briefly described by Soong and Dargush [6]. Earlier
studies on passive control techniques have been commonly
restricted to long period structures, such as tall buildings,
long-span bridges, and offshore jacket platforms, to the
authors’ knowledge, passive energy dissipation devices have
not been investigated earlier for wharves. Among various
passive dampers, metallic yielding damper seems to be more
appropriate as yielding dampers are easy to manufacture and
need no specific maintenance. To date, many studies have
been devoted to yielding dampers [7–10]. However, they have
mainly focused on building structures inwhich damperswere
in conjunction with chevron braces.

Nowadays, with increasing ship sizes, berth deepening
seems to be inevitable and consequently a new generation of
pile-supported wharves would have relatively larger periods.
Accordingly, the focus of this study is mainly on flexible
wharves. As depicted in Figure 1, stability conditions of the
retaining wall would dictate themaximum allowable yielding
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Figure 1: Damper-wharf system.

force of the damper.Note that the yielding force of the damper
can be adjusted to very small values. In other words, during a
seismic event, damper forces can be tuned to be far less than
those imposed by other sources, such as backfill soil pressure
or inertial force of the retaining wall. As a result, the damper
can be designed as if it has virtually no destructive effect on
the retaining wall. It should be elaborated that the retaining
wall can be of any type, for example, gravity wall, caisson,
sheet pile, and so forth. During this study, metallic yielding
damper, metallic damper, yielding damper, and damper are
all considered to have the samemeaning and are used instead
of each other.

2. Scope of the Current Study

Themain objective of the present study is tomitigate seismic-
induced responses of pile-supported wharves using metallic
yielding dampers that were placed between the deck and
the retaining wall (quay wall) in specific intervals along the
shoreline, as illustrated in Figure 1. In the design procedure, it
is very important to transmit the damper force to the ground
within a safe load path. As a result, depending on residual
capacity of the retaining wall, there is a restriction on the
allowable yielding force of the damper. As shown in Figure 1,
the damper includes two parts, the yielding device and the
damper link. The damper link connects the yielding device
to the wharf deck and the retaining wall. The link is very stiff
due to its short lengths and can be assumed to be rigid. To
optimize different parameters of the damper, sets of values
for damper stiffness and yielding force are considered, and
the contribution of the damper for each of them is evaluated.

3. Optimization Procedure

In the optimization process, four single degree of freedom
(SDOF) systems with periods of 0.4 s, 0.6 s, 0.8 s, and 1.0 s

are adopted and subjected to 20 digitized ground accel-
eration records. It is assumed that, during an earthquake,
displacements at the top of the retaining wall are the same
as those at the base of the wharf, that is, sea bed. In other
words, displacements at the free end of the damper element
are the same as those at the base of the SDOF system,
Figure 2. Accordingly, during the optimization process, the
retaining wall is not modeled as there are numerous different
walls with different dynamic characteristics, and it is not
practical to consider all possible wall conditions. Besides, this
simplification is reasonable as the period of the wharf is far
above than that of wall-soil system, especially in the case of
long periodwharveswhich are themain concern of this study.
As a result, the wall-soil system can be assumed to be rigid
compared to the wharf. Besides, the sea bed is very close
to the top of the retaining wall, and it is possible to assume
that seismic waves hit these two points simultaneously.
While there are some experimental evidence that validate the
previous assumptions [11, 12], in the Numerical Assessment,
validity of this assumption would be also investigated. Three
values of 0.05, 0.1, and 0.2 are adopted for yielding force-deck
weight ratio, that is, the ratio of the damper yielding force
to weight of the SDOF system. In addition, for each SDOF
system, different stiffness ratios, that is, ratio of the damper
stiffness to the SDOF stiffness, are adopted according to the
period of the SDOF system, as presented in Table 1. Stiffness
ratios for each period are selected so that maximum ductility
ratio of the damper falls in a reasonable range.

Note that a constant value of 0.03 is considered for the
strain hardening ratio of the damper material. As reported
by Xia and Hanson [7], strain hardening ratio has a little
influence on the behavior of yielding dampers.Therefore, the
strain hardening is excluded from the carried out parametric
study. According to most codes of practice, such as OCDI
[13], pile-supported wharves should be designed to remain
mainly elastic during ultimate seismic excitations. As a result,



Journal of Structures 3

These excitations are 
assumed to be the same.

Imposed acceleration 
from the ground to the 
piles.

Mass of the wharf is 
mainly localized in its 
deck.

Lateral stiffness would 
be provided mainly 
through the piles.

Imposed acceleration 
from the retaining wall 
to the damper.

Metallic yielding damper

Stiffness depends on the 
considered period

Mass = 200 ton

Figure 2: SDOF-damper system that is used in the optimization process. Mass = 200 ton.

Period (s)

Average spectrum

Individual spectra

10

8

6

4

2

0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Fo
ur

ie
r a

m
pl

itu
de

 (m
/s

)

(a)

Average spectrum

Individual spectra

Period (s)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

1.4

1.2

1

0.8

0.6

0.4

0.2

0Sp
ec

tr
al

 re
sp

on
se

 ac
ce

le
ra

tio
n 

(g
)

(b)

Figure 3: (a) Fourier spectra of the considered earthquakes and (b) 5% damped spectral response acceleration of the considered earthquakes.

Table 1: Stiffness ratios which are considered for the SDOF systems.

Period of the SDOF system (s) Considered stiffness ratios
0.4 0.5, 1, 2, 3, 4
0.6 1, 2, 3, 4, 5
0.8 2, 4, 6, 8, 10
1 4, 6, 8, 10, 12

in the optimization procedure behaviors of the adopted
SDOFs are assumed to be linear elastic.

4. Record Selection

As mentioned earlier, 20 digitized ground motion records,
obtained from PEER database [14], are used in the opti-
mization process. Adopted groundmotions have magnitudes
greater than 6, and they are selected such that their averaged
Fourier spectrum covers a broad band of periods of interest,
that is, between 0.4 s and 1 s. Characteristics of these ground
motions are illustrated in the appendix. Moreover, frequency
contents and acceleration response spectra of these 20 dig-
itized ground acceleration records are shown in Figure 3. In
the optimization process, all of these ground accelerations are
scaled to 0.3 g.

It should be elaborated that considering the lower PGAs
is not necessary as the purpose of the damper is to remain
elastic during moderate ground motions, and the main
concern is only about extreme earthquake events. Note
that selected ground accelerations are not explicitly scaled
according to their response spectrum the as effect of their
frequency contents on the damper parameters would be
also investigated during the parametric study. According
to Figure 3 and Table 1, however, it is clear that most of
the considered earthquakes would impose a high level of
resonance on the considered SDOF systems which is in
agreement with the main philosophy of the spectrum-based
scaling technique.

5. Optimum Parameters of
the Yielding Damper

Optimization of the damper parameters is not a straight-
forward procedure. While higher damper stiffness would
decrease deck displacement, it would also increase ductility
demand of the damper. As a result, for a particular yielding
force, higher stiffness values are not necessarily preferable
due to the limitation on maximum allowable ductility of the
damper.
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Figure 4: (a) Mean maximum displacement ratio and (b) mean maximum ductility ratio, period = 0.4 s.
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Figure 5: (a) Mean maximum displacement ratio and (b) mean maximum ductility ratio, period = 0.6 s.

In this study mean maximum displacement ratio of
each SDOF system is considered as the optimization index,
and the mean maximum ductility ratio is also obtained
for different values of the damper parameters. The results
are shown in Figures 4, 5, 6, and 7. Required analysis is
carried out by OpenSees, which has been developed by
Mazzoni et al. [15]. Giuffre-Menegotto-Pinto model [15] is
also adopted to simulate nonlinear behavior of the yielding
damper. It should be clarified that, for each SDOF system,
mean maximum displacement ratio is defined to be the
mean of the maximum displacement ratios with and without
damper, andmeanmaximumductility ratio is themean of the
maximum damper ductility ratios for all 20 ground motion
records. Note that the ductility ratio is the ratio of the damper
deformation to its yielding deformation such that it cannot be
smaller than one.

As stated earlier, the retaining wall would determine the
allowable yielding force of the damper. Therefore, optimum
values of the damper parameters depend on the period
of the soil-wharf system, target maximum ductility ratio
and stability conditions of the retaining wall. According to
Figures 4–7, in the case of short period wharves and for

low stiffness ratios, by increasing the damper yielding force
no improvement would occur on the damper efficiency. In
general, the efficiency of the damper always increases by
increasing the stiffness ratio; however, themaximumductility
ratio of the damper would also increase. Based on earlier
experimental tests which have been reported by Xia and
Hanson [7], value of about 6 is well suited for the maximum
ductility ratio of a metallic yielding damper. As a result, other
parameters should be selected such that maximum ductility
ratio of the damper remains close to 6.

Using resonance index concept, the effects of the fre-
quency content on the damper efficiency and also on the
maximum ductility ratio are investigated. Resonance index,
as defined by Mousavi et al. [16], is the ratio of the Fourier
amplitude corresponding to the period of the system to the
maximum Fourier amplitude. Accordingly, if the value of
the resonance index is close to one, the structure would
experience a high level of resonance, and, if its value is close
to zero, no noticeable resonance would occur. It should be
pointed out that the term resonance in the current study
refers to resonance of the first mode, and it would happen
if the frequency content of the ground acceleration has high
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Figure 6: (a) Mean maximum displacement ratio and (b) mean maximum ductility ratio, period = 0.8 s.
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Figure 7: (a) Mean maximum displacement ratio and (b) mean maximum ductility ratio, period = 1.0 s.

Fourier amplitudes in frequencies close to the fundamental
frequency of the structure.

As illustrated in Figure 8, the resonance index has affected
the damper efficiency and its maximum ductility ratio in an
irregular manner.This is mainly due to nonlinear behavior of
the damper and different pulse arrangements of the consid-
ered records. In other words, during an earthquake event, a
wharf-damper systemdoes not have a constant period, and its
period would be a time, dependent parameter. From Figure 8
it is obvious that, in a general manner, by increasing the
resonance index, the maximum ductility ratio increases, and
the RMS (root mean square) displacement ratio decreases.
This result is quite reasonable as in the resonance condition
the damper would have a greater effect on the response and
consequently would suffer greater damages (larger ductility
demands).

According to the obtained results, using Matlab’s Curve
Fitting Toolbox [17], following relations for the stiffness
ratio and its corresponding mean maximum displacement
ratio can be proposed. Note that in proposed relations the
allowable maximum ductility ratio is restricted to 6:

SR = 0.875𝑒14.2𝛼𝑇, (1)

MR = (0.9 − 3.15𝛼) (1 − 0.15𝑇) , (2)

where SR is the stiffness ratio, MR represents the maximum
displacement ratio, 𝛼 denotes the yielding force-deck weight
ratio, and 𝑇 stands for the period of the soil-wharf system
(without damper).

In the case of yielding dampers, structural response
would be reduced due to two reasons: (a) the energy dissipa-
tion capability of the damper and (b) stiffness increasing due
to stiffness of the damper.While, in conventionalmethods [6,
18], both of the previous effects have been considered in esti-
mating the equivalent viscous damping, in this study a new
approach is proposed for evaluating the equivalent viscous
damping. In this method, using the maximum displacement
ratio, MR, and relevant response spectra, such as those
proposed in FEMA-356 [19], the equivalent viscous damping
can be estimated. According to the definition of MR, it is
possible to rewrite it as follows:

MR =
𝑆
𝑎eq

𝑆
𝑎

, (3)

where 𝑆
𝑎eq

and 𝑆
𝑎
are the spectral response accelerations of the

wharf with andwithout damper, respectively. HavingMR and
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Figure 8: Dependency of (a) damper efficiency and (b) dampermaximum ductility ratio on frequency content of the groundmotions. Case 1:
period = 0.6 s, stiffness ratio = 1, and yielding force-deck weight ratio = 0.05. Case 2: period = 0.6 s, stiffness ratio = 4, and yielding force-deck
weight ratio = 0.10.
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𝑆
𝑎
, it is possible to obtain value of the 𝑆

𝑎eq
and consequently

the equivalent viscous damping. Obviously, the equivalent
viscous damping can be used only for preliminary design, and
for the final design nonlinear behavior of the damper should
be explicitly considered.

6. Design of the Damper

A simple retrofit-based design procedure is proposed in this
section assuming that the stability condition of the retaining
wall cannot be improved. A stable condition for a sheet
pile wall would be provided if its safety factors in shear
and flexure remain in acceptable ranges. In the case of a
gravity wall, stability condition would be provided if the wall
has acceptable safety factors against slip and rotation. The

authors would like to elaborate that the damper force has no
noticeable effect on other failure modes, such as foundation
bearing or settlement.

Step 1. Determine the allowable force that the retaining
wall can sustain at the damper location during the design
earthquake, 𝑅.

Again it should be clarified that 𝑅 is a small fraction of
redundant capacity of the retaining wall that is provided by
its initial safety factor. It is obvious that reduction of the wall
safety factor is inevitable, but the value of𝑅 can be tuned such
that the reduced safety factor still remains in an acceptable
range. Clearly, the damper force and other imposed forces on
the wall are not necessarily in phase. However, in this design
guideline, these forces are assumed to be in phase in favor of
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Figure 10: Considered ground accelerations at the rock outcropping and their corresponding Fourier spectra.

safety. A simplified guideline is presented in Section 6.1 for
selecting the value of 𝑅.

Step 2. Determine the yielding force of the damper:

𝐹
𝑦
= FS ⋅ 𝑅, (4)

where 𝐹
𝑦
represents yielding force of the damper and FS is

an appropriate factor of safety lower than the unity which
considers the effect of the damper strain hardening (value of
0.9 is reasonable for FS.)

Step 3. Determine the value of the yielding force-deck weight
ratio, 𝛼:

𝛼 =

𝐹
𝑦

𝑊
𝐷

, (5)

where𝑊
𝐷
is the seismic weight of the deck attributed to the

damper.

Step 4. Determine the period of the soil-wharf system, 𝑇.

Step 5. According to (1), evaluate the stiffness ratio, SR, and
consequently damper stiffness as follows:

𝐾 =

4𝜋

2
𝑊
𝐷
SR

𝑔𝑇

2
, (6)

where 𝑔 and 𝐾 stand for acceleration of gravity and damper
stiffness, respectively.

Step 6. For the preliminary design, according to (2) and (3),
estimate the obtained equivalent viscous damping, and for
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Figure 11: (a) Drift of the middle pile with and without damper, (b) ductility ratio of the damper, and (c) cyclic behavior of the damper-Kobe
1995 earthquake.

the final design use the obtained yielding force (Step 2) and
stiffness (Step 5) of the damper in a nonlinear model.

There are some relations in the literature relating stiffness
of the yielding damper to its geometrical parameters, such
as those proposed by Tehranizadeh [20] for added damping
and stiffness devices (ADAS) and those obtained by Soong
and Dargush [6] for triangular added damping and stiffness
dampers (TADAS). As mentioned earlier, stiffness and yield-
ing displacements of the yielding device are equal to those of
the yielding damper due to the rigidity of the damper link.

It should be pointed out that, if the stability condition
of the retaining wall can be improved, the design direction
would be changed. In this case, according to the desired
damping ratio, value of MR can be evaluated first, and then
required values of 𝛼 and SR would be obtained according to
(2) and (1), respectively.

6.1. 𝑅 Selection. A simple yet accurate guideline is presented
here to estimate the appropriate value for 𝑅. Note that all of
the presented calculations should be carried out for the most
critical section of thewall which experiences the largest forces
and has the lowest capacity.

Step 1. Determine shear and flexural (or slip and rotational)
capacities of the retaining wall,𝐶V and𝐶𝑓, respectively, at the
critical section of the wall.

Step 2. Estimate the maximum expected seismic inertial
force of the wall, 𝐹

𝐼
, the maximum seismic horizontal force

from the backfill soil, 𝐹
𝑠
, the hydrostatic force, 𝐹hs, and the

maximum hydrodynamic force, 𝐹hd. It should be pointed
out that 𝐹

𝑠
and 𝐹hd can be evaluated by many techniques

such as Mononobe-Okabe method andWestergaard’s theory,
respectively [21]. Note that𝐹hs tends to stabilize the wall while
𝐹hd could have a destructive effect depending on its direction.

Step 3. Estimate the maximum moments at the critical
section of the wall due to its inertial force, 𝑀

𝐼
, the backfill

soil pressure,𝑀
𝑠
, the hydrostatic force,𝑀hs, and the hydro-

dynamic force,𝑀hd.

Step 4. Determine the acceptable reduced factor of safety,
FS
𝑟
, of the retainingwall which is greater than unity. As stated

earlier, reduction of the retaining wall safety factor cannot be
avoided. It is clear that this reduction must be in an allowable
and reasonable range. In fact just a 10% reduction is enough
for a significant reduction in the wharf response.
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Figure 12: (a) Drift of the middle pile with and without damper, (b) ductility ratio of the damper, and (c) cyclic behavior of the damper-
Northridge 1994 earthquake.

Step 5. Select the minimum of 𝑅
𝑉
and 𝑅

𝑀
as the value of

𝑅. Equation (7) is obtained based on the shear and moment
equilibrium of the retaining wall in which 𝑅

𝑉
and 𝑅

𝑀
are

themaximumallowable damper forces according to the shear
and flexural (or slip and rotationl) capacity of the retaining
wall, respectively:

𝑅
𝑉
=

𝐶
𝑉

FS
𝑟

− 𝐹
𝐼
− 𝐹
𝑆
− 𝐹hd + 𝐹hs,

𝑅
𝑀
=

1

ℎ

(

𝐶
𝑓

FS
𝑟

−𝑀
𝐼
−𝑀
𝑆
−𝑀hd +𝑀hs) ,

(7)

where ℎ is the distance between damper-wall connection and
the critical section of the wall.

As the height of the wall increases, amounts of its external
forces would also increase. Accordingly, the sensitivity of the
wall on the damper force would decrease in the cases of
higher quay walls.

7. Numerical Assessment

Contribution of the proposed damper is evaluated in this
section for a typical pile-supported wharf. Effect of the yield-
ing damper on the retaining wall stability is also examined.

Material and geometrical nonlinearities are not considered
as structural elements are intended to remain mainly elastic
per OCDI [13]. It should be noted that, in this example,
soil-pile interaction is considered to examine validity of the
optimization assumptions. Soil characteristics are considered
based on a real soil profile; however, they are not presented
here due to space limitation. As depicted in Figure 9, three
steel piles with an outer diameter of 1m and wall thickness
of 10mm are assumed to support the deck. The piles are
spaced per 5m along the shoreline. Moreover, the adopted
deck is a concrete slab with thickness of 0.4m and seismic
weight of 1600 kN. Slab length is 12m perpendicular to the
shoreline, and its width along the shoreline is assumed to
be 5m. In other words, a 5m part of the wharf is separated
and considered during this example, and value of 5% is
considered as its inherent first mode damping ratio. It is
assumed that the stability condition of the retaining wall in
5m intervals is such that 10% of the deck weight can be
considered as the damper yielding force. The effect of this
value on the safety factor of the wall will be investigated
during this example.

Well-known p-y elements, as suggested by Boulanger
et al. [22], are used to simulate soil-pile interaction, and
pile group effect is also considered as proposed by Castelli
and Maugeri [23]. Moreover, EERA, developed by Bardet
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Figure 13: (a) Drift of the middle pile with and without damper, (b) ductility ratio of the damper, and (c) cyclic behavior of the damper-
Parkfield 1966 earthquake.

Table 2: Results of the numerical example.

Without damper With damper

Earthquake event Maximum middle
pile drift (cm)

RMS middle pile
displacement (cm)

Maximummiddle pile
displacement (cm)

RMS middle pile
displacement (cm)

Maximum damper
ductility ratio

Northridge 6.62 2.76 3.35 0.99 5.7
Parkfield 1.59 0.60 1.47 0.35 2.5
Kobe 9.51 4.99 5.94 2.51 10.1

et al. [24], is used for the required free field response
analysis. It should be clarified that p-y element technique
is a simplified method which cannot directly account for
topographic irregularities. Besides, as suggested by OCDI
[13], required inputs of thismethod are the obtained results of
the free field analysis which is an equivalent-linear method,
and its application is limited to soil strains of 1% or less.

The fundamental period of the fixed base wharf is 0.43 s,
and, by considering the soil-pile interaction, its value would
increase to 0.84 s. It is clear that 0.84 s should be used to
estimate optimum parameters of the damper. As a result, in
this assessment, 𝛼 and 𝑇 are 0.1 and 0.84, respectively, and SR
and MR, respectively, would be 3 and 0.51. Northridge 1994,
Parkfield 1966, andKobe 1995 groundmotions are used in this
example.The so-called earthquakes are scaled to PGA = 0.3 g
at rock outcropping. As shown in Figure 10, these seismic

events are adopted due to their difference in the frequency
contents at the period of 0.84 s. Note that adopted ground
motions are not scaled based on their response spectrum as
this assessment intends to examine the resonance effect on
the damper contribution as well.

Obviously, for a practical design, these ground motions
should be scaled based on an applicable code.

As suggested by Takahashi and Takemura [25], one of
the most important reported wharf damages was bending
moment on piles due to their large lateral drifts. Therefore,
in this example, drift of the middle pile is considered as
the response of the structure and is compared in different
cases. Figures 11–13 andTable 2 represent the obtained results.
It should be elaborated that the optimum stiffness of the
damper is estimated according to (1). It is clear that the
damper effectively reduced the response of the wharf and
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Figure 14: Spectral response accelerations of the considered ground motions.

Table 3: Validity of the optimization assumptions.

Earthquake event Earthquake intensity Maximum displacement ratio (MR) Maximum ductility ratio
Predicted Observed Predicted Observed

Northridge strong 0.51 0.51 6 5.7
Kobe Very strong 0.51 0.62 6 10.1
Parkfield weak 0.51 0.92 6 2.5

saved the piles from severe seismic-induced damages, regard-
less of the resonance condition.

It can be seen from Table 2 that, in the resonance
condition, that is, Northridge and Kobe events, the damper
effectively reduced both maximum and RMS responses, and
the reduction was mainly due to the energy dissipation
capability of the damper. However, in the case in which the
resonance has not occurred, that is, Parkfield earthquake, the
damper was able to reduce only the RMS response mainly
through stiffness increasing rather than energy dissipation.
This should be considered as the merit of yielding dampers
as these devices remain mainly elastic during service level
ground motions and localize damages and show noticeable
energy dissipation capabilities in the cases of design level
earthquakes. In Kobe earthquake, ground acceleration fre-
quencies are concentrated in a narrow band making the
earthquake very similar to a harmonic excitation with the
resonance frequency. Therefore, the damper sustained large
ductility demands during the Kobe groundmotion. However
this value is still in a safe range. Table 3 represents validity

of the optimization assumptions. Parkfield earthquake was
a very weak excitation for the considered wharf and is
excluded in Table 3. Note that intensities of the earthquakes
are evaluated based on their spectral acceleration spectra as
shown in Figure 14.

Obtained results indicate that the proposed technique is
accurate for design level earthquakes (Northridge earthquake
in this case). However the accuracy would be lost for very
weak and very strong ground motions.

Friction angle, density, and pore pressure ratio of the
backfill soil are assumed to be 30 degree, 1800 kg/m3, and
0.15, respectively. Dead and live loads on the backfill soil are
35 kN/m2. Moreover, thickness of the retaining wall is 0.8m.
As a result, the maximum slip force and rotational moment
on the wall would be 580 kN and 1110 kN⋅m per unit length
of the wall, respectively. As illustrated earlier in Figure 12, the
maximumdamper force in the case of design level earthquake
(Northridge earthquake) is only 200 kN for 5m length of the
wall, that is, 40 kN per unit length, and its corresponding
rotational moment is 140 kN⋅m per unit length. It is obvious
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Table 4: Ground motion records used in the optimization process.

Earthquake Station name Comp. Mag. PGA (𝑔) Source
Borrego mountain 04/09/68 El centro array #9 180 6.8 0.13 Usgs
Borrego mountain 04/09/68 El centro array #9 270 6.8 0.057 Usgs
Imperial valley 5/19/40 El centro array #9 180 7 0.313 Usgs
Imperial valley 5/19/40 El centro array #9 270 7 0.215 Usgs
Kern county 7/21/52 Taft lincoln school 021 7.4 0.156 Usgs
Kern county 7/21/52 Taft lincoln school 111 7.4 0.178 Usgs
San fernando 02/09/71 La hollywood stor lot 090 6.6 0.21 Usgs
San fernando 02/09/71 La hollywood stor lot 180 6.6 0.174 Usgs
San fernando 02/09/71 Lake hughes #4 111 6.6 0.192 Usgs
San fernando 02/09/71 Lake hughes #4 201 6.6 0.153 Usgs
Duzce 11/12/99 Lamont station 1062 N 7.1 0.114 Lamont
Duzce 11/12/99 Lamont station 1062 E 7.1 0.257 Lamont
Northridge 01/17/94 Canyon country-w lost canyon 000 6.7 0.41 Usc
Northridge 01/17/94 Canyon country-w lost canyon 0270 6.7 0.482 Usc
Northridge eq 1/17/94 Lakewood-del amo 000 6.7 0.137 Usc
Northridge eq 1/17/94 Lakewood-del amo 090 6.7 0.123 Usc
Parkfield 06/28/66 Cholame #5 085 6.1 0.442 Cdmg
Parkfield 06/28/66 Cholame #5 355 6.1 0.367 Cdmg
Manjil, Iran Station code: 18 ,-N66E 7.37 0.184 —
Manjil, Iran Station code: 18 ,-N24W 7.37 0.131 —

that the maximum damper force is much smaller than that
imposed from other sources.

If initial safety factor of the wall was assumed to be 1.5,
the reduced safety factor would be about 1.33. Therefore by
11% reduction in the initial safety factor of the retaining wall,
maximum response of the wharf would be decreased by 49%.
In other words, the proposed damper would shift the safety
factor from the retaining wall to the piles which are more
vulnerable elements. Again it should be clarified that different
forces are not necessarily in-phase, and the real reduced safety
factor of the wall would be larger than 1.33 and closer to its
initial value.

8. Conclusions

Through this study contribution of yielding damper
on reducing seismic-induced responses of pile-supported
wharves was examined. Different parameters of the proposed
yielding damper were also optimized. Obtained results
indicate that yielding damper can dissipate a considerable
portion of the input energy and effectively suppress pile
drifts and save them from serious damages during seismic
events. Yielding damper has a minor destructive effect on
the retaining wall, and selecting an appropriate value for
its yielding force is a crucial task. In general, it was shown
that the optimum parameters of the damper depend on the
retaining wall stability condition, period of the soil-wharf
system, and allowable maximum ductility ratio of the
damper.

As stated earlier, the damper would inevitably reduce
the safety factor of the retaining wall, but this reduction
is very small and can be neglected. For example, in the

presented numerical example, this reduction was about 11%,
and the reduction in response of the wharf was about 50%.
In other words, yielding dampers slightly reduce the safety
factor of the retaining wall, whereas effectively increase
safety factor of the piles which are much more vulnerable
to seismic excitations. It should be pointed out that the so-
called destructive effect would be smaller in the case of
higher retaining walls. The numerical example also indicates
that metallic yielding dampers can effectively suppress RMS
response of pile-supported wharves during any kind of
ground motion regardless of its intensity.

It should be noted that, according to the optimization
assumptions and damper placement, flexible wharves with
solid retaining walls are the best options for the presented
technique. This technique is not recommended for wharves
with weak retaining walls due to the used philosophy, that is,
shifting the safety factor from the wall to the wharf piles.

The authors would like to elaborate that there are still
some unanswered questions about the proposed technique
that call for further studies. For example, if the wall-soil
system behind the wharf was very soft, some of the adopted
optimization assumptionsmaynot be valid anymore. Besides,
as suggested during the paper, imposed damper force on the
retaining wall is out of phase with other forces, and this
feature can be formulated in other studies. Consideration
of this effect would decrease the destructive effect of the
proposed technique on the retaining wall.

Appendix

Ground motion records that were used in the optimization
process are presented in Table 4.
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