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ABSTRACT 

In the seismic design of quay walls, it is necessary to evaluate the deformation of the walls during 

earthquakes as well as the safety of structural members. However, conventional seismic design methods for 

sheet pile quay walls cannot accurately determine the degree of deformation. One reason for this is that 

conventional methods do not consider kinematic forces acting on an anchor pile due to the deformation of 

the ground. This study proposes a simplified estimation method for anchor pile deformation under the 

influence of kinematic forces. The results of two-dimensional finite element analysis reveal that anchor pile 

deformation involves rotational and translational components caused by the kinematic forces, which the 

conventional methods do not consider. The deformation of the anchor pile caused by kinematic forces was 

30%–40% of the total deformation at the pile head. It was clarified that unlike horizontally stratified 

ground, shear stress is generated in the ground before an earthquake resulting in the kinematic force 

acting on the anchor pile during the earthquake. Furthermore, a simplified method for estimating the 

deformation of the anchor pile under kinematic forces that uses one-dimensional seismic response analysis 

considering the predicted shear stress based on a theoretical equation is proposed. It was demonstrated 

that the proposed method accurately reproduces the anchor pile deformation. 

Keywords-sheet pile quay wall; seismic design; finite element analysis; anchor pile; kinematic force 

I. INTRODUCTION  

In the seismic design of structures, the seismic safety of 
structural members is the main focus of the assessment [1, 2]. 
Quay walls are a major part of port facilities, and are 
constructed on soft ground in coastal areas. In the event of an 
earthquake, seaward deformation of the quay walls can occur, 
which may interfere with the use of berths, even if the 
structural members are safe [3–6]. Therefore, in seismic design 
of quay walls, it is necessary to evaluate the degree of 
deformation of the quay wall with high accuracy. A sheet pile 
quay wall is a structure that is often constructed in quite soft 
ground. In areas where significant ground motions can occur, 
an anchor pile is often driven into the ground at a position away 
from the sheet pile to resist seismic forces. Conventional 
seismic design of anchor piles generally only considers tie rod 
tension and subgrade reaction as loads acting on the anchor 
piles [1]. Although this conventional method has been effective 
for designing safe cross-sections of piles to resist seismic 
forces, it predicts the deformation degree with low accuracy [7, 

8]. Various studies have shown that two-dimensional (2D) 
Finite Element Analysis (FEA) can accurately reproduce the 
seismic deformation of quay walls [9–18]. However, 2D FEA 
is not a standard technique in design practice, due to its large 
computational burden. One reason for the low deformation 
calculation accuracy by the conventional method is because it 
does not consider the force generated by the deformation of the 
ground (kinematic force). Both inertial and kinematic forces act 
against a sheet pile quay wall during earthquakes [19–21]. 
However, the conventional method only considers inertial 
forces, such as hydrostatic and seismic earth pressure. 
Although several studies have been conducted on applying 
kinematic force to seismic design of piles [22–24], they 
focused on piles driven into horizontally stratified ground. To 
date, no studies have been conducted on piles under kinematic 
forces installed in uneven ground, such as that behind a sheet 
pile wall. This study proposes a simplified estimation method 
for the deformation of the anchor pile during earthquakes by 
kinematic forces. First, deformation of the anchor pile of a 
sheet pile quay wall was evaluated using 2D FEA. The bending 
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deformation of the anchor pile was calculated based on its 
curvature. By subtracting the bending deformation from the 
deformation of the anchor pile, its deformation due to 
kinematic forces was obtained. Because the ground in front of 
the anchor pile is not horizontally stratified, but irregular, shear 
stress is generated in this area before an earthquake and 
residual deformation occurs in the quay wall during the 
earthquake. We clarified that this is responsible for the 
kinematic force acting on the anchor pile during an earthquake. 
This paper proposes a simplified estimation method for the 
deformation of an anchor pile by kinematic forces. The method 
applies one-dimensional (1D) seismic response analysis 
considering an initial shear stress distribution in the ground 
predicted by a theoretical equation.  

II. CONVENTIONAL SEISMIC DESIGN METHOD 

FOR ANCHOR PILES 

The conventional method [1] assumes that an active failure 
region is generated behind the sheet pile and a passive failure 
region in front of the anchor pile. These regions are 
independent and do not affect each other (Figure 1). Here, each 
region is determined based on the seismic earth pressure by 
Mononobe-Okabe theory [25]. The anchor pile is located at the 
point where the active failure line is generated behind the sheet 
pile at the seabed level, which intersects the passive failure line 
generated in front of the anchor pile at ���/3 below the tie rod 
mounting height, where ��� is the depth at which the bending 
moment of the anchor pile first becomes zero below the tie rod 
mounting height according to the Winkler foundation model. 
By installing the pile at this position, the conventional method 
assumes that the pile is embedded in horizontally stratified 
ground. Figure 2 shows the application method of the Winkler 
foundation model to the anchor pile. By applying the tie rod 
tension as a concentrated load and the subgrade reaction as a 
distributed load, the deformation magnitude and the cross-
sectional force of the pile are calculated by solving the 
differential equation (1). Since the elongation of the tie rod is 
negligible, the deformation of the anchor pile is assumed to be 
equal to that of the quay wall. 

�� ���
�	�  =  −
�    (1) 

where �� is the flexural rigidity of the pile, � is the depth, � is 
the lateral displacement of the pile at depth �, � is the subgrade 
reaction, and 
 is the pile width. 

 

 
Fig. 1.  Profile of the studied sheet pile quay wall. Note: values in 

parentheses are the ones for water depth of 5.5m, EL: elevation. 

 
Fig. 2.  Forces applied to the pile. 

The nonlinear load–displacement relationship of a pile is 
often modeled considering the nonlinear characteristics of the 
soil [26−28]. A nonlinear relationship between �  and �  is 
considered based on experimental test results as follows [1]: 

� =  ����.�     (2) 

� =  �����.�     (3) 

where ��  and ��  are the Subgrade Reaction Modulus (SRM) 
values for S-type and C-type ground, respectively. The ground 
is classified as S-type when the N-values obtained from the 
standard penetration test increase with increasing depth and as 
C-type when the N-value is independent of the depth. The 
current study used (2), assuming C-type of ground. The SRM is 
often considered to be dependent on the foundation width [29, 
30], however, in the design of anchor piles, this dependence is 
ignored [1]. 

III. METHODS 

Two sheet pile quay wall profiles designed according to [1] 
were used. As shown in Figure 1, the water depths were −5.5 
and −11.0m, and the seismic coefficients were 0.10 and 0.15, 
respectively. The elevation of the ground surface was 4.0m. 
These values were set considering typical values used in design 
practice. Tables I and II list the ground conditions and 
dimensions of the structural members. The natural period of the 
ground was set to 0.8s for both ground conditions based on the 
values typically observed in the field. This study applied the 
FEA code FLIP [31], which is widely used for evaluating the 
seismic response of port facilities. Accurate reproduction of the 
seismic responses of various quay walls and grounds has been 
demonstrated using this code [32–34]. The code includes the 
multi-spring model for the ground [35] which considers the 
ground response under principal stress axis rotation. The 
nonlinear characteristics of the soil were modeled using the 
hyperbolic model [36] and (4) and (5). The hyperbolic model 
shows a substantial damping coefficient compared with the 
experimental result in the large shear strain range. Thus, the 
code modifies the hysteresis curve to reduce the area of the 
hysteresis loop compared to that given by the Masing rule [37] 
to prevent the damping coefficient from exceeding the 
maximum value, as shown in Table I [38]. The shear modulus 
of the soil was assumed to be dependent on the effective 
confining stress, as shown in (6). 

� =  ��
(��� �

���)
     (4) 
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 !  =  "#$ %&' (
�      (5) 

) =  )�*( "+$
"+$,

)�-     (6) 

where )  is the shear modulus (kN/m
2
), �  is the shear stress 

(kN/m
2
),   is the shear strain,  !  is the reference shear strain, 

.′� is the effective confining stress (kN/m
2
), 01 is a parameter 

indicating the dependency on the confining pressure and 

01 = 0.5 in based on [39]. The standard method for setting the 

parameters of the soil properties in [40] was followed in the 
present analysis. The effects of liquefaction were neglected. 

TABLE I.  GROUND CONDITION  

Soil 
2 

(t/m3) 

345 

(kN/m2) 

6′45 

(kN/m2) 

7 

(°) 

Backfill sand 2.0 58300 89.8 38 

Soil 1 2.0 72200 198.5 39 

Soil 2 2.0 125000 279.2 39 

Backfill stone 2.0 101250 98 40 

Wall friction 

angle (°) 

In front of the wall: 8 = 15 

Behind the wall: 8 = 0 

Common physical 

properties  

ℎ�*: = 0.24, ;< = 2200000 kN/m2 

= = 0.33 

> is the saturated unit weight, )�* is the reference shear modulus,  .′�* is the reference average 

effective confining stress, ? is the shear resistance angle, ℎ�*: is the maximum damping 

coefficient, ;< is the bulk modulus of pore water, = is the Poisson’s ratio. 

TABLE II.  DIMENSIONS OF THE STRUCTURAL MEMBERS 

Water  

depth 

(m) 

Sheet pile Tie rod 

Depth of 

embedment 

(m) 

Moment of 

inertia of area 

(m4/m) 

Area 

(m2/m) 

Length 

(m) 

−5.5 −11.8 0.000104 0.00063 13.5 

−11.0 −20.1 0.000791 0.00128 18.9 

 

Water  

depth 

(m) 

Anchor pile 

Pile length 

(m) 

Are moment of inertia 

(m4/m) 

−5.5 14.2 0.000304 

−11.0 12.5 0.000516 

Elastic modulus of all structural members is 200kN/mm2 

 

Sheet pile, anchor pile, and tie rod were modeled as linear 
beam elements. A thin steel-pipe pile was used as the anchor 
pile. Viscos boundaries were applied to both bottom and side 
boundaries. A bi-linear joint element was applied to the 
boundary between the wall (i.e. sheet pile and capping beam of 
the anchor pile) and the soil to consider wall friction. The 
friction between the tie rod and the soil was neglected. As the 
current study used 2D analysis, special care was required in 
setting the boundary conditions between the anchor pile and the 
surrounding soil. The 3D effect at the boundary between the 
soil and the pile was considered using a soil spring element 

[41]. The soil spring force �@A  calculated using (7) is 

proportional to the ratio of the increments of shear stress to 

shear strain of the soil (B� B ⁄ ), where the coefficients DA and 

EA  were selected according to the diameter and installation 

interval of the pile: 

�@A  =  FG�H
IG��     (7) 

Figure 3 shows the FE mesh around the quay wall that was 
used in the calculations of water depth −5.5m as an example. 
The FE model had a horizontal length of 310m. The mesh 
height was set to transmit seismic waves up to 15Hz. Two 
ground motions were used in the calculations: the Hachinohe 
wave and the Iwakuni wave. These ground motions were 
calculated using seismic hazard analysis considering the 
source, path, and site amplification characteristics at the 
Hachinohe Port and Iwakuni Port, Japan, with a return period 
of 75 years [42]. The site amplification characteristics 
considered here are the ones due to shallow and deep 
subsurfaces [43–45]. Figure 4 shows the time history 
waveforms for the two ground motions. The maximum 
acceleration values were 1.0 and 1.5m/s

2
 for the Hachinohe 

wave and the Iwakuni wave, respectively. The predominant 
frequency ranges are different between the Hachinohe and 
Iwakuni waves. The Hachinohe wave is dominated by low 
frequencies in the range of 0.4–1.5Hz, whereas the Iwakuni 
wave is dominated by high frequencies around 4.0Hz. 

 

 

Fig. 3.  FE mesh. 

 

 
Fig. 4.  Ground motion. 

IV. RESULTS AND DISCUSSION 

A. Effect of the Kinematic Force on the Deformation of 
Anchor Piles 

Figure 5 presents the residual displacement of the anchor 
pile calculated using FEA and the conventional method. The 
displacement of the anchor pile using the conventional method 
assumed the abovementioned nonlinear relationship between 
the pile displacement and subgrade reaction. The tie rod tensile 
force was set to the residual tensile force of the tie rod 
calculated by FEA, as shown in Table III. 
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(a)  

 

(b) 
 

 

 

Fig. 5.  Displacement of an anchor pile. Water depth (a) -5.5m, (b) -11.0m. 

TABLE III.  RESIDUAL TENSILE FORCE OF A TIE ROD 

Water depth (m) Hachinohe wave (kN) Iwakuni wave (kN) 

−5.5 216 185 

−11.0 349 300 

 

It is seen that the Hachinohe wave left larger displacements 
than the Iwakuni wave. The explanation is that the Hachinohe 
wave is dominated by the low frequency range, which has a 
large influence on ground deformation, while the Iwakuni wave 
is dominated by the high frequency range, which has a little 
influence on the ground deformation. The bending deformation 
was calculated using FEA by double integration of the residual 
curvature of the anchor pile when both the translation and 
rotation angles were zero at the pile tip. Translation and 
rotation were obtained by subtracting the bending deformation 
from the residual displacement. Translation and rotation at the 

pile head were 30%–40% of the residual displacement, which 
cannot be neglected. The translational and rotational 
displacements are due to the kinematic force. No study has 
shown explicitly that the displacement of anchor pile includes 
three components, i.e. translation, rotation, and bending 
deformation, however, it can be confirmed by model 
experimental results [13] and analytical results [8] that the 
displacement of anchor pile includes components other than 
bending deformation. 

In contrast, the conventional method assumes that the 
anchor pile is restrained by the ground at its base and cannot 
deform, so its deformation is only the bending deformation. 
The kinematic force is not considered in the conventional 
method, which contributes to its low estimation accuracy for 
the deformation degree of the anchor piles. Several studies 
estimated the amount of the anchor pile displacement assuming 
the occurrence of a slip line in the ground passing through the 
lower end of the anchor pile [15, 46]. However, it has been 
pointed out that the technique underestimates the displacement 
amount of the anchor pile [15]. To accurately calculate the 
displacement amount of the anchor pile, it is required to 
evaluate the kinematic force appropriately. When the degrees 
of bending deformation calculated by FEA and the 
conventional method are compared, the depth at which the 
bending deformation begins to increase greatly differs. 
Therefore, in the case of a Hachinohe wave applied to a quay 
wall with a water depth of −11m, the deformation at the pile 
head obtained by the conventional method is much smaller than 
that calculated by FEA. This difference is attributed to the 
differences in the resistive properties of the ground in front of 
the anchor pile assumed by the two methods. 

B. Origins of the Kinematic Force 

Sheet pile quay walls have a heterogeneous geometry, 
resulting in shear stresses being generated over a wide area of 
the nearby ground. Figure 6 shows a contour map of the initial 
shear stress. The initial shear stress above the seabed level is 
small in the active area behind the sheet pile and large in other 
areas between the sheet pile and the anchor pile. The initial 
shear stress below the seabed level is generated over a wide 
area around the sheet pile quay wall. For this reason, the shear 
stress of the ground fluctuates around the initial shear stress 
value, rather than zero, at the time of the earthquake. This leads 
to the generation of considerable shear strain during an 
earthquake due to the nonlinearity of the soil, which can result 
in significant residual ground deformation. To examine the 
influence of the initial shear stress on the residual deformation 
of the soil, 1D nonlinear seismic response analysis of the 
ground was performed by applying the initial shear stress 
extracted from the 2D FEA, where the initial shear stress refers 
to that at the positions shown in the red column in Figure 6. 
This is because the 1D analysis should use the initial shear 
stress free from the effects of the displacement of the anchor 
pile, and the large initial shear stress that causes soil 
deformation. As a reference, 1D analysis without the initial 
shear stress was also performed. Figure 7 compares the residual 
displacements of 1D analysis and 2D FEA results. In the case 
of the 2D FEA results, the translational and rotational 
displacements shown in Figure 5 are illustrated. As expected, 
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1D analysis without the initial shear stress resulted in almost no 
residual displacement, while 1D analysis with the initial shear 
stress resulted in a larger seaward residual displacement. 
Hence, the initial stress was found to act as implicit lateral 
force acting on the ground. The displacements determined by 
1D analysis with the initial shear stress agreed well with those 
calculated by the 2D FEA. 

 

(a) 

 

(b) 

 

Fig. 6.  Contour map of the initial stress, water depth:(a) -5.5m, (b) -11m. 

(a) 

 

(b) 

 

 

Fig. 7.  Comparison of displacements. Water depth:(a) -5.5m, (b) -11m. 

C. A Simplified Estimation Method of Anchor Pile 
Deformation under Kinematic Force 

A simplified method for estimating the deformation of 
anchor piles under kinematic force is proposed in this paper, 
which does not require reference to the results of 2D FEA. 
Since a wharf constitutes irregular ground, the effective weight 
at the same depth is different in the ground at the front and the 
back of the sheet pile wall. Thus, shear stress is generated in 
the ground. An equation for calculating the ground shear stress 
when a distributed load is applied, based on Boussinesq's 
equation [47], is presented here. The simplified estimation 
method calculates the shear stress in the ground using the 
effective weight of the ground as a distributed load based on 
(8)-(10) and Figure 8. 

�:	(y)  =  K �L
MN

	
� cos 2D�(S)BS −  K �L

MN
	TU

� cos 2DMBS (8) 

D�(z) =  − tanT� Z[
	T\     (9) 

DM(z) =  tanT� Z]
	TUT\     (10) 

where  �  is the unit weight of the ground (kN/m
3
), S  is the 

depth (m), D� and DM are the angles between the vertical line 
and the line connecting the estimation position and the edge of 
the distributed load (°), ^  is the wall height (m), _`  is the 
distance between the sheet pile wall and the anchor pile (m), 
and _Z  is the distance from the sheet pile wall to the 
intersection of the passive failure line generated at the bottom 
of the sheet pile meets the seabed (m). The passive failure 
angle is 17° based on the Coulomb passive earth pressure. 

 

 
Fig. 8.  Schematic diagram of the simplified estimation method for shear 

stress.  

The first and second terms on the right side of (8) are the 
shear stress due to the effective weight of the ground behind 
and in front of the sheet pile wall, respectively. The range of 
the distributed load behind the sheet pile wall was determined 
from the wall to the anchor pile as the range where large shear 
stresses are generated (based on 2D FEA results). The range of 
the distributed load in front of the sheet pile wall is defined by 
the width of the passive failure region generated at the bottom 
of the sheet pile wall. This is assumed to be the region that 
mainly affects the shear stress. Since the simplified estimation 
method does not consider active failure regions behind the 
wall, the shear stress is maximum at the wall position, which 
was thus used to calculate the shear stress in the proposed 
estimation method. 

Translation and rotation by 2D FEA

Displacement by 1D analysis with initial stress

Displacement by 1D analysis without initial stress
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(a) 

 

(b) 

 

 

Fig. 9.  Comparison of the shear stress. Water depth:(a) -5.5m, (b) -11m. 

(a) 

  

(b) 

  

 

Fig. 10.  Comparison of the displacements under various conditions. Water 

depth:(a) -5.5m, (b) -11m. Left: Hachinohe wave, right: Iwakuni wave. 

Figure 9 compares the shear stress estimated by the 
simplified method and that shown in Figure 6. Although the 
method somewhat overestimates the shear stress near the 
seabed, it generally reproduced the shear stress distribution 
obtained by the 2D FEA from the ground surface to the seabed. 
At depths below the seabed, the shear stress determined by 2D 

FEA decreased from the seabed to a position slightly deeper 
than the sheet pile bottom and increased at deeper depths, 
whereas the shear stress determined by the simplified 
estimation method decreased monotonically below the seabed. 
However, it is assumed that the shear stress below the seabed 
has no significant effect on the degree of deformation of the 
anchor pile. The deformation obtained using the 1D simplified 
estimation method and the translational and rotational 
deformation of the anchor pile obtained by 2D FEA are 
compared in Figure 10. Although the deformation obtained by 
the simplified estimation method is a little larger than that 
obtained by the 2D FEA at the pile head, the results are in 
accordance in general. Therefore, the simplified estimation 
method is considered an effective method for estimating the 
degree of deformation of the anchor piles under kinematic 
forces. 

V. CONCLUSIONS 

This study investigated the effect of kinematic forces on the 
deformation of the anchor pile of a sheet pile quay wall. The 
main conclusions drawn from the current study are: 

 The deformation of the anchor pile due to the kinematic 
forces is 30%–40% of the total deformation at the pile head, 
which is a non-negligible amount. Therefore, the low 
accuracy of the deformation obtained by the conventional 
method is attributed to the fact that it only considers inertial 
and not kinematic forces.  

 Shear stress is generated in the ground between the sheet 
pile and the anchor pile before an earthquake due to the 
irregular shape of the quay wall. This initial shear stress 
results in large shear deformation of the ground during an 
earthquake, resulting in kinematic forces acting on the 
anchor pile. 

 A simplified method was proposed for estimating the shear 
stresses generated in the ground around the sheet pile quay 
wall and the deformation of the anchor pile under kinematic 
forces, without reference to the 2D FEA results. It was 
demonstrated that the simplified estimation method 
effectively reproduces the 2D FEA results, but with a much 
lower computational effort. Therefore, this strategy is 
useful for evaluating the deformation of anchor piles under 
kinematic force. 
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