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ABSTRACT 
Construction of seawalls along coastal lines is one of the most effective countermeasures to mitigate tsunami disaster. A 
seawall constructed for this purpose is expected to survive seismic ground shaking, which often come to the site prior to 
the tsunami. Thus, the seismic design of the seawalls shall be discussed from the viewpoint of the seismic performance to 
prevent tsunami inundation at the site. 
 
The difficulties in PBD in practice are often found in the process to define the performance criteria. In other word, the trade-
off relationship between the cost and the expected seismic performance is the critical issue in practice. In order to mitigate 
future tsunami disaster, the expected seismic performance of seawalls shall be defined by the allowable displacement 
related to the expected tsunami height. The possibility of tsunami inundation due to the possible damage to the seawalls 
is the key issue. 
 
In this paper, a scheme to define the performance criteria of seawalls from the viewpoint of tsunami disaster mitigation 
was introduced. The allowable level of displacement of seawalls, for both horizontal displacement and vertical 
displacement (settlement), were discussed with a review of the damage case histories of seawalls in Japan. Especially, 
the allowable horizontal displacement was examined in detail from the viewpoint of the possible gap between consecutive 
concrete blocks of seawalls. Then, a design example with the proposed scheme was briefly introduced.  
 
Appropriate construction of seawalls along coastal lines is a quite effective process to mitigate tsunami disaster, especially 
for densely populated residential areas and for the areas around important facilities, such as a factory with hazardous 
material. The proposed scheme for the definition of the performance criteria of seawalls and the design example may be 
a useful reference for the future construction of coastal protection facilities in the world. 
 
 
 
1 INTORODUCTION 
 
In southern coastal area of Japan, another huge 

earthquake (Mw8～9) is anticipated, with more than 70 % 

of probability of occurrence in the following 30 years. 
Therefore, tsunami countermeasures have been quite an 
important issue. In the consideration of tsunami 
countermeasures, seismic performance of port structures 
and coastal structures are quite important. 
 
1.1 Performance criteria for port/coastal structures in 

Japan 
 
There is a design guideline against tsunami for 
breakwaters which may be affected by future tsunamis. 
Thus, the design of these breakwaters consider the effect 
of tsunami following the guideline. (Ports and Harbours 
Bureau, Ministry of Land, Infrastructure, Transport and 
Tourism Japan, 2013) For quay walls, there is no 
consideration of tsunami in design. However, for quay walls 
expected to be used for emergency purposes, seismic 

performance evaluation based on the residual deformation 
after the future level-II earthquake is requested in current 
design standard for Japanese port structures. Note the 
level-II earthquake is defined as the earthquake to give the 
maximum level of strong shaking at the site in future.  

In Japanese design standard for coastal structures, 
based on the experiences of the 2011 earthquake disaster 
in eastern Japan, the residual height of structures are 
expected to be higher than the expected tsunami height for 
the case of a tsunami hazard. However, there is no 
discussion on the performance criteria on horizontal 
displacement of structures. 
 
1.2 Need to improve the criteria for sea walls  
 
In some damage case histories in the 1995 Hyogoken-
nanbu earthquake, the residual effective height of coastal 
structures substantially decreased by the residual 
horizontal displacement of structures. This is because the 
observed displacements were quite large: 2 to 3 meters in 
average. Thus, it is important to discuss the performance 



 

criteria on horizontal displacement of coastal structures. 
From this viewpoint, the damage case histories in the 1995 
Hyogoken-nanbu earthquake were investigated in detail. 
Then, performance criteria on residual horizontal 
displacement of sea walls were proposed. Additionally, the 
design flow and an example design case with the proposed 
criteria is shown in this paper. 
 
 
2 PERFORMANCE CRITERIAL FOR SEA WALLS  
 
2.1 Observation of substantial settlement in sea walls  
 
The damage in Kobe Port in 1995 Hyogoken-nanbu 
earthquake provides the most detailed field survey of the 
damage to port structures in Japan (Inatomi et al. 1997). 
Fig.1 shows examples of damage in Kobe Port. In Fig.1(a), 
the settlement of the coastal protection line (top of 
structures) was induced by the horizontal movement of 
structure. The observed horizontal displacements were not 
uniform, and gaps between adjacent blocks were 
observed. Therefore, the height of structures was not 
maintained, and the height of structure decreased 
substantially to the lower height indicated by the red arrows 
in the figure. In case of a tsunami, even if the concrete 
block can sustain stability against the tsunami wave forces, 
tsunami inundation may be observed from the low points 

indicated by red allows．  

On the other hand, Fig.1(b) shows a case with 
horizontal movement of structure. From the field survey 
report (Kobe-city 1998), 15 to 44 cm of residual horizontal 
displacement were observed at the structure. The gaps 
between concrete blocks were small, and continuity of the 
coastal protection function were maintained. Thus, there 
were no substantial height decrease due to horizontal 
movement of structures. In short, we can say that tsunami 
inundation may be stopped if relative displacements and 
heights between adjacent blocks is limited.  

The difference of the coastal protection performance of 
sea walls shown in Fig.1(a) and (b) come from the 
difference in the continuity of the structure height. The 
continuity of the structure height also depends on the 
magnitude of the observed horizontal displacement of 
structures. Thus, for the implementation of PBD for sea 
walls, performance criteria on residual horizontal 
displacement may be necessary.  
 
2.2 Damage case histories in 1995 Kobe earthquake  
 
The damage case histories in 1995 Hyogoken-nanbu 
Earthquake are reported in detail (Inatomi et al. 1997). 
However, the damage report are classified into two 
categories.  

One is the report for concrete caisson-type quay walls, 
and the observed horizontal displacements of the concrete 
caisson are shown one by one, as shown in Fig.2. The 
other is the report for various types of structures, including 
small quay walls made by L-shaped block or stacked 
concrete square blocks. In this type of report, the observed 
horizontal displacements are shown in a roughly 20 m 
interval as shown in Fig. 3. 

 

 
 
 
 
 
 
 
 

 
(a)With substantial              (b)No substantial 

settlement      settlement 
(Kobe-city.1998)  (Inatomi et al. 1997) 
 
Fig.1 Damage examples in 1995 Hyogoken-nanbu 

earthquake with/without substantial settlement 
 due to horizontal displacement 

 
First, with the former type of report, the maximum gaps in 
horizontal displacement along the face line of facilities were 
examined. The results are summarized in Fig. 4, showing 
x-axis as the maximum horizontal displacement dmax and y-
axis as the maximum gap between subsequent caissons, 
emax. Note the caissons at the both ends of faceline are 
eliminated because the observed displacement at the both 
end are quite large. From Fig. 4, for most of the cases, emax 
< 0.5 dmax. 

Then, the reports with the observed displacement at 20 
m intervals were examined. The summary of maximum 
horizontal displacement and differences of the observed 
displacement at the subsequent point of measurement 
(roughly 20 m interval) is shown in Fig.5. Note the record 
at the end of facilities are eliminated in Fig. 5 as well. 

Some plots of collapsed or submerged facilities are 
above the emax = 0.5 dmax line. The observed damage to 
small size facilities are included in the plots shown in Fig. 
5, and these smaller facilities tend to be collapsed or 
submerged more easily than the facilities with concrete 
caissons. There is only one case (shown in blue dotted 
line) above the emax = 0.5 dmax line for the facilities not 
collapsed or submerged. This was a stacked concrete 
square block-type facility, and no gaps between 
subsequent blocks were observed. In short, the type of this 
facility is quite different from other normal type of facilities, 
and this case should be regarded as an exception. Thus, 
even though there is one exception, the maximum gap 
between subsequent observation points is no more than 
the half of the maximum horizontal displacement for 
facilities in a port. 
 
 
2.3 Proposal of the criteria on horizontal displacement 
 
The conditions to avoid the gap occurrence between 
subsequent concrete block as shown in Fig.1(a) and to 
maintain the substantial height of the facility can be 
summarized as shown in Fig. 6: the thickness of concrete 
wall W shall be larger than the difference between 
horizontal displacement in subsequent block: emax ( W > 
emax ). Additionally, with the observed relationship between 
the maximum horizontal displacement and the maximum 
gap of subsequent blocks: emax < 0.5 dmax, the requirement 
for wall thickness can be given as w > 0.5 dmax. However,  



 

 
 

as shown in Fig. 6, some plots for collapsed or submerged 
facilities are above the emax = 0.5 dmax line. These facilities 
have the maximum horizontal displacement of 1.5 m or 
more. Thus, the above proposal is valid for the facilities 
which will not be collapsed or submerged, and the validity 
of the proposal can be checked by the estimated 

 
 
displacement is less than about 1.5 m. 

As a summary, the proposal of the criteria for horizontal 
displacement is as follows. 

     dmax≦2 W     (1) 

and dmax < about 1.5 m   (2) 
 

Fig.2 Observation of the displacement of each caisson in the report 

Fig.3 Observation on the displacement (roughly 20 m interval) in the report 

Fig.5 Relationship 
between the maximum 
displacement and the 

observed maximum gap 
(20 m interval) 

Fig.4 Relationship 
between the maximum 
displacement and the 

observed maximum gap  
(caisson walls) 

Fig. 6 The condition for 
tolerable settlement in 

wall height 



 

3 DESIGN FLOW WITH THE PROPOSED CRITERIA  
 
Accurate estimation of the horizontal displacement of the 
sea wall is necessary to apply the proposed criteria in 
design practice. Especially, the estimated displacement is 
necessary to determine the wall thickness, and the 
estimation of the displacement shall be done in the first 
step of the design process. Thus, the authors propose a 
design flow shown in Fig. 7. The main features of the 
design flow can be summarized as follows. 
(1) Numerical deformation analysis of the ground is used 

to assess the seismic performance of sea walls and to 
obtain seismic induced horizontal displacement. 

(2) The design process of concrete wall (d) follows the 
process of the deformation analysis of the ground. 

(3) The effect of ground improvement is confirmed (c) 
before the design process of concrete wall (d). Here, the 
verification of the design shall be done with the results of 
validation boring results.  

 
 
4 DESIGN EXAMPLE WITH THE PROPOSED 

CRITERIA  
 
The confirmation of the effect of ground improvement can 
be omitted if it can be shown that the soil improvement 
method is sufficiently reliable. However, the consideration 
of the ground improvement effect may decrease the 
construction cost by potentially altering the thickness of 
concrete walls. A design example of seawalls with the 
proposed criteria and design flow is summarized. This 
project is in Port of Muya, Tokushima, Japan, organized by 
the Port and Airport Department, Shikoku Regional 
Development Bureau, Ministry of Land, Infrastructure and 
Transport and Tourism. 
 
4.1 Objective of the project  
 
The seawall were constructed after the storm surge by the 
2nd Muroto Typhoon (Nancy) in 1961. The facility is 
deteriorating 50 years after its construction. The objective 
of the project is defined as "prevention of severe damage 
to daily life and economic activities in backyard area 
against future storm surge or tsunami by the renewal of the 
coastal facilities". 
 
4.1.1 Performance objective 
Expected seismic performance of the sea wall is defined as 
the serviceability of the facility against tsunami. In other 
word, "the sea wall can protect the backyard from future 
tsunami". 
 
4.1.2 Performance criteria  
The following two criteria is given to the sea wall. 

• Displacement shall be less than the allowable 
displacement against tsunami. 

• The facility shall be structurally stable. Collapse or 
slippage failure should not be observed. 

 

 
 

Fig. 7 Design flow with the proposed criteria 
 
 
4.1.3 Allowable displacement  
Allowable displacement is given as the following 2 points. 

• Residual vertical displacement after the earthquake: 
The height of the wall shall be higher than the tsunami 
height. 

• Residual horizontal displacement after the earth-
quake: As proposed in this paper, horizontal maxi-
mum displacement shall be less than a half of the wall 

thickness ( dmax ≦ 2 W ) and less than about 1.5 m 

( dmax ≦ 1.5 m ). 

 
 



 

4.2 Design condition  
 
4.2.1 Design earthquake motion 
Design earthquake is the possible future tsunami 
earthquake: Tonankai-Nankai earthquake (Mw=8.4) at the 
southern sea of Japan. The ground motions at the seismic 
bedrock are estimated by statistical Green's function 
method (Kamae et al. 1991). Then, the ground motion at 
the engineering bedrock are given by the correction of site 
amplification factor (Nagao et al. 2007). Fig. 8 shows the 
ground motion at the outcrop engineering bedrock.  Note 
that the tectonic movement at the site in case of the 
earthquake anticipates additional settlement of 0.7 m. 
 

 
 

Fig. 8 Design input motion at the bedrock 
 

4.2.2 Design tsunami 
Design tsunami is the tsunami induced by the above-
mentioned earthquake. Tsunami height were estimated by 
numerical hydraulic simulations with 2 cases of tsunami 
sources (anticipated Tonankai-Nankai earthquake and 
previous Ansei-Nankai earthquake M = 8.4). Then, the 
higher tsunami height was selected as the anticipated 
tsunami height: C.D.L. +3.87 m. 
 
4.3 Design example  
 
The sea wall shown in Fig. 9 is the target of the renewal. 
There were original sandy soil deposit (SPT N values of 
around 10), and reclamation with loose sand (SPT N 
values of 1 to 5). There were no compaction on these 
subsurface layers, and there are high susceptibility of 
liquefaction in case of earthquake. A concrete gravity-type 
sea wall with the wall height of C.D.L.+4.248 m were placed 
on these subsurface layers. 
 
4.3.1 Evaluation of existing facilities 
Fig. 10 shows the deformation of the sea wall obtained as 
the result of numerical dynamic analysis. A computer 
program (FLIP ROSE) with strain-space soil model (multi-
spring element) was used in the analysis (Iai et al. 1990; 
FLIP Consortium, 2017). The computed displacements are 
0.04 m in vertical (settlement) and 1.09 m in horizontal 
(toward sea-side). The mechanism of computed 
deformation of the sea wall is the liquefaction of sandy soil 
layer. Thus, additional settlement of 0.14 m due to 
dissipation of pore water was anticipated. The wall height 
after the earthquake is C.D.L.+3.368 m, and tsunami will 
inundate to the backyard since the anticipated tsunami 
height is C.D.L.+3.87 m. Therefore, increase of wall height 
is necessary. 

Furthermore, following consequences are anticipated 
by the computed deformation of the ground shown in 
Fig.10. 

• Significant slope failure may occur in the sea bottom 
slope, since the occurrence of liquefaction is 
anticipated. It implies the loss of the bearing capacity 
in foundation layers.  

• Residual inclination of rubble slope in front of the sea 
wall is 43.7 degrees, which is larger than the angle of 
repose (40 degrees). Thus, slope failure at the rubble 
slope is also anticipated. 

 
Fig. 9 Cross section of the sea wall 

 (before improvement) 
 

 

 
 

Fig. 10 Computed deformation of the wall  
(before improvement) (strain is shown in decimal) 

 



 

• Successive failures: loss of bearing capacity at the 
sea bottom, slope failure at rubble slope in front of the 
wall, and overturning of walls may happen. However, 
these type of failures cannot be simulated adequately 
by the current FEM analysis. 

Thus, improvement of the ground is necessary. 
Furthermore, the result of the analysis clarified the 
necessity to check the stability of the rubble slope. Thus, 
one more criterion to consider the stability of rubble slope 
was considered in the design process. The added criteria 
is as follows 

• The residual slope angle of sea side rubble slope after 
the earthquake do not exceed the angle of repose: 40 
degree. 

 
4.3.2 Design of ground improvement 
The main reason of the estimated deformation of the sea 
wall is the liquefaction in the sandy layers. Thus, ground 
improvement of sandy layers may be effective to restrain 
the possible deformation. 

Although there are various types of ground 
improvement methods, the methods with injection of 
cement or chemical agent cannot be applied at the site. 
The construction site is a commercial fishing area, and 
these methods cannot be accepted. There are regulations 
of noise and vibration at the site, and some type of methods 
such as rod compaction cannot be used. Thus, static 
injection-type compaction methods such as the Silent type 
Sand Compaction Pile (SCP) method and Compaction 
Grouting (CPG) method were used. Silent type SCP 
method was applied to the sea bottom sandy soil to 
mitigate the deformation of the ground, and CPG method 
was applied just beneath the existing sea wall structures to 
prevent the collapse of the structure. 
 
4.3.2.1 Ground improvement at the sea bottom slope 
The area of the ground improvement by silent type SCP 
method is shown in Fig.11. Silent type SCP method can be 
done by specially-designed working ships. However, the 
ship cannot approach the area of shallow water depth, and 
there is a limitation of the improvement area from the 
limitation of water depth. Instead of the ground 
improvement to the area close to the seawall, additional 
rubble slopes were constructed to give larger confining 
stress to the ground, and to maintain the small slope angle 
for the rubble slope. The computed deformation for the sea 
wall after the installation of silent type SCP method is 
shown in Fig.12. The liquefaction of the ground is mitigated 
and observed shear strain of the ground is reduced. The 
result satisfy all the performance criteria. 
 
4.3.2.2 Ground improvement beneath the wall 
CPG method is applicable for narrow areas since the 
machine is so small. Thus, CPG method is chosen as the 
method to improve the soil beneath the wall. Fig. 13 shows 
the cross section of the improvement by CPG method. The 
width of the improvement is designed to be enough to 
prevent the migration of excess pore pressures from 
liquefied area. Fig. 14 shows the computed deformation of 
the sea wall. Shear strain at the ground beneath the wall is 
less than 2%, and no liquefaction was observed under the 
wall. Thus, CPG improved ground behaved as a rigid 

foundation layer and sustained the upper structure. This 
numerical result implied that the seawall might not be 
collapsed even if the surrounding subsurface layer may be 
liquefied in case of the earthquake. As the result, the 
proposed design satisfy all performance criteria. 
 
4.3.2.3 Summary of the effect by the ground improvement 
Table 1 shows the summary of the effect of ground 
improvement by both methods. In the case of silent type 
SCP method, a certain level of horizontal displacement and 
settlement remained. However, the increase height of the 
wall is the same with CPG method, and SCP method is 
more cost effective. Thus, silent type SCP method was 
selected as the standard method. For particular sites where 
SCP method cannot be applied due to some existing 
structures in front sea area, CPG method for the 
improvement of the ground beneath the wall is applied. 
Note, in practice, the area of actual improvement slightly 
varies with constraint of construction, such as the existence 
of structures or buildings around the site. 
 
4.3.3 Confirmation of the ground improvement effect 
Fig. 15 shows the construction process of silent type SCP 
method. After the installation of sand piles, validation 
borings were conducted to obtain SPT-N blow count for 
improved ground. The results of the validation borings 
agree with the expected value in design process. 
Therefore, part (c) in Fig-7 design flow: "analysis with 
actual condition" was not necessary. 
 
4.3.4 Design of concrete wall 
The design of the wall itself was conducted by a standard 
design procedure (OCDI, 2009; Technical committee for 
coastal facilities, 2004). Table 2 shows the summary of 
stability check requested in the design standard. It shows 
the wall is stable against tsunami forces. In addition, the 
width of concrete wall is 0.75 m, and allowable 
displacement given by Eq.1 is 1.5 m. Thus, the anticipated 
deformation summarized in Table 1 satisfy the allowable 
displacement of 1.5 m.  
 
4.3.5 Construction of wall  
Fig. 16 shows the wall after construction. The project will 
be finished in 2018. The authors believes that the proposed 
criteria and the scheme of performance-based design 
enabled a reasonable design of the sea walls. 
 
  



 

 
Fig. 11 Cross section of the sea wall with improvement of 

front side sea bottom by silent type SCP method 
 

 

 
 

Fig. 12 Computed deformation of the sea wall with 
improvement of front side sea bottom  

by silent type SCP method 
 

 

 
Fig. 13 Cross section of the sea wall with improvement of 

the ground beneath the wall by CPG method 
 

 

 
Fig. 14 Computed deformation of the sea wall with 

improvement of the ground beneath 
 the wall by CPG method 

 
 

 
Items Silent SCP CPG 

Residual horizontal 
displacement 

1.01 m 0.96 m 

Residual settlement 0.09 m 0.07 m 

Increase height of wall 0.8 m 0.8 m 

Cost relatively low relatively high 

Others 
Not applicable in 
some locations 

Need to build a 
working deck 

Table 1 Summary of ground improvement effects 



 

 
 

Fig. 15 Construction process of silent type SCP method 
 
 
Table 2 Stability check of the wall against tsunami forces 

Sliding 2.51 

Overturning 3.33 

Bearing 
Capacity 

Resistance ratio against 
eccentric inclined loading 

10.83 

Seepage 
force 

Safety factor against boiling 2.14 

 
 

 
 

Fig. 16 Sea wall after the improvement of the ground 
and the increase in wall height 

 
 
5 CONCLUSION  
 
In this paper, followings are reported with a relation to 
actual project to improve seawalls.  

• A criteria of horizontal displacement is proposed by 
the detailed investigation of the damage case 
histories of coastal structures and quay walls in 1995 
Hyogoken-nanbu Earthquake. The proposal of the 
criteria is "The maximum horizontal displacement 
dmax shall be less than the twice of wall thickness". 

• A design flow with the proposed criteria is shown. The 
features of the design flow are also summarized. 

• A design example of sea wall with the proposed 
criteria. 

The authors believed that the proposed criteria and the 
design flow enabled the design of the sea walls more 
reasonable than before in the following viewpoints. Firstly, 
the area of ground improvement can be given by the scope 
of allowable displacement of sea wall. This may reduce the 
possibility of over spec design in ground improvement 
area. Secondly, the height of walls can be given more 
accurately with the consideration of the ground 
improvement effect. 
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