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ABSTRACT 
 
 In this study, centrifuge model tests and effective stress analyses are performed on a breakwater 

subject to Tsunami such as those seriously damaged during 2011 East Japan Earthquake 

(Magnitude 9.0). The centrifuge model tests at a scale of 1/200 are performed to simulate the 

failure of a breakwater subject to Tsunami. With the effective stress analyses, this study 

demonstrates the importance of the mechanism of failure in the rubble mound due to seepage flow 

of pore water in addition to the force of Tsunami action. This study significantly improves the 

limitations in the previous study by the same authors (Iai 2015): the centrifuge model tests are 

newly performed with and without allowing seepage in the rubble mound whereas the previous 

study was only for the case allowing seepage flow, (2) the effective stress analyses are performed 

based on the finite strain formulation for taking large deformation into account whereas the 

previous study was based on the infinitesimal strain formulation applicable for small displacement 

analysis. 

 

Introduction 

 

An earthquake with a Japan Meteorological Agency (JMA) magnitude 9.0 hit north east Japan at 

14:46, March 11, 2011. JMA named this earthquake ‘2011 Tohoku-Pacific Ocean earthquake’. 

This earthquake is the greatest in its magnitude since the modern earthquake monitoring system 

was established in Japan.  

 

Recorded heights of the tsunamis were higher than 7.3m at Soma, higher than 4.2m at Oarai, and 

higher than 4.1m at Kamaishi. The impact of the tsunamis is also the greatest since the existing 

design methodology was adopted for designing breakwaters. The existing design methodology of 

a breakwater is based on limit equilibrium by considering wave force acting from the lateral side 

and additional pressure acting underneath the caisson as shown in Figure 1. 

 

The most typical example of the damage to breakwater was the one at the Kamaishi Harbor. In 

this example, the breakwater was specifically designed for protection against the impact of 

tsunami and constructed at the mouth of the Kamaishi harbor at a depth of 63m or less over the 

length of 990m in the northern part and 670m in the southern part with an opening of 300m in 

between. However, the breakwater was devastated by the tsunami. This may be partly due to the 

failure of design procedure then adopted but also a symbolic event for indicating the serious 

impact by the tsunami. 
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Figure 2 shows a typical cross section of the break water. The breakwater is a composite of 

caisson and rubble mound. Based on the visual data (video) monitored from the coastal line, the 

first arrival of the tsunami was at about 15:24 (about 40 minutes after the earthquake). The 

breakwater was not damaged by this first arrival of the tsunami. 

 
However, there was a continual overtopping of water at the top of the breakwater. At about 15:32, 

when the height of the tsunami was reduced, serious devastation of the breakwater was visually 

confirmed by the monitored visual data. At 15:59, the devastation was progressed further and 

many of the caissons fell into the harbor side from the rubble mound. The rubble mound was also 

seriously devastated even to the extent that about half of its original body of the rubble mound 

was lost.  

 

In order to investigate the primary mechanism of failure of this type of a breakwater due to 

Tsunami, a series of centrifuge model tests and effective stress analyses are performed in this 

study. As a straight forward extension of the existing design procedure shown in Figure 1, the 

primary mechanism of failure was considered by a hydrodynamics expert group due to erosion of 

rubble mound by the water flow through opening between caissons as shown in Figure 3. As 

parallel efforts to that group, this study was performed with the objective of evaluating the effect 

of seepage flow through the rubble mound due to water head difference due to Tsunami in 

combination with the wave force action.  

 

 
Figure 1 Existing design procedure of a breakwater 

 

 



 
 

Figure 2 Cross section of a composite breakwater at Kamaishi Harbour (unit in m) 

 
 

 
 

Figure 3 Primary mechanism of failure hypothesized by a hydrodynamics expert group 

 
Preliminary results of the study on the combined failure mechanism of a breakwater subject to 

Tsunami was reported earlier by the same authors (Iai 2015). This study significantly improves 

the limitations in the previous study: the centrifuge model tests are newly performed with and 

without allowing seepage in the rubble mound whereas the previous study was only for the case 

allowing seepage flow, (2) the effective stress analyses are performed based on the finite strain 

formulation for taking large deformation into account whereas the previous study was based on 

the infinitesimal strain formulation applicable for small displacement analysis. 

 



Centrifuge Model Tests of a Breakwater subject to Tsunami 

 

Tsunami Generator in Centrifuge and Model Test Conditions 

 

The centrifuge at Disaster Prevention Research Institute, Kyoto University (effective radius 

2.5m) was used for the centrifuge model tests in this study. The equipment for simulating 

Tsunami in the centrifuge is shown in Figure 4. In this equipment, the remote-control valve at the 

bottom of the water tank is opened for generating Tsunami-like water flow toward caisson and 

overflowing water at the other end of the model (left in this figure) is absorbed in a tentative 

storage pit for reducing the effect of reflecting wave from the (left side) wall of the container.  

 

The centrifuge model tests were performed for a caisson 21m high in prototype with a scaling 

factor of 1/200 by adopting the generalized scaling relation (Iai et al. 2005) in a 25g centrifugal 

acceleration field. In this study, original sea level is set at 14m lower than the top of the caisson 

and Tsunami wave height allows overtopping of water over the caisson. Two cases were 

performed: original case (Case-1) without membrane at the rubble mound, comparison case 

(Case-2) with membrane at the surface of the rubble mound on the side of on-coming tsunami 

wave for artificially preventing seepage flow in the rubble mound. The material of rubble mound 

was Silica No.1 sand that consists of particles scaled in 1/200 of the prototype rubble. Pure water 

was used for centrifuge tests. The rubble mound model was made by water pluviation at a 

relative density of 60%. 

 

 
 

Figure 4 Equipment for simulating Tsunami in centrifuge model tests (unit in mm in model 

scale) 

 



Centrifuge Test Results 
 

 
 

Figure 5 Results of the centrifuge tests: (A-1) through (A-5) Case-1 original case allowing 

seepage flow in the rubble mound, (B-1) through (B-5) Case-2 artificial case with membrane 



Figure 5 shows the results of the centrifuge test for Cases-1 and 2 with respect to the 

deformation. As described earlier, Case-1 was performed for simulating the prototype condition. 

As shown in (A-2) in this figure, when the Tsunami at the water level difference of 14m acts on 

the caisson, the caisson remains standing without deformation. At the same time, bubbles appear 

on the bay side (left side), indicating that a seepage flow of water through the rubble mound 

begins at this instance and continue to appear afterwards (A-3). After a certain period of time 

((A-4) in the same figure), rubble mound gradually deforms in a bearing capacity failure mode 

with inclined load together with the caisson toward the direction of Tsunami wave force. The 

caisson eventually falls down from the rubble mound and the rubble mound exhibits a residual 

failure mode that resembles the classic circular failure mode. 

 

These failure modes of the caisson and the rubble mound are consistent with those investigated 

and identified at Kamaishi Harbour after 2011 East Japan earthquake. This fact is indicative of 

the fact that the mechanism of failure due to tsunami is considered due to the combined effect of 

seepage flow and wave action. However, the mechanism of erosion progressing from the harbor 

side also produces the similar failure mode. Thus, the mechanism of failure has to be studied 

further by performing effective stress analysis as described later. 

 
 

  
 

Figure 6 Measured excess pore water pressures in the rubble mound at the bottom of the caisson 

 



Case-2 was performed as comparison to Case-1 by artificially reducing the effect of seepage 

flow in the rubble mound by covering the surface of the rubble mound with a rubber membrane 

on the side of on-coming Tsunami as indicated by a thick red line in Figure 4. The effect of 

preventing the seepage flow was confirmed by the piezometers recording as shown in Figure 6. 

The fact that there was no visible bubble on the bay side also supports that Case-2 was the case 

without the effect of seepage flow in the rubble mound. Without the effect of seepage flow in the 

rubble mound, the caisson and the rubble mound continue to withstand the on-coming wave 

force due to Tsunami as shown in Figure 5 (B-1) through (B-5). 
 

Finite Strain Formulation of Strain Space Multiple Mechanism Model 
 

For the effective stress analysis of a breakwater subject to seepage flow and wave action, the 

strain space multiple mechanism model with a cocktail glass model is used (Iai et al. 2011).  
 

The infinitesimal strain formulation of the strain space multiple mechanism model for sand is 

given in two dimension as a relation between macroscopic effective stress tensor 'σ  and strain 

tensor ε  by  
 

0
' dp q

π

ω= − + ⊗∫σ I t n , ⊗ = ⊗ + ⊗t n t n n t  (1) 

   

where I  denotes second order identity tensor, n  and t  denote the direction vectors normal and 

tangential to particle contacts within granular materials. The scalars p and q are functions with 

history of volumetric strain ε, volumetric strain due to dilatancy εd, and virtual simple shear strain 

γ  given by 
 

( )'p p ε= , ( )q q γ= , 
d'ε ε ε= − , :ε = I ε , :γ = ⊗t n ε    (2) 

 

In particular, q is given as hysteretic hyperbolic function and approximates the hysteretic 

hyperbolic curve of macroscopic shear stress and shear strain in cyclic simple shear.  
 

In the finite strain formulation of the strain space multiple mechanism model, the unit vector N  

along the direction of the branch between the particles in contact with each other and the unit 

vector T  normal to N  are defined in the reference (or initial) configuration of the material. 

These vectors are assumed to change direction and magnitude into n  and t  in the current 

configuration through the deformation gradient F  as follows: 
 

=n FN , =t FT , 
∂
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∂

x
F

X
     (3) 

 

where the motion of the material transforms the reference position vector X  defined on the 

material in initial configuration to the current position vector x  as shown in Figure 7. 
 

In the finite strain formulation in the reference configuration, the second Piola-Kirchhoff 

effective stress 'S  is used, which is given by Cauchy effective stress 'σ  defined in the current 

configuration through 
 



 

 
Figure 7 Direction vectors along branches and position vectors in reference and current 

configurations in two dimensions (after Iai et al. (2013) 

 
1 T' 'J− −=S F σ F , detJ = F     (4) 

 

The infinitesimal strain formulation through Equations (1) and (2) is modified by applying the 

approach well established for compressible materials (Holzapfel 2000) where the deformation is 

decomposed into volumetric and isochoric parts. By applying this approach to the strain space 

multiple mechanism model, the second Piola-Kirchhoff effective stress is decomposed as 

follows: 
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where the fourth-order tensor, ℚ, called projection tensor, extracts the isochoric component of 

the second order tensor S  in the reference configuration, being defined in two dimension by 

using the fourth-order identity tensor " as follows: 
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The integrated form of the constitutive equation, i.e. direct stress strain relationship, in the 

reference configuration is derived by relating the macroscopic strain tensor to the macroscopic 

effective stress through the structure defined by Equations (5) and (6). The macroscopic strain 

tensor defined in the reference configuration is called Green-Lagrange strain tensor, defined as 
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Using Green-Lagrange strain tensor, the volumetric strain ε  and the virtual simple shear strains 

γ  appearing in Equation (2) in the context of finite strain formulation are given by 

 

  ε � lnJ �
�

#
.det &2% � )*3, 4 � 〈5⨂6〉: %   (8) 

 

The finite strain formulation given by Equations (5) through (8) are for reference configuration 

and forms the basis for the total Lagrangian (TL) formulation. The push-forward operation of 

these equations results in the basis for the updated Lagrangian (UL) formulation written in terms 

of the current direction vectors n  and t  defined in Equation (3). See Ueda (2010) & Iai et al. 

(2013) for details. 

 

Effective Stress Large Deformation Analyses of a Breakwater subject to Tsunami 

 
Load Conditions for Simulating Tsunami 

 
The effective stress large deformation analysis of a breakwater was performed for prototype 

scaled from the centrifuge model, including a caisson 21m high. As shown in Figure 8, joint 

element is specified at the bottom of the caisson to allow sliding and separation between the 

caisson and the rubble mound. After static gravity analysis to set the initial conditions for 

dynamic Tsunami analysis, Tsunami wave force was applied on the caisson as equivalent static 

distributed force as shown in Figure 9. In order to analyze the effect of seepage flow due to sea 

level difference, excess pore water pressure was applied at the rubble mound. External force due 

to sea level difference is also simulated by equivalent lateral static force on the caisson. 

 

 
Figure 8 Finite element mesh of a breakwater for analysis (prototype scale) 

 

Table 1 Model parameters for rubble mound material (
a 98kPap = ). 

 
ρ m 

maG  
fφ  

ac  
maxh  k 

density Power 

index 

Shear 

modulus at pa 

Internal 

friction 

angle 

cohesion Maximum 

hysteretic 

damping 

Coefficient of 

permeability 

1.91 t/m
3
 0.5 6.15x10

4
 kPa 40.8°  20 kPa 0.24 7.06x10

-2
 m/s 



 
 

 
 

Figure 9 Load conditions for simulating various actions due to Tsunami 

 

Distribution and magnitude of the wave force due to Tsunami adopted for the analysis (Figure 9) 

was determined based on the proposal by Tanimoto et al. (1984). This proposal has been also 

adopted in the existing design procedure of a breakwater (Figure 1). The height of the wave for 

specifying the wave force was assumed 11m above the sea level. In the analysis, the wave force 

and the excess pore water pressures are increased from zero to the specified level for the duration 

of 40s in prototype in order to approximate the measured on-coming wave effects in the 

centrifuge model tests as shown in Figure 6. The analyses were kept continued for 10s after the 

load increasing phase of 40s. 

 

The effective stress analyses were performed for Cases-1 through 3 under the load conditions 

shown in Figure 9 using the material parameters used for the rubble mound shown in Table 1. 

These parameters were determined based on laboratory tests.  

 
Results of the Effective Stress Large Deformation Analyses 

 
Figure 10 (a) shows residual deformation of a breakwater with both Tsunami wave force on the 

caisson and seepage flow in the rubble mound (Case-1). The tilting of the caisson is associated 

with a significant deformation of rubble mound. This mode of failure is consistent with that 

observed at the centrifuge model test. In comparison to this result, deformation of a breakwater 

due to Tsunami wave force only is negligibly small as shown in Figure 10 (b). These results were 

consistent with the results of the centrifuge model tests shown in Figure 5. These results indicate 



that primary mechanism of failure of a breakwater due to Tsunami is combined failure 

mechanism due to Tsunami wave force and seepage flow in the rubble mound due to water level 

difference associated with Tsunami.  

 

 
 

Figure 10 Computed deformation of a breakwater at t=50s 

 

 

 
 

Figure 11 Location of measured and computed excess pore water pressures in the rubble mound  

 

In addition, Figure 10 (c) shows the deformation of a breakwater due to seepage flow only 

(Case-3). In this case, deformation of a breakwater is negligibly small. Consequently, the 

primary mechanism of the failure of a breakwater is due to the combined effects of wave action 

and seepage flow in the rubble mound. 

 
In order to confirm the applicability of the effective stress analyses based on large deformation 

formulation, computed excess pore water pressures in the rubble mound at the locations shown 

in Figure 11 are compared with those measured in Figures 12 and 13. These results indicate that 

the effective stress analyses performed in this study reasonably represent the seepage flow in the 

rubble mound in terms of excess pore water pressures. 



 
 

Figure 12 Computed excess pore water pressures in the rubble mound at the bottom of the 

caisson for Case-1 allowing seepage flow and considering wave force 



 
 

Figure 13 Computed excess pore water pressures in the rubble mound at the bottom of the 

caisson for Case-2 (wave force without seepage flow) 



Conclusions 

 

In this study, a centrifuge model tests and effective stress analyses are performed on a 

breakwater subject to Tsunami such as those seriously damaged during 2011 East Japan 

Earthquake (Magnitude 9.0). Both the centrifuge model tests at a scale of 1/200 and the effective 

stress analyses based on large deformation formulation demonstrate the importance of the 

mechanism of failure in the rubble mound due to seepage flow of pore water in addition to the 

wave force of Tsunami action. In particular, the newly performed centrifuge model test without 

the seepage flow in the rubble mound by artificially covering the side of on-coming wave using 

rubber membrane demonstrates that, without the effect of seepage flow in the rubble mound, 

there might have been no damage or only negligible damage to the breakwater. 
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