
 

 

 

 

 

 

 

 

A STUDY ON THE SEEPAGE FAILURE 

OF SANDY GROUND WITH ACCOUNT 

FOR AIR BUBBLE DYNAMICS 

 

 

 

 

 

 

December 2009 

by 

Hirotaka Sakai 



 

 

 



Table of Contents i 

Nagoya Institute of Technology 

 
A Study on the Seepage Failure of Sandy Ground 

with account for Air Bubble Dynamics 
 

 

TABLE OF CONTENTS 

 

 

  INTRODUCTION 

1. General Introduction 

2. Brief Review of Previous Studies 

3. Objectives and Scope 

4. Composition of the Present Thesis 

 

Part 1 Experimental Study on the Seepage Failure around Sheet Pile of Sandy 

Ground and Image Analysis by using Particle Image Velocimetry 

 

1 Seepage Failure Phenomenon around Sheet Pile of Sandy Ground 

2 Methods of the Experimental Study 

2.1 Experimental Apparatus and Procedure 

2.2 Evaluation of DO and the Degree of Supersaturation 

2.3 Calculation of Velocity and Strain Fields of Ground 

2.4 Observation of Air Bubble 

2.5 Calculation of the Critical Hydraulic Gradient and the Hydraulic Gradient 

2.6 Measurement of Settlement in a Loading Test  

3 Seepage Failure Phenomenon in Macro Scale 

3.1 Ground Deformation based on the Amount of Ground Surface Displacement 

3.2 Decrease in Critical Water-level Difference caused by Air Bubbles 

3.3 Relationship between Ground Deformation and Iss, the Quantity of Generated  

Air Bubbles, or Ground Density 

3.4 Image Analysis using PIV (Macro) 

3.5 Summary 

 

 



ii Table of Contents 

Nagoya Institute of Technology 

4 Micro scale Seepage Failure Phenomenon 

4.1 Changes in the Size and Shape of Air Bubbles 

4.2 Transformation of both Bubble and Surrounding Soil of Bubble 

4.3 Upstream Ground Deformation due to Air Bubble Escape 

4.4 Results of Water Pressure Measurement 

4.5 Critical Hydraulic Gradient and Hydraulic Gradient 

4.6 Summary 

5 Air Bubble Lifetimes on Multiple Scales 

5.1 Air Bubble Generation on the Soil Particle Surface (Micro Level) 

5.2 Development of Air Bubbles (Macro Level) 

5.3 Summary 

6 The Seepage Failure Phenomenon with account for the Bubble Dynamics 

6.1 The Seepage Failure Phenomenon on Multiple Scales 

6.2 Summary 

 

Part 2 Experimental Study on the Seepage Failure of Dike with account for Air 

Bubble Dynamics and Rainfall 

 

 1 Seepage Failure Phenomenon of Dike Model 

 2 Experimental Method and Procedure 

2.1 Outline of experiment 

2.2 Experimental Apparatus and Procedure 

 3 Experimental Results 

3.1 Appearance of Phreatic Lines and Bubble Development in the Dike 

  3.1.1 Case (a): Monotonic Raising Test, Silica sand, without Rainfall 

  3.1.2 Case (b): Monotonic Raising Test, Silica sand, with Rainfall 

3.1.3 Case (c): Monotonic Raising Test, Mixture soil, with Rainfall 

3.1.4 Case (d): Monotonic Raising Test, Toyoura sand, with Rainfall 

3.1.5 Case (e): Holding Test, Silica sand, without Rainfall, ∆H=250 mm 

3.1.6 Case (f): Holding Test, Silica sand, with Rainfall, ∆H=150 mm 

3.2 Residual Height against Overflow 

3.3 Summary 

 

 

 



Table of Contents iii 

Nagoya Institute of Technology 

Part 3 Development of the Seepage Failure Analysis Method of Ground with 

Smoothed Particle Hydrodynamics 

 

 1 Outline of Smoothed Particle Hydrodynamics 

 2 Analytical Method 

2.1 Outline of SPH Method 

2.2 Continuum Continuity and Motion Equations 

2.3 Continuity and Motion Equations in SPH 

  2.3.1 Conventional Procedure for Estimation of Density 

  2.3.2 Improvement in Estimation of Density Proposed 

  2.3.3 Conventional Procedure for Calculation of Motion Equation 

2.4 Equations of State for Fluids and Constitutive Models of Soil Used 

2.5 Interaction between Solid and Fluid Proposed 

2.6 Time Integration 

2.7 Treatment of Boundary 

2.8 Introduction of Suciton 

2.9 Implementation of SPH Analysis 

 3 Analytical Results and Discussions 

3.1 Liquid phase (Single-phase) 

3.2 Gas-Liquid system (Two-phases) 

3.3 Solid-Liquid system (Two-phases) 

3.3.1 1D Consolidation of Soil 

  3.3.2 2D Permeability Analysis using of some Soil Columns 

  3.3.3 2D Solid-Liquid Analysis with Suction in the Box 

3.4 Seepage Failure around Sheet Pile Solid-Fluid System (Two-phases and  

Three-phases) 

  3.4.1 Soil-Water System (Two-phases) 

  3.4.2 Soil-Water-Gas System (Three-phases) 

3.5 Seepage Failure Analysis of dike Solid-Fluid System (Two-phases and 

Three-phases) 

  3.5.1 Appearance of the Progression of Phreatic Line (Two-phases) 

  3.5.2 Analysis of Seepage Failure of Saturated Dike (Two-phases) 

  3.5.3 Comparison between Prototype Dike Experiment and Numerical 

Simulation with account for Air Bubbles (Three-phases) 

3.6 Summary 



iv Table of Contents 

Nagoya Institute of Technology 

Part 4 Suggestion of Countermeasure Method against Rainfall and Overflow of 

Dike with account for Air Bubble 

 

 1 Outline of the Suggestion 

 2 Experimental and Analytical Conditions 

2.1 Experimental Condition 

2.2 Analytical Condition 

3 Results and Discussions 

3.1 Experimental Results 

3.1.1 Case (1): In the case of impermeability sheet against air and water; whole 

of the dike (prerainfall time: 45 minutes, to the end） 

3.1.2 Case (2a): In the case of setting up on the upsream side, using seepage 

control sheet (prerainfall time: 45minutes) 

  3.1.3 Case (2b): In the case of setting up on the downstream side, using seepage 

control sheet (prerainfall time: 45 minutes） 

  3.1.4 Case (2c): In the case of setting up whole of the dike, using seepage 

control sheet (prerainfall time: 45minutes) 

3.2 Analitical Results 

3.3 Summary 

 

     Part 5 Conclusions 

5.1 Experimental Study on the Seepage Failure around Sheet Pile of Sandy Ground  

and Image Analysis by using Particle Image Velocimetry 

5.2 Experimental Study on the Seepage Failure of Dike with account for Air Bubble  

Dynamics and Rainfall 

5.3 Seepage Failure Analysis Method of Ground with Smoothed Particle  

Hydrodynamics 

5.4 Suggestion of Countermeasure Method against Rainfall and Overflow of Dike 

with account for Air Bubble 

 

     ACKNOWLEDGEMENT 

 

     REFERENCES 



Sec. 1 General Introduction  1 
 

Nagoya Institute of Technology 

 

 

 

 

 

 

 

 

 

INTRODUCTION 
 

 

 

 

 

1 General Introduction 
 

Recently, localized torrential downpours, large-scale typhoons due to climate change, 

and long rainfall events have caused ruptures of river dikes, and consequently, the safety of 

urban areas has been threatened. The authors experienced a case in which the Shinkawa River 

dike in Nagoya City broke at about 3:30 on September 12, 2000, due to the Tokai Flood Dis-

aster that started the preceding day, and areas along the river were seriously damaged (The 

Japanese Geotechnical Society Chubu, 2001). Eyewitness testimony describing the breakage 

and washout of the Shinkawa River dike mentioned (Chunichi Shinbun, 2000) that “a crack of 

approximately 1 m width obliquely formed across the dike and white bubbly water escaped. 

After that, the crack slowly expanded for about 3 hours.” This testimony suggests that the 

progress of an actual seepage failure sometimes takes long time. As shown in Fig. 1, the 

breakage occurred after the maximum rainfall rate. Therefore, this suggests that the effect of 

bubble generation on the properties of the ground is worth investigating. 
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Fig. 1 Water level and hydrograph at Tokai Flood Disaster 
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2 Brief Review of Previous Studies 
 

The following two sources of air are believed to exist in river dikes: 

(1) Pore air. Pore air is surrounded by both a seepage line associated with rainfall and a 

seepage line within the dike associated with an increase in the level of the river, and conse-

quently, pore air is captured. If the captured pore air is in a place where the curvature of the 

seepage line is higher than at other places, the air is then compressed along the progress of the 

seepage line, and released according to the prevailing conditions. This is supported by papers 

of Akai et al. (1977) and Ohnishi and Nishigaki (1981), in which saturated-unsaturated seep-

age analyses of soil structures were performed. When a water supply and discharge function 

was applied to this soil structure, pore air was enclosed during the seepage process. This en-

closure of pore air was attributed as the cause of a hysteresis loop. This consideration is also 

supported by the fact that the curvature of the seepage line was larger than that of the result 

obtained for the saturated seepage analysis. 

(2) Gas dissolved in pore water is believed to be another air source: the dissolved gas can 

then be eluted as bubbles. In geotechnical engineering analyses, Wheeler (1988), Sills et al. 

(1991), Nakajima (1985), and Kodaka and Asaoka (1994) studied seepage failures that in-

cluded air bubbles. These authors report that when the amount of air dissolved in pore water is 

larger than the theoretical value according to Henry’s law (supersaturated), the air is eluted. 

When the amount of oxygen dissolved in water is large, the compressibility of pore water is 

high, and consequently, the seafloor is liquefied by wave action (Yamamoto, 1977; Yamamoto 

et al., 1978; Yamamoto, 1981; Zen and Yamazaki 1993; Miura et al., 1991). However, the de-

tailed mechanism of liquefaction, the dynamics of air bubbles, such as deformation, develop-

ment, movement, collapse, and escape from the ground, and the relationship between defor-

mation and ground failure have not yet been sufficiently explained. 

In the aforementioned papers of Nakajima (1985), Wheeler (1988), Kodaka and Asaoka 

(1994) and Sakai and Maeda (2007), the mechanical characteristics of ground that contains air 
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bubbles are described. Nakajima investigated the three-phase problem in an actual dike, and 

concluded that pore water pressure affected void development during seepage. Kodaka and 

Asaoka found that high DO values contributed to air bubbles that could cause seepage failure 

after a long period of time, especially in coastal sandy sediments. Wheeler investigated the 

generation, aggregation, and development of large bubbles of gas, such as methane, in the 

sea-bottom floor by examining the balance among internal pressure of bubbles, pore water 

pressure, and surface tension. However, the detailed ground failure process associated with air 

bubbles, the relationships between air bubble development and macro (ground surface dis-

placement) or micro deformations (local deformation of the ground around air bubbles) and 

between air bubble development and pore water pressure changes, and the effect of ground 

density on the abovementioned relationships, were not investigated in detail. Explaining these 

matters is very important for preventing and reducing ground failure disasters. 

On the other hand, many analytical approaches are also tried as an unsaturated problem 

using FEM (Finite Element Method), such as Akai et al. (1977) and Ohnishi and Nishigaki 

(1981). But there is little analytical method that uses particle method in the field of the ge-

omechanics. SPH (Smoothed Particle Hydrodynamics) method was used to obtain the com-

bined benefits of both discrete and continuum methods. SPH is a Lagrangian method em-

ploying particles that operate in place of the mesh in finite difference solutions of partial dif-

ferential equations. This method was originally developed by Gingold and Monaghan (1977） 

and Lucy (1977) in astrophysics to solve equations of motion for galaxies (Monaghan,  

1988). Later, this method was applied to viscid flows and failure of solids (Monaghan and 

Gingold, 1983; Libersky et al., 1993; Monaghan, 1994; Benz and Asphaug, 1995; Randles 

and Libersky, 1996; Morris et al, 1997). 
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3 Objective and Scope 
 

The present thesis has two main objectives: clarify the seepage failure mechanism with 

bubbles and proposal of the effective countermeasure of dike. 

 

The experimental study on the seepage failure around sheet pile of sandy ground and 

image analysis by using Particle Image Velocimetory consists of the following subjects to be 

performed: 

- Evaluation of DO and the Degree of Supersatuation 

- Calculation of Velocity and Strain Fields of Ground 

- Observation of Air Bubble 

- Calculation of the Critical Hydraulic Gradient and the Hydraulic Gradient 

- Measurement of Settlement in a Loading Test 

- Ground Deformation based on the Amount of Ground Surface Displacement 

- Changes in Critical Water-level Difference caused by Air Bubbles 

- Relationship between Ground Deformation and DO the Quantity of Generated Air Bub-

bles, or Ground Density 

- Image Analysis using Particle Image Velocimetry 

- Changes in the Size and Shape of Air Bubbles 

- Transformation of both Bubble and Surrounding Soil of Bubble 

- Upstream Ground Deformation due to Air Bubble Escape 

- Results of Water Pressure Measurement 

- Air Bubble Generation on the Soil Particle Surface 

- Development of Air Bubbles 

- The Seepage Failure Phenomenon on Multiple Scales 
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The experimental study on the seepage failure of dike with account for rainfall consists 

of the following subjects to be performed: 

- Appearance of Phreatic Lines and Bubble Development in the Dike 

- Residual Height against Overflow 

 

Development of the seepage failure analysis method of ground with Smoothed Particle 

Hydrodynamics consists of the following subjects to be performed: 

- Continuum Continuity and Motion Equations 

- Comtomioty and Motion Equations in SPH 

- Equations of State for Fluids and Constitutive Models of Soil Used 

- Interaction between Solid and Fluid Proposed 

- Time Integration 

- Treatment of Boundary 

- Introduction of Suction 

- Implementation for SPH Analysis 

- Analytical Results and Discussions (Single-phase, Two-phases and Three-phases) 

 

Suggestion of Countermeasure Method against Rainfall and Overflow of Dike with ac-

count for Air Bubbles consists of the following subjects to be performed: 

- Experimental Results 

- Analytical Results 

 

Figure 2 indicates objective and scope of this thesis. 
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4 Composition of the present thesis 
 

The composition of the present thesis is as follows: 

 

Part 1 Experimental Study on the Seepage Failure around Sheet Pile of Sandy Ground 

and Image Analysis by using Particle Image Velocimetry 

 

In Part 1 the seepage failure phenomena around sheet pile of sandy ground. This study 

investigates the mechanism underlying seepage failures of ground containing air bubbles. In 

the study, the plane strain around a sheet pile was investigated using a model that is often used 

for seepage failure tests because of its well-defined experimental conditions. The experimen-

tal methods and conditions followed those of Kodaka and Asaoka. Using Particle Image Ve-

locimetry (PIV) analysis, the relationship among air bubble dynamics, ground deformation, 

and failure was investigated at the micro (the bubble level) and macro scales (the whole 

ground). 

 

 

Part 2 Experimental Study on the Seepage Failure of Dike with account for Air Bubble 

Dynamics and Rainfall 

 

In Part 2 the seepage failure phenomenon of dike model. In this part, an experiment with 

account for rainfall was carried out to compare the seepage failure of dike. In this experiment, 

some geomaterial were used to compare these seepage characteristics. In addition, pore pres-

sure and moisture content by volume were also obtaioned. The appearance of phreatic lines 

and buble development in the dike (especially captured bubbles) due to rainfall and overflow 

are investigated. 
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Part 3 Development of the seepage failure analysis method of ground with Smoothed 

Particle Hydrodynamics 

 

In Part 3 development of the seepage failure analysis method of ground with smoothed 

paricle hydrodynamics. Large flowage deformations and hydraulic collapse of ground (e.g. 

dikes) induced by permeation of water through ground, play important roles in the destabili-

zation of dikes during floods, liquefaction and other damage mechanisms that occur during 

injection driving of pile and/or improvement materials into ground. It is necessary to model 

progressive seepage failure in the soil in order to analyze these phenomena more precisely. In 

this study, the development of a new analytical method for investigation of seepage failure 

was attempted in order to account for interactions among all three phases of soil, water and air. 

The smoothed particle hydrodynamics method (SPH), a completely mesh-free technique, was 

used to obtain the combined benefits of both discrete and continuum methods. SPH is a La-

grangian method employing particles that operate in place of the mesh in finite difference so-

lutions of partial differential equations. In this study, SPH with a new method for calculating 

density in multi-phase conditions is proposed. The seepage in the dike base is also expressed 

by devising equations for solid-fluid phase interactions. 

 

Part 4 Suggestion of Countermeasure Method against Rainfall and Overflow of 

Dikewith ac-count for Air Bubbles 

 

In Part 4, we propose some reinforcement methods against the influence of air bubble, 

rainfall and overflow. And the effects of the reinforcement are verified by both experimental 

approach and analitical approach. There are two reinforcement methods; one is the installation 

of the hole to remove air bubbles in a dike, another is the installation of the seepage control 

sheet with high peameability against air. First, the effect of the reinforcement of the seepage 

control sheet is verified by experimental approach. In this part, effect of the seepage control 

sheet is compared with the sheet that has low permeability against both air and water (this 

means the reinforcement like asphalt facing of the dike). And then, the effect of seepage con-

trol sheet that has different setting position is examined. Next, effects of two reinforcements 
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are verified by analytical approach using Smoothed Particle Hydrodynamics. In this approach, 

there are two patterns to examine; one is the installation of the hole in the dike from the center 

of the dike to the crest, another is the installation of the seepage control sheet whole of the 

dike. 
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Analysis by using Particle Image Velocimetry 
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Chapter 1 

Seepage Failure Phenomenon around Sheet 

Pile of Sandy Ground  

 
Generally, in a seepage failure situation, when the water-level difference ∆H between the 

upstream and the downstream sides of a dike is defined as the external force causing the fail-

ure, and the critical water-level difference ∆Hcr across the dike is defined as the force’s 

strength, the failure is said to occur at the time ∆H = ∆Hcr because of an increase in the wa-

ter-level difference, ∆H. Figure 1.1.1 shows an experimental model that is often used for de-

scribing seepage failure. In this model, water seepage near an impermeable sheet pile can be 

readily observed. When the water-level difference reaches a certain value, seepage failure oc-

curs. The water-level difference ∆H when seepage failure occurs is defined as ∆Hcr. When ∆H 

< ∆Hcr, the ground is stable. 

However, the above-mentioned Shinkawa River breakage differed from general seepage 

failure phenomena, since it did not occur when the water-level difference was the largest (1 h 

before the peak time). Rather, this seepage failure developed slowly, and bubbles were ob-

served. Actually, a number of seepage failures accompanied by air bubbles have been wit-

nessed in the past, and these types of phenomena have been said to mimic “a toad blowing 

bubbles.” Moreover, a phenomenon has been reported in which a large quantity of air bubbles 
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blew off from the inside of an old deversoir at the time of overflow. Approximately 30% of 

river dikes in Japan are reported to be insufficiently safe against seepage failure (Ministry of 

Land, Infrastructure, Transport and Tourism, 2004). When the added effect of air bubbles is 

taken into consideration, a higher percentage of river dikes may in fact be facing the possibil-

ity of seepage failure. Therefore, a full understanding of the mechanism of river dike seepage 

failure, which includes the effect of air bubbles, is very important, and countermeasures 

against this type of seepage failure are urgently required. 

This study investigates the mechanism underlying seepage failures of ground containing 

air bubbles. In the study, the plane strain around a sheet pile was investigated using a model 

that is often used for seepage failure tests because of its well-defined experimental conditions. 

The experimental methods and conditions followed those of Kodaka and Asaoka. Using Par-

ticle Image Velocimetry (PIV) analysis, the relationship among air bubble dynamics, ground 

deformation, and failure was investigated at the micro (the bubble level) and macro scales (the 

whole ground). 
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Chapter 2 

Methods of the Experimental Study 

 
 

 

 

 

 

 

2.1 Experimental Apparatus and Procedure 

 
To investigate the generation of air bubbles, the experimental apparatus shown in Fig. 

2.1.1 was manufactured. Toyoura sand (emax = 0.97, emin = 0.60, and Gs = 2.65) and tap water 

were used for the experiment. After arranging a loose three-layer simulated ground using 

Toyoura sand dropped into the water, the ground’s relative density was controlled by the 

number of compactions applied by a tamping rod. The compaction numbers per layer of mid-

dle and dense ground are 78 and 480 times, respectively. Figure 2.1.2 shows the relative den-

sity and the number of compactions. The penetration depth of the sheet pile was set to be 50 

mm, and the temperature of the tap water stored in the primary tank was controlled using a 
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thermo-regulator. During the experiment, the water temperature, the DO value in the experi-

mental soil tank, and the permeable water volume were measured. The DO value was con-

trolled by an aquarium aerator, which is installed in the secondary tank (Fig. 2.1.1). A pre-

liminary experiment determined how the measured DO value increased with the output vol-

ume of air from the aerator. A tensiometer was installed in the experimental soil tank (Fig. 

2.1.1). The excess pore water pressure ratio was obtained by dividing the measured value of 

pore water pressure by the initial vertical effective stress σ’v0.  

Table 2.1.1 shows the details of the seepage water tests. To study water level changes, 

three tests were performed: a monotonic raising test, in which the water-level difference was 

gradually raised, similar to general seepage failure tests (without bubbles); a holding test, in 

which the water-level difference was maintained at a certain value (with bubbles); and a 

re-raising test, which corresponds to the creep test in dynamic tests (with bubbles). 

In the monotonic raising test, the water level at one side of the sheet pile (upstream) was 

raised, and the critical water-level difference ∆Hcr at which seepage failure occurred was in-

vestigated in different ground densities without air bubble generation. The water level was 

maintained for 5 min after each rise, because after the water level was raised, ground dis-

placement continued for approximately 1 min (similar to the creep phenomenon). By pausing 

in between water level rises, the water-level difference could be precisely measure when 

seepage failure occurred. In addition, deformation does not occur until 100 mm of water-level 

difference at all. The first water level rise was 50 mm. It was 10 mm in the middle of the test, 

and the final water rise was 5 mm. This alternate raising and holding of the water level was 

repeated until seepage failure occurred, and the elapsed time was expressed as traising (Fig. 

2.1.3(I)). Table 2.1.1 shows the water-level difference between the upstream and downstream 

sides when seepage failure occurred (the critical water-level difference) at different ground 

densities. 

In the holding test, the water-level difference below the critical water-level difference 

(∆H was 60%–85% of ∆Hcr) was maintained for as long as 114 hours. During this period, air 

bubbles were generated within the ground. The time at which the water-level difference was 

set was 0 hour, and the elapsed time was tholding (Fig. 2.1.3(II)). In addition, the water level 

was raised until it reached a predetermined water-level difference ∆H, similar to the mono-
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tonic raising test. Table 2.1.2 shows the experimental conditions for the holding test. In this 

test, the conditions around the sheet pile were recorded every 15 min using a digital camera 

(approximately 8 million pixels). In the re-raising test, after the holding test was completed, 

and if the ground had not failed, the water level was raised from that of the holding test, and 

the water-level difference when seepage failure occurred was investigated. The elapsed time 

of this test was expressed as t (Fig. 2.1.3(III)). 
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Fig.2.1.1 Experimenal apparatus of seepage failure experiment around sheet pile 

 

 
Fig.2.1.2 Relationship between relative density and compaction number 
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Table 2.1.1 The scheme of seepage failure tests 

Existence of  

Bubble 

Ground Condition 

Loose (Dr = 14%) Dense (Dr = 81%) 

Without air  

bubbles 

[Monotonic raising test] 

∆Hcr = 142mm 

(=const.) 

δ(∆H) ≥ 0 

[Monotonic raising test] 

∆Hcr = 194mm 

(=const.) 

δ(∆H) ≥ 0 

With air 

bubbles 

[Holding test] 

∆H = 100 or 120mm 

(=const.) 

[Holding test] 

∆H = 140 or 170mm 

(=const.) 

[Re-raising test] 

δ(∆H) ≥ 0 

[Re-raising test] 

δ(∆H) ≥ 0 

 

 

 

 

Fig.2.1.3 The type of hydraulic surcharge employed in the test 
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Table 2.1.2 Experimental conditions (holding test) 

Case Density ∆H (mm) ∆H/∆Hcr DO failure
Holding time 

up to failure (hour) 

L-1 Loose 120 0.85 Supersaturation No － 

L-2 Loose 120 0.85 Saturated Yes 38 

L-3 Loose 120 0.85 Unsaturated Yes 94 

L-4 Loose 100 0.70 Unsaturated No － 

D-1 Dense 170 0.89 Supersaturation Yes 95 

D-2 Dense 170 0.89 Saturated Yes 114 

D-3 Dense 170 0.89 Unsaturated Yes 18 

D-4 Dense 140 0.73 Supersaturation No － 
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2.2 Evaluation of DO and the Degree of Su-

persaturation 

 
Because dissolved gas in pore water primarily consists of nitrogen and oxygen, the pore 

water DO was measured in this study. In general, the critical mass of gas dissolved in a sol-

vent (its solubility) can be expressed by the mole fraction m of the gas in the solvent (The 

chemical Society of Japan, 2004). When the gas partial pressure is 1 atmosphere, the follow-

ing equation can be used: 

 

( ) ( ) ( )100ln100ln TCTBAm ++=    (2.2.1) 

 

where T expresses the absolute water temperature, and A, B, and C are constants related 

to the gas and solvent. When the gas is oxygen and the solvent is water, A, B, and C are 

–66.735, 87.475, and 24.453, respectively. The mole fraction m is then converted into the DO 

saturation value. Figure 2.2.1 shows the relationship between DO (saturation DO: DOsat) and 

water temperature. In addition, this figure includes some plots of DO values in nature. Gener-

ally speaking, when oxygen is dissolved until it reaches the critical value calculated by Eq. 

(2.2.1), or the saturation state. 

However, in nature, more gas is often dissolved in a solvent than is indicated by the 

critical value (called supersaturation) because of a change in water temperature or pressure. In 

Fig. 2.2.2, most river water is saturated or supersaturated (Ministry of Land, Infrastructure, 

Transport and Tourism, 2008). As shown in Fig. 2.2.2(II), whether pore water is supersatu-

rated can be judged by the difference between the measured DO values and the saturated DO 

value; that is, DO – DOsat. When this value is positive, the water is supersaturated. As shown 

in Fig. 2.2.2(I), the DO and DOsat values change substantially depending on the water tem-

perature. Therefore, this study considered fluctuation relative to DOsat as shown in Eq. (2.2.2) 
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and defined the index of supersaturation Iss as follows: 

 

( ){ } 100/ ×−= satsatss DODODOI     (2.2.2) 

 

As shown in Fig. 2.2.2(III), even if water temperature changes, this index can identify 

supersaturated and unstable DO values. 

Figure 2.2.3 shows the relationship between Iss and water temperature, which was ob-

tained using Eq. (2.2.2) relating DO and temperature of water body in nature and the fre-

quency distribution of Iss. As shown in this figure, Iss in an actual body of water is mostly dis-

tributed between –20% and 20%, and supersaturation is not unusual in the natural world. 
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Fig.2.2.1 Dissolution state of oxygen with saturation DO curve and DO values in a typical 

class A river in Japan 

 

 

 

 
Fig.2.2.2 Introduction of “Index of supersaturation: Iss” 
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Fig.2.2.3 Index of supersaturation in nature: (A) Iss of typical class A river in Japan  (B) 
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2.3 Calculation of Velocity and Strain Fields 

of Ground 

 
Based on the photographs taken in the experiment, the velocity distribution of the ground 

was calculated using Particle Image Velocity (PIV) analysis. PIV is an analytical method in 

which the brightness values of two photographs taken at different times are measured, and 

tracer particle movements (here, Toyoura sand) are calculated based on the differences be-

tween the brightness values of the two photographs (The Visualization Society of Japan, 

2002). Based on the results of the PIV analysis, the maximum shear strain rate can be ex-

pressed. Since PIV can be used to obtain the velocity of a lattice point fixed in space, the 

strain rate on an element was obtained, assuming that the velocity in the lattice was linearly 

distributed. 
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2.4 Observation of Air Bubble 

 
In photographs of the ground in which air bubbles were generated (The left side of Fig. 2.4.1: D 

marked on the figure means initial penetration depth of the sheet pile), air bubbles are obviously 

darker than the soil particles, which allowed the two-dimensional quantity of bubbles to be analyzed. 

This image was divided into a fine lattice with a pixel unit grid, and the difference in brightness be-

tween the ground and air bubbles was determined. The air bubbles’ area and the change in their shape 

were also analyzed. Although the analytical accuracy depends on the photograph resolution, this study 

could detect air bubbles of 0.2 mm diameter or larger, was and this size was almost equal to that of the 

average diameter D50 of the Toyoura sand. Since Kamiya et al. (1996) reported that the void diameter 

of sandy soil was 20%–30% of the average particle diameter, the void diameter of Toyoura sand was 

approximately 0.05 mm. Therefore, the air bubbles detected were considered to be clogged voids of 

Toyoura sand that accumulated and expanded. 

Terzaghi (1942) reported that heaving and seepage failure of downstream ground occurred within 

D/2–D when the penetration depth of the sheet pile was expressed as D. A similar result was obtained 

in the present study, in which the area of air bubbles in the square of width D on the downstream side 

(the square shown in the left side of Fig. 2.4.1) was analyzed. The right side of Fig. 2.4.1 shows an 

example of the results obtained with the air bubble analysis. In a photograph, distortion generally 

arises near the margin owing to the influence of the lens, and consequently, these parts become darker 

than the rest of the photo. Therefore, we cut off 15% of each margin and analyzed the area surrounded 

by the dashed line so that the analytical result clearly expresses the only distribution of air bubbles. In 

this study, it is assumed that the bubble existence percentage in direction of depth is homogeneous in 

an arbitrary section. 
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2.5 Calculation of the Critical Hydraulic 

Gradient and the Hydraulic Gradient 

 
In general, the critical hydraulic gradient icr, when ground seepage failure occurs in a 

one-dimensional vertical upward flow, is expressed as follows: 

 

)1/()1( eGi scr +−=     (2.5.1) 

 

where Gs expresses the specific gravity of the ground particles and e expresses the void 

ratio. The area of air bubbles is obtained from a two-dimensional sample of the soil tank sur-

face (or observation surface). Based on the air bubble area obtained, the simple void ratio was 

calculated. Then, using the downstream side of the sheet pile (the square shown in the left 

side of Fig. 2.4.1) when the test was initiated, the critical hydraulic gradient was calculated 

using Eq. (2.5.1) and the obtained void ratio. The ground particle specific gravity Gs=2.65 

was used.  

The calculation procedure was as follows: (1) the initial pore area in the calculating area 

was determined with the initial void ratio, and (2) after adding the air bubble generation area, 

the newly obtained area with initial bubbles was converted into the final void ratio. All of the 

air bubble volume generated in the area used for calculations was assumed to substitute for 

the soil particle volume without considering the influence of dilatancy. 

The hydraulic gradient i in a one-dimensional flow can be expressed with the following 

equation. 

 

LHi /∆=       (2.5.2) 

 

where the water-level difference ∆H is a fixed value for the holding test. However, since 
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displacement occurs on the ground surface at both the upstream and downstream sides, a 

change in the seepage distance must be considered. The hydraulic gradient i was therefore 

calculated by calculating the seepage distance L in the ground shown in the photograph. In 

general, a seepage failure is very local and the shear strength of the ground is very important. 

However, for simplification, one-dimensional seepage was assumed for the current study. 
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2.6 Measurement of Settlement in a Loading 

Test 

 
For a simple evaluation of the strength of ground in which air bubbles were generated, 

cylinder-shaped weights (20 mm in diameter and 10 mm in height, made of aluminum) were 

piled on the ground surface (Fig. 2.6.1). The experimental procedure is as follows: first, a 

hollow cylinder is put on the ground surface. Second, a cylinder-shaped weight is placed in 

the hollow cylinder, then, the ground subsidence is measured. After completing the first 

measurement, the next weight is added to the cylinder. Special attention was paid to prevent 

impacts during the piling of the weights. 
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Fig.2.6.1 Loading test apparatus 
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Chapter 3 

Seepage Failure Phenomenon in Macro Scale 

 
 

 

 

 

 

 

3.1 Ground Deformation Based on the 

Amount of Ground Surface Displace-

ment 

 
Figure 3.1.1 shows the change in ground surface displacement of loose and dense ground 

in a monotonic raising test. As shown in Fig. 1.1.1, displacement occurred before seepage 

failure. In this study, ground failure was defined as the time when “sand boiling” occurs, and 

the “×” in Fig. 3.1.1 indicates the failure point. As shown in this figure, water-level differ-

ences of 125 and 175 mm for loose and dense grounds, respectively, were achieved before a 



3-1-2   Part 1 Chap. 3 Seepage Failure Phenomenon in Macro Scale 
 

Nagoya Institute of Technology 

clear displacement occurred on the ground surface on the upstream side in normal seepage 

failure. These differences were 80%–90% of the critical water-level differences shown in Ta-

ble 2.1.1. Moreover, the amount of ground subsidence upstream was equal to the amount of 

uplift downstream. 

Figure 3.1.2 shows ground deformation around the sheet pile in the holding test (Cases 

L-3 and D-1). Air bubbles developed around the sheet pile as time proceeded. In loose ground, 

air bubbles were distributed around the sheet pile upstream and downstream. In the dense 

ground, air bubbles were only downstream. 

Fig. 3.1.3(A) shows the amount of ground surface displacement at upstream and down-

stream. Unlike the seepage failure phenomenon in ground without air bubbles shown in Fig. 

3.1.1, when the ground contained air bubbles, the ground surface deformed and repeatedly 

subsided and uplifted. Finally, failure would occur after a long period of time even though the 

water-level difference was maintained at a stable value less than ∆Hcr. This failure is similar 

to creep phenomena. Although ground density did not appear to influence ground surface dis-

placement on the downstream side, the degree of displacement on the upstream side prior to 

failure was larger in dense ground than in loose ground. On the other hand, no large difference 

was observed in the displacement of loose and dense ground at the downstream side, even af-

ter a long period of time. The reason for this could be that the generation of air bubbles disre-

garded the downstream ground density. In loose ground, the upstream ground rose when the 

test was initiated (Fig. 3.1.2), likely because air bubbles were even generated in the ground 

upstream and raised the ground. 

Fig. 3.1.3(B) plots the ground surface displacement when seepage failure did not occur 

even after the holding test. In this case, the ground upstream was not deformed at all even 

though air bubbles were generated in the ground downstream and the ground was degraded. 

However, because no subsidence was observed in the ground upstream, the effect of air bub-

bles did not reach upstream. However, when the deformation reached upstream, failure rap-

idly occurred. In other words, failure of ground affected by air bubbles does not occur until 

the upstream ground starts to subside, regardless of the existence of air bubbles on the down-

stream side. However, as shown Fig. 3.1.2, the ground subsidence in this case was localized 

and was larger in dense ground then in loose ground. Therefore, when monitoring is per-
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formed on full-size structures, a system that can measure displacement of a large area or can 

predict deformation by numerical analysis is required. 

As shown in Fig. 3.1.3(A), the dense ground on the upstream side did not deform at all 

for a long period of time, and then deformation suddenly started at about 55 hours. On the 

other hand, this tendency was not observed in loose ground. Therefore, the time between fail-

ure signs and actual failure was short in dense ground. Regarding safety management for 

seepage failure of soil structures, it is important to monitor upstream ground deformation, re-

gardless of the existence of air bubbles. Subsidence causes for ground failure on the upstream 

side are described later. 
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Fig.3.1.1  Relationship between water-level difference and ground displacement (mono-

tonic raising test) 

 

 

 

 

Fig.3.1.2  Deformation of ground around sheet pile due to generation and evolution of air 

bubbles (Loose: Case L-3 Dense: Case D-1) 
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Fig.3.1.3  Amount of ground displacement: (A) holding test (B) Case D-4 (non-failure) 
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3.2 Decrease in Critical Water-level Differ-

ence caused by Air Bubbles 
 

Figure 3.2.1 shows temporal changes of the ratio of water-level difference ∆H to the critical 

water-level difference ∆Hcr until seepage failure in all of the tests (monotonic raising, holding, 

and re-raising tests). In the monotonic raising test, seepage failure did not occur until ∆Hcr = 

∆H. As indicated by Kodaka et al., seepage failure occurred after a long period of time even 

when ∆Hcr > ∆H in the holding test. In this study, even for the holding test case in which no 

seepage failure occurred for a long period of time, during the re-raising test when the water 

level was raised again, seepage failure occurred even if ∆Hcr > ∆H. This is a new finding. In 

other words, ground strength against seepage failure was reduced in ground that contained air 

bubbles. 

For a simple evaluation of the ground’s degree of degradation, the relationship between set-

tlement and loading pressure was investigated. As shown in Fig. 3.2.2, although the settlement 

of ground without air bubbles was approximately 8 mm, settlement increased with loading 

pressure in the ground with air bubbles. Settlement increased as the number of air bubbles in-

creased, and the final settlement of the ground with more air bubbles was 5 times that of the 

ground without air bubbles. Therefore, a decrease in strength against seepage failure as a re-

sult of air bubbles was demonstrated. Unlike in normal load tests, a tendency towards a grad-

ual decrease in settlement was observed. The reason for this could be that the settlement test 

was performed near the sheet pile, and consequently, lateral displacement was confined. 
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Fig.3.2.1 Real water-level difference (∆H) to critical water-level difference (∆Hcr) (Decrease 

in ground strength) 

 

 

 

Fig.3.2.2 Relationship between settlement and loading pressure 
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3.3 Relationship between Ground Deforma-

tion and Iss, the Quantity of Generated 

Air Bubbles, or Ground Density 

 
The relationship between ground deformation and the quantity of air bubbles generated 

was investigated. 

Figures 3.3.1 and 3.3.2 show temporal changes in Iss and the quantity of air bubbles gen-

erated in ground of various densities on the downstream side in holding tests. As shown in 

these figures, Iss upstream was between 5% and 10%, similar to values of an actual body of 

water. The maximum quantity of air bubbles generated was larger in L-1, D-1, and D-4 than 

in the other ground types, and the upstream areas of these three cases were supersaturated. 

Moreover, the quantity of air bubbles generated became smaller as the average Iss decreased. 

The quantity of air bubbles generated sometimes decreased when air bubbles exited the 

ground (details described later). 

Figure 3.3.3 shows temporal changes in the quantity of air bubbles prior to their escape 

from ground of various densities. In loose ground, the duration until air bubble generation was 

shorter and the development speed was faster as Iss was higher. In denser ground, no clear 

difference was observed in the length of time prior to air bubble generation, and air bubbles 

were generated early in all ground types. Therefore, the effect of density was larger than the 

effect of the degree of supersaturation on air bubble generation. In case D-3, air bubble gen-

eration was observed although the water was undersaturated. This observation indicated that 

air bubble generation was affected not only by the degree of pore water supersaturation but 

also by contact between water and soil particles during seepage and by a slight pressure fluc-

tuation. A possible reason for this is that because dense ground contains more particles than 

loose ground per unit area, water is more often agitated by contact with particles in dense 
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ground. In other words, air bubbles are primarily generated by contact between water and soil 

particles, and the generation speed is faster in higher ground density and higher Iss, so a dif-

ference in the degree of supersaturation clearly appears in loose ground. In cases L-1 and D-1, 

there was a point at which the air bubble generation speed changed (indicated by a circle in 

Fig. 3.3.3). 

Temporal changes in ground surface displacement were investigated for every ground 

type with different densities in detail to clarify the relationship between ground surface dis-

placement and the quantity of air bubbles on the downstream side. In Fig. 3.3.4, the ground 

surface displacement and the quantity of air bubbles generated in cases L-3 and D-1 at the 

downstream side are shown. Although the water-level difference was maintained at a fixed 

value, deformation occurred in the ground downstream, accompanied by the generation and 

development of air bubbles. Air bubbles intermittently escaped from the ground regardless of 

the ground density, and the ground surface on the downstream side subsided as air escaped. 

This was more noticeable in dense ground than in loose ground. Therefore, not only the gen-

eration and development of air bubbles but also the ground surface displacement when air 

bubbles escaped were important for seepage failure. 
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Fig.3.3.1 Changes in supersaturation index (constant water-level difference) 

 

 

 

 
Fig.3.3.2 Changes in amount of bubbles (constant water-level difference) 
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Fig.3.3.3 Quantity of downstream bubbles of each density from start to bubble blow off of 

the first time 

 

 

 
Fig.3.3.4 Changes in ground displacement and quantity of bubbles (Loose: Case L-3  

Dense: Case D-1) 
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3.4 Image Analysis using PIV (Macro) 

 
Figure 3.4.1 shows results of the PIV analyses and the maximum shear strain rates calcu-

lated from the velocity vector obtained from PIV analysis in case of L-3 and D-1. These ana-

lytical results indicate that the maximum speed of soil particles at the tip of the sheet pile was 

8.3 × 10–7 m/s in loose ground and 7.5 × 10–8 m/s in dense ground; that is, the speed in dense 

ground was approximately an order of magnitude slower than in loose ground. This could 

have been because soil particle movement was more confined in dense ground than in the 

loose ground. 

From the lower side in Fig. 3.4.1, the maximum shear strain rates were 4.1 × 10–2 1/s in 

loose ground and 2.0 × 10–3 1/s in dense ground. The shear strain rate was distributed widely 

and in homogeneously, centering on the sheet pile. The existence of air bubbles caused com-

plicated deformations in the ground. 
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3.5 Summary 
 

Seepage failure phenomenon in macro scale is summarized as follows: 

 

(1) Water-level differences were achieved before a clear displacement occurred on the ground 

surface on the upstream side in normal seepage failure. These differences were 80%–90% 

of the critical water-level differences 

 

(2) Unlike the seepage failure phenomenon in ground without air bubbles, when the ground 

contained air bubbles, the ground surface deformed and repeatedly subsided and uplifted. 

Finally, failure would occur after a long period of time even though the water-level dif-

ference was maintained at a stable value. 

 

(3) The ground subsidence in this case was localized and was larger in dense ground then in 

loose ground. 

 

(4) In the loading test, settlement increased as the number of air bubbles increased, and the 

final settlement of the ground with more air bubbles was 5 times that of the ground with-

out air bubbles. 

 

(5) The effect of density was larger than the effect of the degree of supersaturation on air 

bubble generation. And air bubble generation was affected not only by the degree of pore 

water supersaturation but also by contact between water and soil particles during seepage 

and by a slight pressure fluctuation. 

 

(6) The shear strain rate was distributed widely and inhomogeneously, centering on the sheet 

pile. The existence of air bubbles caused complicated deformations in the ground. 
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Chapter 4 

Micro Scale Seepage Failure Phenomenon 

 
 

 

 

 

 

 

4.1 Changes in the Size and Shape of Air 

Bubbles 

 
In Fig. 3.3.3, a change in the speed of air bubble development in supersaturated conditions 

was identified. Figure 4.1.1 shows images of bubble development of many air bubbles with 

different sizes and shapes. It can be easily imagined that the impact of larger air bubbles on 

the ground is greater than smaller bubbles. In addition, a change in the shape of air bubbles 

means that they shear the ground around them to cause a local failure, resulting in a serious 

influence on their dynamics. Therefore, the size and shape of air bubbles are worth investi-

gating. 
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Figures 4.1.2 and 4.1.3 show the distribution of bubble areas (Fig. 4.1.2), the distribution 

with the number of bubble shapes (aspect ratios: Fig. 4.1.3(A1, A2)), and the distribution of 

the area fraction of air bubbles with different shapes (Fig. 4.1.3(B1, B2)), respectively, in case 

D-1. As shown in Fig. 4.1.2, approximately 80% of the air bubbles were fine, with areas of 

0.1 mm2 or smaller in the early stage (10 h). The distribution shifted to the right as time 

passed, and the percentage of fine bubbles decreased and that of medium-sized bubbles (lar-

ger than 0.1 mm2) rapidly increased. From 13.5 h to 16 h, when the slope of the curve show-

ing the quantity of air bubbles changed, the number of bubbles with areas of 0.3 mm2 or 

smaller decreased compared with the previous 3.5 h period (from 10 h to 13.5 h), and the 

number of air bubbles with areas 0.3 mm2 or larger rapidly increased. From 16 h to 17.5 h, the 

percentage of these larger air bubbles increased further. Generation of fine air bubbles and 

their coalescence were the main cause of the increased quantity of air bubbles in the early 

stage. As time progressed, further development of air bubbles from coalescence became the 

main cause of the increase in the quantity of air bubbles. 

After 33 h, just before the first escape of air bubbles from the ground, the percentage of 

large air bubbles became highest, and some of the air bubble diameters exceeded 2 mm when 

the air bubble areas changed into a cubic shape. After the first escape (33.25 h), the number of 

medium-sized air bubbles with areas of 0.5 mm2 or larger especially decreased; in other words, 

the air bubbles that developed and became large blew out from the ground. Bubbles with ar-

eas of 0.5 mm2 or larger were the major type present just prior to seepage failure. 

Next, the shapes of air bubbles were investigated (Figs. 4.1.3 and 4.1.4). Bubbles with as-

pect ratios below 1 have flat shapes (developed in the horizontal direction, perpendicular to 

the seepage flow). An aspect ratio of 1 indicates a circular shape. An aspect ratio above 1 in-

dicates a slender shape (developed in the vertical direction parallel to the seepage flow). The 

seepage flow was directed upward through the ground on the downstream side. In Fig. 

4.1.3(A1, A2), since air bubbles with flatness values of 1 or larger comprised 65% of the total 

air bubbles just after air bubbles were generated, air bubbles tended to develop parallel to the 

seepage flow. As time proceeded, the percentage of air bubbles with aspect ratios of 1 or lar-

ger decreased and those with aspect ratios of 1 or smaller increased. Because the percentage 

of air bubbles with aspect ratios of 2 or larger decreased and those with aspect ratios between 
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1 and 2 increased, the shapes of air bubbles gradually became closer to globular with time. In 

the period between 33 h and before the first blow out, the percentages of the above two shapes 

were similar. Under magnification, air bubbles with flatness values below 0.3 (developed in 

the horizontal direction perpendicular to the seepage flow and having extremely oblong 

shapes) existed just before escape (33 h). Since these air bubbles disappeared after air escaped 

(33.25 h), air bubbles were apparently forcefully compressed by the seepage flow or the 

movement of soil particles that accompanied the seepage flow. On the other hand, although 

the percentage of air bubbles with aspect ratios between 0.3 and 1 increased with time from 

the beginning, this group tended to decrease just before the escape (33 h). Therefore, these air 

bubbles were believed to unite to form air bubbles with extremely oblong shapes. 

When the change of air bubble shapes was investigated relative to the area fraction in Fig. 

4.1.3(B1, B2), the air bubble’s aspect ratios in the early stage (10 h) was opposite that of the 

blow out stage (33 h). In the image in Fig. 4.1.1 showing the early stage of air bubble genera-

tion, all of the air bubbles at the lower end of the area where air bubbles were generated de-

veloped in upward and laterally, while lower parts of the air bubbles were fixed at the lower 

end of the generation area. A possible reason for this was the expansion of the air bubble 

caused by buoyancy. In the image taken after 25 h, when the air bubbles have expanded to 

some degree, adjacent expanding air bubbles united to form many air bubbles with overall 

oblong shapes. 

In order to investigate the main location of air bubble development, the ground at the 

downstream side of the sheet pile was divided into the upper layer, middle layer, and lower 

layer, and a temporal change in the air bubble diameter distribution was investigated in each 

layer (Fig. 4.1.4(A)). In the period between the initiation of the test and approximately 15 h 

after the initiation, no significant change in the air bubble diameter distribution was observed 

in the vertical direction, and small air bubbles with areas of 0.2 mm2 or smaller were the ma-

jority. After 20 h, large air bubbles started to appear in the middle layer, slightly large air bub-

bles appeared in the middle layer, and the ratio of small air bubbles was larger in the upper 

layer than the other layers. The possible reason for this is that since the overburden pressure in 

the upper layer is small, air bubbles are blown out from the ground due to their buoyancy be-

fore they become larger. Although air bubbles can become slightly larger in the lower layer 
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due to its large overburden pressure, the slightly larger air bubbles are carried to the middle 

layer due to the seepage force. In the middle layer, since the overburden pressure is significant, 

the slightly larger air bubbles carried from the lower layer are clogged and gathered between 

soil particles, thus developing into large air bubbles. Thus, the air bubble size is determined 

according to the depth, and the location where air bubbles are easily gathered depends on the 

balance between the overburden pressure, buoyancy, and seepage force. 

Next, a change in the air bubble size before and after the first blow out of air bubbles (after 

33 and 33.25 h) was investigated (Fig. 4.1.4(B)). Consequently, it was blown out that the ratio 

of large air bubbles with areas of 2–4 mm2 was particularly smaller after the blow out than 

before, and the overall air bubble size was smaller after the release than before in the lower 

layer. The reason for this is probably that air bubbles in the lower layer united with each other 

to form large air bubbles, and the formed air bubbles blew out of the ground. During this 

process, the ground was disturbed and degraded. Although the regions of the development and 

blow out of air bubbles differ according to the penetration depth of the sheet pile, assumption 

or specification of these regions is very important for proposing countermeasures against 

seepage failure, taking air bubbles into consideration. 
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Fig.4.1.1 Appearance of bubble development downstream from the sheet pile: Case D-1 

 

 

Fig.4.1.2 Bubble area distribution: Case D-1 
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4.2 Transformation of both Bubble and Sur-

rounding Soil of Bubble 
 

Left side in Fig. 4.2.1 shows the PIV analytical result for the same time as the elapsed 

time (f’) in Fig. 3.3.4 just before the 5th air emission (70.25 h) in D-1. Focused air bubble 

was evident in the left side of Fig. 4.2.1, and ground movements around each air bubble were 

investigated from its generation to its emission from the ground. Right side in Fig. 4.2.1 

shows the temporal change in soil particle velocity at the top and bottom of air bubbles. In the 

period between the appearance of the air bubble and 10 h after its appearance (tholding = 45 h), 

soil particles at the top and bottom of the air bubble had clearly moved. This meant the air 

bubble was moving upward and expanding (parallel to the seepage flow). Figure 4.2.2(a) 

shows the PIV analytical result for air bubbles in the early development stage (37 h) including 

a magnified view. Here, signs (a-c) in Fig. 4.2.2 correspond to elapsed times (a-c) in right side 

of Fig. 4.2.1. The higher magnification shows that the soil particle velocity was nonzero only 

at the tops of air bubbles. At 37.25 h, the circled air bubble had expanded slightly. This was 

possibly due to the buoyancy of the air bubble and air bubble development associated with the 

elution of dissolved gas from pore water. 

Figure 4.2.2(b) shows the PIV analytical result for air bubbles at 50.75 h and includes a 

magnified view. At higher magnification, it is clear that air bubbles moved slightly to the right 

because of seepage flow; air bubbles moved and expanded in it as time progressed, as shown 

in the right side of Fig.4.2.1. 

Figure 4.2.2(c) shows the PIV analytical result for air bubbles at 67.5 h and includes a 

magnified view. In ground containing air bubbles, the vector distribution shown in the left 

side of Fig. 4.2.1 is typical. However, when an air bubble moved and expanded, the velocity 

at the bottom of the air bubble commonly increased and the air bubble was compressed by 

soil particles, as shown in Fig. 4.2.2(c). When the internal pressure of the air bubble increased 



4-2-2   Part 1 Chap. 4 Micro Scale Seepage Failure Phenomenon 
 

Nagoya Institute of Technology 

from this process, the air bubble moved upward and expanded. Air bubbles move upward 

while repeatedly expanding and being compressed via this mechanism, and they finally es-

cape from the ground. 
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Fig.4.2.1 A result showing the downstream part of sheet pile (left side) and the change in the 

soil particle velocity at the top and bottom of the bubble (right side) 

 

 

 

 
Fig.4.2.2 Expansion and deformation of a bubble: (a) Expansion  (b) Expansion and 

Movement  (c) Compression 
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4.3 Upstream Ground Deformation due to 

Air Bubble Escape 

 
As shown in Figs. 3.1.3(A) and 3.3.4, deformation rapidly progressed downstream and 

subsidence slowly occurred upstream in the holding test in which the water-level difference 

was maintained at a fixed value. Loose ground expanded and then subsided upstream because 

of air bubble generation at the upstream side. To explain the reason for ground subsidence up-

stream after ground deformation downstream, the PIV analytical result for the large air bubble 

escape from the ground (the elapsed time of Fig. 3.3.4(c’)–(e’)), and the maximum shear 

strain rate distribution were investigated (Fig. 4.3.1). 

The red line in the left side of Fig. 4.3.1 indicates the tip of the velocity vector on the up-

stream side. As shown in this figure, the deformation propagated upstream, rounding below 

the sheet pile and accompanying the air bubble escape from the ground downstream, and then 

the ground upstream started to subside (the elapsed time of Fig. 3.3.4(e’)). As shown by the 

ground surface displacement, at about 40 h in D-1 in Fig. 3.3.4, when air bubbles initially es-

caped from the ground downstream, the ground upstream did not subside. The likely reason 

for this is that at the time of the air bubble escape on the downstream side, the space gener-

ated by the escape was filled by the falling elevated ground (the elapsed time of Fig. 

3.3.4(d’)). This assumption was supported by the velocity vector distribution obtained from 

the PIV analysis. However, when the deformation propagated to the ground upstream and 

ground upstream started to subside, the subsidence on the downstream side was not as active 

as that on the upstream side (elapsed times of Fig. 3.3.4(g) and (g’)). This tendency was par-

ticularly notable in dense ground. The velocity vector distribution obtained from the image 

analysis showed that the ground above the air bubbles had not subsided significantly at the 

time of the air escape, and the ground from below the air bubbles to the upstream side through 

the sheet pile moved downstream, probably because of seepage flow. 
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As mentioned above, seepage failure does not occur until the ground upstream starts to 

subside, regardless of the existence of air bubbles. The dynamics (generation, movement, de-

velopment, and blow out) of air bubbles accumulating in the whole area downstream of the 

sheet pile initiate the subsidence. 
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Fig.4.3.1 Spread of upstream destruction in dense ground: Case D-2 (left side: PIV analysis,  

right side: Maximum shear strain rate distribution) 
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4.4 Results of Water Pressure Measurement 

 
Figure 4.4.1 shows an example of the tensiometer results (upper side: monotonic raising 

test, lower side: holding test). In the monotonic raising test, the excess pore pressure ratio in-

creased with the water level upstream, and finally seepage failure occurred. In the holding test, 

the excess pore pressure ratio also increased, although the water-level difference was main-

tained at a fixed value. Between 10 and 15 h after the test beginning, the excess pore pressure 

ratio decreased and air bubble releases around the sheet pile were observed. The reason for 

this was likely due to the change in the dilatancy of the ground, accompanied by the move-

ment of air bubbles. 

Figure 4.4.2 shows the excess pore pressure ratio measured using the tensiometer in 

loose ground during the holding test, which was the different from the case in the lower side 

of Fig. 4.4.1. The excess pore pressure ratio gradually increased during the test, and at time 

(A), the excess pore pressure ratio rapidly increased. At that time, a large air bubble (bubble 

diameter is about 3 mm) escaped around the tensiometer, as shown in the photograph in Fig. 

4.4.2. This rapid increase in the excess pore pressure ratio was also measured at about 186 and 

210 h. Therefore, complicated changes in the momentary variations of pressure in the ground 

caused by air bubbles were quantitatively confirmed. 

Next, we paid attention to the value of excess pore water pressure ratio. The excess pore 

pressure ratio in monotonic raising test indicates between 0.6 and 0.7, as shown in the upper 

side of Fig. 4.4.1, where ∆H is 120 mm. Otherwise, the excess pore water pressure ratio 

shows lower value than 0.6 before air bubble released from the ground surface in Fig. 4.4.2. 

However, the excess pore water pressure ratio increases rapidly up to 0.65 due to blow out of 

air bubble at the point of (A) in Fig. 4.4.2. This means that the compressibility of air bubble 

decreases excess pore water pressure around the air bubble. The blow out of air bubble in-

duces increment of excess pore water pressure. 
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Fig.4.4.1 Changes in the excess pore water pressure ratio( upper side: monotonic raising test,  

lower side: holding test) 

 

 

 
Fig.4.4.2 Increase in the excess pore water pressure ratio with air blow: holding test, Loose, 

∆H=120mm, tholding=72.68h 
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4.5 Critical Hydraulic Gradient and Hydrau-

lic Gradient 

 
Figure 4.5.1 shows temporal changes in the void ratio and the critical hydraulic gradient icr 

obtained using Eq. (2.5.1) for Cases L-3 and D-1 at the downstream side. Although the void 

ratio changed with the quantity of air bubbles, it tended to increase on the whole. The critical 

hydraulic gradient tended to decrease with the increase in the void ratio. When seepage failure 

occurred, the void ratio and the critical hydraulic gradient were higher and lower than those of 

the initial stage by approximately 10%. 

The right side of Fig. 4.5.2 shows the temporal changes in the seepage distance L and the 

permeable water volume Q in case D-2. To simplify the calculations in this study, seepage in 

the sheet-pile penetration area was assumed to be parallel to the sheet-pile, and seepage below 

the sheet-pile tip was assumed to occur in a semicircle with the radius W: the distance be-

tween the sheet-pile and the seepage distance line (left side of Fig. 4.5.2). In addition, defor-

mation of the ground is very local in the seepage phenomena. And the amount of surface dis-

placement at W = D/2 upstream was equal to the average value of all ground surface dis-

placements. So we use D/2 as the value of W. Here, the permeable water volume rapidly in-

creased after about 65 h. Although the seepage distance increased from the test beginning to 

65 h, it tended to decrease after 65 h. Since the water-level difference was maintained at a 

fixed value in this test, no large difference should be generally observed. Therefore, the in-

crease in permeable water volume was likely due to the local decrease in seepage distance. In 

loose ground, the whole area around the sheet pile was deformed. In dense ground, as shown 

in Fig. 3.1.2(C’), the seepage distance greatly decreased at a specific site near the sheet pile. 

Since an appropriate correspondence was observed between the permeable water volume and 

the seepage distance, as shown in the right side of Fig. 4.5.2, the permeable water volume ap-

peared to be greatly affected by the decrease in the seepage distance. 
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 Based on the seepage distance and the water-level difference, the hydraulic gradients in 

cases L-3 and D-1 were then calculated using Eq. (2.5.2) (Fig. 4.5.3). As shown in this figure, 

the hydraulic gradient initially decreased in both loose and dense ground. The reason for this 

could have been that the ground downstream expanded upward because of air bubble genera-

tion, and consequently, the seepage distance increased. Following this, the hydraulic gradient 

increased. In dense ground, since the seepage force just before seepage failure was larger than 

at the beginning, the presence of air bubbles had a strong negative effect on the ground. As 

seepage failure of the ground containing air bubbles progressed, the seepage distance changed 

and was accompanied by the generation and development of air bubbles, and consequently, 

the seepage force changed. 
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Fig.4.5.1 Changes in void ratio and critical hydraulic gradient dowunstream of the sheet 

pile: (A) void ratio  (B) critical hydraulic gradient 

 

 

 

Fig.4.5.2 Definition of seepage distance (left side) and seepage amount (right side): Case 

D-2 
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Fig.4.5.3 Changes in the hydraulic gradient at each density 
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4.6 Summary 
 

Maicroscale seepage failure phenomenon is summarized as follows: 

 

(1) It can be easily imagined that the impact of larger air bubbles on the ground is greater than 

smaller bubbles. In addition, a change in the shape of air bubbles means that they shear 

the ground around them to cause a local failure, resulting in a serious influence on their 

dynamics. Therefore, the size and shape of air bubbles are worth investigating. We can 

examin to both bubble shapes and sizes by using proposed image analysis method. 

 

(2) In order to investigate the main location of air bubble development, the ground at the 

downstream side of the sheet pile was divided into the upper layer, middle layer, and 

lower layer, and a temporal change in the air bubble diameter distribution was investi-

gated in each layer. Then the air bubble size is determined according to the depth, and the 

location where air bubbles are easily gathered depends on the balance between the over-

burden pressure, buoyancy, and seepage force. 

 

(3) Although the regions of the development and blow out of air bubbles differ according to 

the penetration depth of the sheet pile, assumption or specification of these regions is very 

important for proposing countermeasures against seepage failure, taking air bubbles into 

consideration. 

 

(4) Seepage failure does not occur until the ground upstream starts to subside, regardless of 

the existence of air bubbles. The dynamics (generation, movement, development, and 

blow out) of air bubbles accumulating in the whole area downstream of the sheet pile ini-

tiate the subsidence 
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(5) The compressibility of air bubble decreases excess pore water pressure around the air 

bubble. The blow out of air bubble induces increment of excess pore water pressure. 

 

(6) When seepage failure occurred, the void ratio and the critical hydraulic gradient were 

higher and lower than those of the initial stage by approximately 10%. 

 

(7) The hydraulic gradient initially decreased in both loose and dense ground. The reason for 

this could have been that the ground downstream expanded upward because of air bubble 

generation, and consequently, the seepage distance increased. Following this, the hydrau-

lic gradient increased. 
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Chapter 5 

Air Bubble Lifetimes on Multiple Scales 

 
The effect of air bubbles on the ground has been described using the observations and 

image analyses in this paper. However, air bubble generation and development have not been 

sufficiently explained. This mechanism must be verified on multiple scales. Therefore, by in-

tegrating chemical and geotechnical knowledge and information, air bubble generation and 

development in soil particles were dynamically investigated. 

 

5.1 Air Bubble Generation on the Soil Parti-

cle Surface (Micro Level) 
 

For an air bubble to be generated in liquid, an “air bubble nucleus” is required (Techno 

System Co. Ltd., 2005; Leighton, 1994). An infinite number of air bubble nuclei from nano-

meters to micrometers in size exist in normal liquid. An example of a typical structure pro-

viding such a nucleus is a notch (gas pocket) on a hydrophobic solid surface. Within the notch, 

an air bubble nucleus can exist stably because of the balance between pressure and surface 

tension (Young-Laplace equation) as shown in Eq. (5.1.1). Stage 1 in Fig. 5.1.1 demonstrates 
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this process, described by the following equation: 

R
Suu t

wa
2

=−       (5.1.1) 

where ua expresses the internal pressure of an air bubble, uw expresses the pore water 

pressure on the air bubble surface, St is the surface tension, and R is the curvature radius. 

Since an infinite number of fine concave-convex locations exist on a soil particle’s surface, 

these places can act as notches that hold air bubble nuclei. Therefore, the initial conditions 

required for air bubble generation were considered to be sufficiently satisfied in this study. 

One of the most important considerations is the existence of the transitional region of 

dissolved gas and elution gas (Wheeler, 1988). This area surrounds each bubble, and 

non-dissolved gas in the region (non-dissolved gas pressure: ug) can move in between the 

bubble and the area according to Henry’s law as follows: 

ga uu α=        (5.1.2) 

where α expresses the Henry constant. Since the non-dissolved gas pressure ug in supersatu-

rated pore water is high, gas is captured by a nucleus on the soil particle surface and fills the 

pocket. In addition, the nucleus is stable in the gas pocket using the Eq. (5.1.1): (ua < uw). Su-

persaturated pore water, including more non-dissolved gas, causes the non-condensing gas 

layer around these bubbles to expand, and it is incorporated into the air bubble to satisfy 

Henry’s law, and consequently, air bubble development is promoted further. For these reasons, 

fine air bubbles are believed to develop particularly around the sheet pile, where a large 

amount of supersaturated pore water is supplied. But the development speed of a bubble using 

this mechanism is very slow, as shown in Fig. 3.3.3 (before 10 h).  

After developing to a certain degree, an air bubble escapes from a concave-convex place 

on the surface of soil particles and moves forward among the soil particles. When the air bub-

ble reaches the downstream side, it expands because of the newly supplied pore water and a 

decrease in static water pressure. When the air bubble exceeds the pore diameter, it ceases 

moving (Stage 2 in Fig. 5.1.1). This type of air bubble continues to develop not only because 

of supersaturated water, but also when it unites with other fine air bubbles rising from the 

backside (lower part) of the dam with the seepage water. At this point, since the air bubble 

does not have an internal pressure sufficient to push soil particles away, these slender air bub-
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bles consequently lie along the seepage flow. At this point, these air bubbles are not united 

because of their small surface tensions (by which air bubbles pull on each other) associated 

with their small sizes. (See Young-Laplace equation of Eq. (5.1.1).) However, the surface ten-

sion effect soon causes these bubbles to unite and become globular. Thus, the shape of air 

bubbles changes from slender to globular as time progresses, as shown in Fig. 4.1.3. 

Moreover, another mechanism could be used. Using Eq. (5.1.1), large bubbles have a 

lower pressure than small ones under constant water pressure (uw). Using Eqs. (5.1.1) and 

(5.1.2), large bubbles also have small non-dissolved gas pressure (ug). In other words, the 

non-dissolved gas pressure of a small bubble is thicker than the pressure of a large one. Since 

gas density becomes homogeneous, gas transfer occurs with the bubble movement from small 

bubbles to large ones. Thus, large bubbles are grown by collecting many small bubbles. In this 

process, a bubble doesn’t need a long time to develop, as in the “transport of the 

non-dissolved gas” process. So when bubbles cease to move by the void diameter, the mecha-

nism of bubble development is changed from a slow type to a rapid type (Fig.3.3.3: changing 

in the slope of the curve). 
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Fig.5.1.1 Bubble development process by stage 
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5.2 Development of Air Bubbles (Macro 

Level) 
 

A micro side air bubble develops and expands farther due to the above-mentioned 

mechanism. Air bubbles uniformly develop in the ground near the sheet pile at the down-

stream side, and developed air bubbles are united. As shown in Fig. 4.1.4, air bubbles mainly 

developed in the middle layer at the downstream side of the sheet pile. The reason for this is 

considered to be that since the overburden pressure in the upper layer is small, air bubbles are 

released from the ground before they become larger. In the lower layer, since air bubbles do 

not sufficiently grow, and since gaps between soil particles are larger than air bubbles, air 

bubbles pass through the gaps. As shown in Fig. 4.1.1 (25 and 33 h), adjacent air bubbles are 

united to become an air bubble with a flat shape. The reason for this is possibly that air bub-

bles basically move in the upward direction due to the balance between the overburden pres-

sure above the air bubbles, their buoyancy, and the seepage force from below. However, be-

fore growing to a certain size, air bubbles cannot move in the upward direction due to their 

small buoyancy. Consequently, air bubbles continuously grow at the same position and adja-

cent air bubbles are united (Stage 3 in Fig. 5.1.1). 

Horizontally anisotropic air bubbles increase in volume and have decreased internal 

pressures. The air bubble becomes flatter from the vertical earth pressure and the seepage 

force from below, and consequently, its internal pressure increases. In ground where air bub-

bles are generated, the void ratio increases, and air bubbles closer to the ground surface es-

cape more readily. Since the hydraulic gradient increases as the seepage distance decreases, 

air bubbles escape more easily, so that escape becomes easier with time. When the buoyancy 

of an air bubble exceeds the vertical earth pressure above it, the air bubble becomes slender 

and escapes the ground, strongly shearing the soil above it (Stage 4 in Fig. 5.1.1). 

Air bubbles are believed to initiate, develop, and escape from the ground by this mecha-
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nism, which is summarized in Fig. 5.1.2. Preventing air bubble formation is likely to be very 

difficult in natural waters unless pore water exists in an unusual degassed condition. In other 

words, few measures in nature will inhibit air bubble generation from pore water.  
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Fig.5.2.1 Evolution and disappearance of bubble (Lifespan of a bubble) 
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5.3 Summary 
 

In this chapter, we explained the lifespan of a bubble. Air bubble lifespans on multiple 

scales is summarized as follows: 

 

(1) The principles required to explain the life of an air bubble were the Young-Laplace equa-

tion, Henry’s law, surface tension, void diameter, air bubble diameter, Boyle’s law, and 

balance between air bubble buoyancy and the vertical earth pressure above. 

 

(2) Preventing air bubble formation is likely to be very difficult in natural waters unless pore 

water exists in an unusual degassed condition. In other words, few measures in nature will 

inhibit air bubble generation from pore water. 
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Chapter 6 

The Seepage Failure Phenomenon with ac-

count for the Bubble Dynamics 
 

 

 

 

 

 

6.1 The Seepage Failure Phenomenon on 

Multiple Scales 

 
Figure 6.1.1 shows the temporal change in the safety factor, which was obtained by di-

viding the critical hydraulic gradient (Fig. 4.5.1(B)) by the hydraulic gradient (Fig.4.5.3). 

Seepage failure occurred when the safety factor was nearly at its smallest value in every case. 

Moreover, in L-1, where seepage failure did not occur, the safety factor did not change sub-

stantially. Therefore, ground seepage failure where the water-level difference is fixed is be-

lieved to occur because of the synergistic effect of the increase in the hydraulic gradient, a 

macroscopic process. This is associated with the decrease in the seepage distance and de-
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crease in the critical hydraulic gradient, accompanied by an increase in the quantity of air 

bubbles, which are microscopic processes. 

Figure 6.1.2 shows a flow chart of seepage failure that includes the influence of air bub-

bles. Seepage failure of ground containing air bubbles basically occurs because of the de-

crease in the critical hydraulic gradient icr, an increase in the void ratio e because of air bubble 

generation, and the increase in i accompanied by the decrease in L. 

Based on the results obtained in this study, monitoring upstream ground surface dis-

placement is particularly important for predicting seepage failure. However, since ground de-

formation is localized, particularly in dense ground, a system that can measure displacement 

over a wide area or a system that can predict the location of deformation would be required. 

In the case of real scale ground conditions (a large overburden pressure or a large pore 

water pressure), bubble development hardly occurs because of the size of the bubbles due to 

external pressure. But, near the slope of a dike or in a shallow part of a ground with seepage, 

these phenomena can occur using the same mechanism, and bubbles can assist the seepage 

failure phenomenon. Moreover, since the majority of natural ground is undersaturated, the 

influence of air bubbles cannot be limited to river dikes. Therefore, the influence of air bub-

bles must be taken into consideration for any ground experiencing seepage flow. Since the 

results obtained in the holding test and re-raising test revealed that the danger of seepage fail-

ure increases when air bubbles exist in the ground, air bubbles remaining in ground after con-

struction or air bubbles trapped by rainfall may negatively affect the strength of any ground. 

To examine these phenomena, we are developing a numerical analysis to account for 

bubble effect using Smoothed Particle Hydrodynamics (Maeda et al., 2006). 
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Fig.6.1.1 Changes in the safety factor: critical hydraulic gradient divided hydraulic gradient 
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Fig.6.1.2 Flow Chart of seepage failure that considers the influence of bubble dynamics 
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6.2 Summary 
 

In this study, a two-dimensional seepage failure experiment was performed on the region 

around a sheet pile. Three tests were employed: (1) a monotonic raising test, in which the wa-

ter-level difference was monotonically raised, similar to the general seepage failure test; (2) a 

holding test, in which the water-level difference was maintained at a fixed value less than the 

critical water-level difference obtained in the monotonic raising test; and (3) a re-raising test, 

in which the water level was raised after the holding test. Based on the results obtained from 

these three tests, the effect of air bubbles on sandy ground was investigated macroscopically 

and microscopically to explain the mechanism of three-phase seepage failure, considering air 

bubble generation and development and the interactions between soil, water, and air. The re-

sults obtained in this study can be summarized as follows: 

 

<Macro scale> 
(1) The monotonic raising test showed that ground surface displacement started at approxi-

mately 80% of the critical water-level difference ∆Hcr, at which time the ground surfaces 

on both the upstream and downstream sides of the sheet pile were symmetrically de-

formed. The amount of ground surface displacement required for seepage failure was 

greater in dense ground than in loose ground. 

 

(2) In the holding test, ground surface displacement occurred on both the upstream and 

downstream sides just after maintaining the water-level difference in loose ground. In 

dense ground, the ground surface displacement did not occur until later, but it progressed 

rapidly. Ground displacement on the upstream side occurred when air bubbles escaped 

from the ground on the downstream side. The region of ground displacement gradually 

propagated upstream the first air bubbles escaped from the ground on the downstream 

side. 
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(3) In the re-raising test, seepage failure first occurred at a water-level difference less than the 

critical water-level difference ∆Hcr (80%–90% of ∆Hcr). This means that the ground 

strength against seepage failure decreased by a maximum of 20% because of air bubbles. 

 

(4) The index of supersaturation Iss (similar to the relative density in geotechnical engineer-

ing) allowed the DO values measured during the tests to clearly express the degree of pore 

water supersaturation. 

 

(5) Contrary to the results reported by Kodaka and Asaoka, air bubble generation was con-

firmed in the dense ground holding test, even when pore water was undersaturated. Air 

bubbles were believed to have been generated when during seepage, soil particles force-

fully agitated pore water by. 

 

(6) The speed of air bubble development depended on the ground density and Iss. The speed 

increased as the ground density or Iss increased. In dense ground, the development speed 

was not greatly affected by Iss. The likely reason for this was that in dense ground, air 

bubble development was easier than in loose ground because many soil particles held air 

bubble nuclei and agitation was high. In other words, ground density substantially affected 

the initial development of air bubbles. 

 

(7) In ground where air bubbles were already generated but had not yet been released, the 

strength against loading was 1/4–1/5 that of normal ground. The strength of the ground 

against loading decreased further because of the large quantity of accumulated air bubbles 

caused by a large overburden. 

 

 

<Micro scale> 
(1) Image analysis of ground displacement around a single air particle showed that an air 

bubble moved toward the ground surface while expanding and compressing owing to in-

teractions among the bubble, the surrounding ground, and the seepage force. The air bub-
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ble would then escape from the ground while forcefully shearing the surrounding ground. 

 

(2) The principles required to explain the life of an air bubble were the Young-Laplace equa-

tion, Henry’s law, surface tension, void diameter, air bubble diameter, Boyle’s law, and 

balance between air bubble buoyancy and the vertical earth pressure above. 

 

(3) A pore water supply was required for air bubble nuclei or generation of fine air bubbles 

(microbubbles). The development of microbubbles required the incorporation of pore wa-

ter DO. Air bubbles became visible at the tip of the sheet pile downstream, where the hy-

draulic gradient i was largest and the static water pressure had begun to decrease. This 

finding agreed with those of Kodaka and Asaoka. 

 

(4) From air bubble generation to escape, bubble’s shapes changed from slender to globular to 

flat, and the bubbles gradually moved toward the surface while developing. Just before 

escaping, the air bubble shapes became slender, and the bubbles sheared the ground above 

forcefully as they escaped. At this moment, i increased locally and macroscopic seepage 

failure occurred. 

 

(5) In the period between the holding test start and subsidence of the ground surface on the 

upstream side, the seepage distance L increased because of ground uplift on the down-

stream side accompanied by air bubble generation. When the ground upstream side started 

to subside, the seepage distance L decreased and became shorter than the initial distance 

in dense ground. The permeable water volume Q exhibited a similar trend. Even though 

the water-level difference was fixed, i increased as time progressed, and seepage failure 

also accelerated. In addition, the local deformation width W from the sheet pile was about 

D/2–D of the penetration depth of the sheet pile D in the ground upstream. This was about 

D/2 in the ground downstream, as pointed out by Terzaghi. 
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Chapter 1 

Seepage Failure Phenomenon of Dike Model 

 
We investigated about seepage failure mechanism with account for air bubble dynamics 

in the PART 1. In this part, another experiment with account for rainfall was carried out to 

compare the seepage failure of dike. In this study, some geomaterial were used to compare 

these seepage characteristics. In addition, pore pressure and moisture content by volume were 

also obtained. 
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Chapter 2 

Experimental Method and Procedure 
 

 

 

 

 

2.1 Outline of experiment 

 
In this part, the influence of bubble dynamics and rainfall are investigated by using some 

geomaterials (Silica sand, Kaolin clay and Toyoura sand). Some experimental condition (con-

trol of DO value etc.) are same as part 1, so only a point different from part 1 is written in 

section 2.2. 

In this part, it pays attention to the appearance of phreatic lines and bubble development 

in the dike (especially, captured bubbles), and it is compared to examine the method of meas-

ures. 
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2.2 Experimental Apparatus and Procedure 

 
The experimental apparatus shown in Fig. 2.2.1 was manufactured. In this experiment, 

Silica sand (No. 6), Toyoura sand, and mixture material (Silica sand and Kaolin clay; weight 

ratio=17:3) is used. Toyoura sand and Silica sand are dried, but mixture material is adjusted to 

become optimum moisture content (about 20 %). Coefficient of permeability of each materi-

als are 1.6×10-2, 8.5×10-3, 3.5×10-4 cm/s, respectively. 

 

Making procedure of a dike is as follows: 

First, after arranging a loose two-base layer (thickness of both layer is equal to 50 mm) 

simulated ground dropped into the water, density of the ground was controlled by a tamping 

rod (degree of compaction is about 92 %). Then, dike part was made by the tamping every 50 

mm thicknesses after dropped geomaterial into the air. Tap water was used, and DO of the 

water to rise the water level was controlled by a thermo regulator and air bubble generation 

device. Rainfall intensity was set to 124 mm / hour, and to keep uniformity of the moisture 

content of the ground, fog nozzle can move at the speed of 10mm/s. Experimental conditions 

are shown in Table 2.2.1. As for the rainfall condition, in case of prerainfall before raising 

water level, prerainfall time was written as the unit of minute. If water level rising and rainfall 

are given at the same time, prerainfall time was written as 0 minute. Fig. 2.1.3 indicates the 

install position of moisture meters. 

In the dike experiment, strength against overflow of dike is defined as “residual height”, 

which is the difference of the first and last height. 
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Chapter 3 

Experimental Results 
 

 

 

 

 

3.1 Appearance of Phreatic Lines and Bub-

ble Development in the Dike 

 
In this section, appearance of phreatic line, external erosion of the slope of dike, internal 

erosion of the dike and development of bubble were investigated as shown in Table 

2.2.1((a)-(f)). 

 

3.1.1 Case (a): Monotonic Raising Test, Silica sand, without Rainfall 
Figure 3.1.1 shows monotonic raising test using silica sand without rainfall. After 

phreatic line on the upstream side rises, phreatic line on the downstream side rises delaying. 

In addition, the top of the phreatic line on the upstream side is higher than the water level on 

the upstream side due to the effect of suction. The dike is saturated 0.5 h after the initiation, 
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slope on the downstream side was washed out with water level raising. 1.33 h later, the dike 

was broken with overflow. No bubbles exist in the dike through this case. 

 

3.1.2 Case (b): Monotonic Raising Test, Silica sand, with Rainfall 
Figure 3.1.2 shows monotonic raising test using silica sand with rainfall at the same time 

of water level rising on the upstream side. Differ from Case (a), phreatic line is seen from the 

toe to the center of the slope on the downstream side, and unsaturated zone which was sur-

rounded by some phreatic lines was made on the downstream side.  After the external ero-

sion of the slope surface on the downstream side due to rainfall, dike was broken in 1.33 h 

after the initiation. In this case, bubble did not exist in the dike. 

 

3.1.3 Case (c): Monotonic Raising Test, Mixture soil, with Rainfall 
In this case, monotonic raising test using mixture geomaterial (silica sand and kaolin 

clay) with rainfall at the same time of water level rising on the upstream side is performed. 

From the start of this experiment, intense erosion was occurred on the both upstream and 

downstream side slopes. Collected rainfall on the crest washed out slope surface. The crest 

becomes lower due to rainfall erosion, and dike was broken by overflow from the upstream 

side after 1 h initiation.  

 

3.1.4 Case (d): Monotonic Raising Test, Toyoura sand, with Rainfall 
Figures 3.1.3 to 3.1.9 show monotonic raising test using Toyoura sand with rainfall.  

Prerainfall time is 45 minutes. And Fig. 3.1.10 indicates the result of moisture meters. Just the 

point of the rainfall, phreatic lines generate from the edge of the dike on the both side (Fig. 

3.1.3), these lines are generated to the crest (Fig.3.1.4). Figure 3.1.10 indicates these values 

rapidly decrease 0.5 h after the initiation. The likely reason for this is that bubbles are cor-

rected into the dike. In addition, as shown in Fig. 3.1.10, amount of the decrease around the 

crest indicates the biggest value. This means that bubble is surrounded by the phreatic line 

from the lower side (with suction) and upper side (with rainfall). After that, when water-level 

difference increases with rainfall, phreatic line progresses to the center of the dike (Figs. 3.1.5 

and 3.1.6). After sliding begins from the toe on the downstream side with water level raising, 
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it progresses to the crest of dike (Fig. 3.1.7). And existence of a bubble is checked in this step. 

The likely reason for this is that bubbles captured into the dike are collected by both rainfall 

and phreatic line due to water level rising, and developed.  

When water level at the upstream side becomes higher, a bubble to the upstream is com-

pressed by the phreatic line (Fig. 3.1.8). When just before failure due to overflow, some 

cracks are developed around the crest, and air blow occurs from the crest (Fig. 3.1.9). In addi-

tion, as shown in Fig. 3.1.10, moisture content increases rapidly. This result indicates the es-

cape of bubbles. And it thinks that the crack caused by a tension received from a bubble cap-

tured into the dike. This bubble causes uplift of the crest, and suction loses. These cracks and 

air blows are equal to the phenomenon witnessed at the Tokai Flood Disaster, so it says that 

this experiment can express the effect of bubble generation enough. After that, the dike was 

broken with overflow. There was no response of pressure meter through this case. 

 

3.1.5 Case (e): Holding Test, Silica sand, without Rainfall, ∆H=250 
mm 
Figure 3.1.11 shows holding test (water-level difference equal to 250 mm) using silica 

sand without rainfall. This figure shows the slope on the downstream side. And just then, wa-

ter-level difference rises. Some bubbles are blowing out from the toe. When water-level dif-

ference reaches to 250 mm, intense erosion occurs from the toe to the crest on the down-

stream side. And finally, dike was broken due to the erosion of the crest. 

 

3.1.6 Case (f): Holding Test, Silica sand, with Rainfall, ∆H=150 mm 
Figure 3.1.13 and 3.1.14 show holding test using silica sand with prerainfall. The time 

of prerainfall is 30 minutes, and holding water-level difference is 150 mm. After prerainfall, 

rainfall continues until the end of the experiment.  As well as Case (b), slope surface was 

washed out due to the prerainfall (Fig. 3.1.13). After that, water-level difference rose. Ero-

sion area on the downstream side expanded from the toe to the crest step by step, and this 

area reaches to the height of the water surface on the upstream side. Then, after erosion di-

rection becomes parallel to the crest, dike was broken after 68 h initiation due to the ero-

sion. In the holding test, micro bubbles are generated in the dike on the upstream side. But 
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in this case, the influence of these bubbles is smaller than the influence of the erosion due 

to rainfall. 
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3.2 Residual Height against Overflow 

 
Table 3.2.1 shows the all results of dike experiment. In monotonic raising test, the 

smaller coefficient of permeability is, the smaller residual height, too. And rainfall decreases 

the strength against overflow as shown in the result of silica sand. 

In holding test, on the other hand, all results are same values as shown in Table. 3.2.1. So, 

it says that Toyoura sand became weak with bubble dynamics (captured bubble) due to rain-

fall (see Figs. 3.1.1 to 3.1.9). 

And the comparison between monotonic raising test and holding test, it says that holding 

decrease the strength, too. 
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Table 3.2.1 residual height against overflow (mm) 

 Monotonic raising Holding 

Toyoura sand 
Without Rainfall - - 

Rainfall 160 129 

Silica sand No.6 
Without Rainfall 150 130 

Rainfall 142 132 

Mixture of 

Silica sand No.6 

and Kaolin clay 

Without Rainfall - 134 

Rainfall 135 - 
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3.3 Summary 

 
In this part, appearance of the progress of phreatic line, erosion of the slope of the dike, 

influence of rainfall, and generation of bubble were investigated through the model test. The 

results obtained in this experimental study can be summarized as follows: 

 

(1) Through almost all the experiment cases, dike was broken by overflow. So the measure 

against the overflow is important. In addition, there are two causes of the overflow. One is the 

water level rising at the upstream side, and another one is the decrease in the height of the 

crest due to rainfall. Therefore, to prevent from the erosion of dike slope with rainfall or over-

flow, protection of dike slope is needed. 

 

(2) In case of low permeability soil use (Sec. 3.1; Case (c)), material of dike was washed out 

due to rainfall and seepage flow. On the other hand, high permeability materials (ex. Toyoura 

sand) have higher strength than low permeability materials against erosion of slope.  

 

(3) In case of Toyoura sand use (Sec. 3.1; Case (d)), air bubble was captured by both phreatic 

line from lower side and rainfall. And then these bubbles caused the tension crack of dike. In 

addition, when these bubbles are blown off to outside, dike has some damage such as the de-

crease of density, local decrease in strength and local increase in seepage force (see Part 1). 

 

(4) In some experimental conditions, micro bubbles were generated among a long period. 

Though these bubbles hardly influence the dike, these bubbles become bigger as time passed. 

So, the measure of the decrease in influence of air bubble is needed to make a strong dike in 

the overflow and seepage failure. 
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(5) In monotonic raising test, the smaller coefficient of permeability is, the smaller residual 

height, too. And rainfall decreases the strength against overflow as shown in the result of sil-

ica sand. In holding test, on the other hand, all results are same values. So, it says that Toy-

oura sand became weak with bubble dynamics due to rainfall. 
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Chapter 1 

Outline of Smoothed Particle Hydrodynamics 

 
Large flowage deformations and hydraulic collapse of ground (e.g. dikes) induced by 

permeation of water through ground, play important roles in the destabilization of dikes 

during floods, liquefaction and other damage mechanisms that occur during injection driving 

of pile and/or improvement materials into ground. It is necessary to model progressive 

seepage failure in the soil in order to analyze these phenomena more precisely. Reports have 

found important roles for interactions among all three phases in solids, liquids and gases 

(Kodaka and Asaoka, 1994; Nakajima, 1985; Maeda and Sakai, 2004; Sakai et al., 2005). The 

degree of saturation (JGS Technical Committee of mechanism of slope failure and prediction 

of degree of risk under heavy rains, 2003) and the super dissolved oxygen in void pores have 

major effects on seepage failure behavior in soil, and the occurrence of air bubbles in the base 

is an important issue in the weakening of dikes. 

    In this study, the development of a new analytical method for investigation of seepage 

failure was attempted in order to account for interactions among all three phases of soil, water 

and air. The smoothed particle hydrodynamics method (SPH), a completely mesh-free 

technique, was used to obtain the combined benefits of both discrete and continuum methods. 

SPH is a Lagrangian method employing particles that operate in place of the mesh in finite 

difference solutions of partial differential equations. This method was originally developed by 
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Gingold and Monaghan (Gingold and Monaghan, 1977) and Lucy (Lucy, 1977) in 

astrophysics to solve equations of motion for galaxies (Monaghan, 1988). Later, this method 

was applied to viscid flows and failure of solids (Monaghan and Gingold, 1983; Libersky et 

al., 1993; Monaghan, 1994; Benz and Asphaug, 1995; Randles and Libersky, 1996; Morris et 

al., 1997). In this paper, SPH with a new method for calculating density in multi-phase 

conditions is proposed. The seepage in the dike base is also expressed by devising equations 

for solid-fluid phase interactions. Very simple model experiments and qualitative analytical 

observations were also carried out in two dimensions. 



 

Nagoya Institute of Technology 

 

 

 

 

 

 

 

 

 

Chapter 2 

Analytical Method 

 
In the following sections, outline of the SPH method, comparisons between continuum 

mechanics and SPH expressions for continuity and momentum equations are introduced with 

equation of state of fluid and constitutive model of soil used. Secondly, some improvements 

are proposed such as the calculation procedure of density with interface between different 

material and introduction of interactions between solid and fluid phases. Finally implementa-

tions of SPH analysis are explained. 

 

2.1 Outline of SPH Method 

 
The purpose of this study is to discuss and model interactions among the solid, liquid and 

gaseous phases. In this paper, we had an attempt to develop the analysis method to express the 

seepage failure. The continuity equation, equation of motion and the SPH formulations nec-

essary to express two-dimensional seepage failure and the implementation are explained. 

Here, compressive stresses and strains are considered to be positive. 

In the DEM, in order to examine actual particles and solve the corresponding equations 
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of motion using finite time differences, a huge number of particles are required when handling 

a large analytical region. The SPH developed in this research is not intended for practical 

problems, but for solving an assembly of particles (Fig. 2.1.1), which are considered to be 

round (radius h), continuous bodies of finite volume. These particles overlap in the analytical 

region, and the equation of motion is solved with finite time differences for each particle. Soil 

“particles” here represent discrete volumes of soil rather than soil grains, and similarly water 

“particles” are finite volumes of water rather than individual molecules. Thus, this approach 

allows for a much faster solution for systems of large numbers of particles compared to DEM. 

Since this method uses the Lagrange equations, it can also express discrete behaviors such as 

sliding contact between particles, separation, and two- or three-phase inter-actions.  

The motion of particles is dominated by the gradient of the stress exerted by neighboring 

particles; it, therefore, is not necessary to determine the parameters for spring elements in 

DEM which are hard to understand. We can calculate the stress-strain relation in particles us-

ing the same equation of state and constitutive equations as those for ordinary continuous me-

dia. This approach combines the benefits of both discrete analysis and continuum analysis 

into SPH. 

As mentioned above, SPH describes the phase of interest as a superposition of multiple 

overlapping particles. The spatial mean value < f(x)> of physical quantity f(x) at an arbitrary 

point x is given by Eq. (2.1.1). Particles x' of physical quantity f(x') are located within the 

zone of influence of the first particle (assumed in this paper to be 2h, double the radius h of 

the particle). The physical quantity is interpolated using a smoothing function (called kernel) 

W (see Figs. 2.1.1 and 2.1.2).  

 

( )
x'rx'

x'x'xxx

dhWf

dhWff

),()(

),()(

∫
∫
=

−′>=<     (2.1.1) 

 

where r = x – x'. The smoothing function W is defined by, 

 

x'r dhW ),(1 ∫=     (2.1.2) 
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As h is zero, <f(x)> can be denoted by f(x). If the density at x is ρ(x), Eq. (2.1.1) can be 

rewritten as 

 

( )[ ] ( ) x'x'rx'x'x dhWff ρρ ),()()( ∫>=<     (2.1.3) 

 

The spatial differential of this function can be written as follows. 

 

( )[ ] ( ) x'x'rx'x'x dhWff ρρ ),()()( ∫ ∇>=<∇   (2.1.4) 

 

Here, ∇ = (∂/∂x, ∂/∂y) T is the gradient of the function. 

Equation (2.1.3) is then discretized into finite particles. Let the location of the center of 

particle i, its mass, and density be represented by xi, mi and ρi, respectively, and let the vector 

from the center of particle i to the center of particle j be represented by rij. From Eqs. (2.1.3) 

and (2.1.4), fi = <f(xi)>, ∇fi = ∇<f(xi)> can be approximated as follows: 

 

),()(
1

hW
f

mff ijij

N

j j

j
jii rx ∑

=

>≅=<
ρ

    (2.1.5) 

),()(
1

hW
f

mff ijij

N

j j

j
jii rx ∑

=

∇>≅<∇=∇
ρ

    (2.1.6) 

 

Here, N is the number of particles in the analytical region. As expressed in the next equa-

tion, N more precisely represents the number of particles within the zone of influence of the 

smoothing function of particle j. 

 

ijijji h2≤=− rxx ,  ( ) 2jiij hhh +=     (2.1.7) 

 

In SPH, the physical quantity fi = f(xi) moves with the center of particle i. 

It has been proposed that the Gaussian distribution and several other distributions (Liu et 

al., 2003) should be used as the smoothing function W. However, the Gaussian distribution 



2-1-4   Part 3 Chap. 2 Analytical Method 
 

Nagoya Institute of Technology 

would be very inefficient for calculations because the zone of influence extends to infinity. In 

this study, the third-order B-spline function shown below was employed as it provides a 

smooth curve and a limited zone of influence whose radius 2h. Here, rij = |rij| and S = rij/hij. 

  
( )

⎪
⎪
⎪

⎩

⎪⎪
⎪

⎨

⎧
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+−

×=

0

2
6
1

2
1

3
2

3

32

S

SS

W dij α
S

S
S

<
≤≤
<≤

2
21
10
    (2.1.8) 

 

In this equation, αd is selected in order to satisfy Eq. (2.1.2), with values of 1/h, 15/7πh2, 

3/2πh3 in one, two and three dimensions. The smoothing function and its first derivative in the 

two-dimensional case are shown in Fig. 2.1.2(hi = hj = h). 
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Fig.2.1.1 Expression of physical quantities using the smoothing function in SPH 

 

 
Fig.2.1.2 Characteristics of smoothing function incorporating geometric characteristics of 

particles in SPH 
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2.2 Continuum Continuity and Motion Equa-

tions 

 
Generally, the continuity equation for material is written as follows using ρ and ν as the 

density and velocity vectors, respectively: 

 

D
dt
d ρρρ

−=⋅∇−= v     (2.2.1) 

D=⋅∇ v  (divergence)    (2.2.2) 

 

where, ‘•’ denotes the dot product of the vectors. When we observe a moving point within a 

body from a frame of reference moving with the body, the equation of motion using the stress 

tensor σ and the body force f is generally written as follows. 

 

fσv
+⋅∇−=

ρ
1

dt
d     (2.2.3) 

 

Here, if the isotropic compressive stress component (mean principal stresses) and the de-

viator stress component are p and τ, respectively, σ can be re-written as  

 

τIσ += p     (2.2.4) 

( ) 2xxyyp σσ +=     (2.2.5) 

( )
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

−−
=

2
2

xxyyyx

xyxxyy

σσσ
σσσ

τ     (2.2.6) 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

10
01

I     (2.2.7) 

 

If the fluid is assumed to be non-viscous, τ = 0, and then Eq. (2.2.3) is reduced to  

 

fv
+∇−= p

dt
d

ρ
1     (2.2.8) 

 

On the other hand, if the fluid is viscid, the Navier-Stokes equation becomes 

 

fvv
+∇+∇−= 21 υ

ρ
p

dt
d ,   ρµυ =     (2.2.9) 

 

where µ and ν represent the static and dynamic viscosities, respectively. 

Next, the strain rate ε is defined by,  

 

( ){ }Tvvε ⊗∇+⊗∇−=
2
1

&      (2.2.10) 

 

where ⊗ denotes the dyad product and the superscript T indicates the transverse of the 

matrix. As we denote shear strain and time differentiation by εd and ‘•’, respectively , the shear 

strain rate is expressed as 

 

( )εεε &&& Trd

2
1

−=      (2.2.11) 

 

The rotation speed ϖ is, 

 

( ){ }Tvv ⊗∇−⊗∇−=
2
1ϖ      (2.2.12) 
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This purpose of study is to discuss and model interactions among the solid, liquid and 

gas phases. In this paper, we had an attempt to develop the analysis method to express the 

seepage failure. The continuity equation, equation of motion and the SPH formulations nec-

essary to express two-dimensional seepage failure and the method of solution are explained. 
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2.3 Continuity and Motion Equations in SPH 

 
Since SPH uses the Lagrangian algorithm, as long as the number of particles in the sys-

tem does not increase or decrease, the continuity conditions are satisfied. Here, the method for 

calculating particle density is described. In this study, an improvement procedure for calcu-

lating density was employed in order to ensure that the continuity conditions are satisfied 

even in mixtures of materials with greatly differing densities and constitutive models. The 

conventional method is summarized and the schemes are described below. 

 

2.3.1 Conventional Procedure forEestimation of Density 
First, the density ρi of particle i is replaced with the density ρi found with function fi in 

Eq. (2.1.3). 

 

ij

N

j
jij

N

j j

j
ji WmWm ∑∑

==

==
11 ρ

ρ
ρ     (2.3.1) 

 

The SPH expression of Eq. (2.2.1) is also derived. First, since 

 

( )
ρρ
ρρρ

∇⋅−⋅∇≅

∇⋅−⋅∇=⋅∇

vv
vvv      (2.3.2) 

 

when Eq. (2.3.2) is substituted into Eq.(2.2.1) and the continuity equation for particle i 

(xi, yi) is ∇i = (∂/∂xi, ∂/∂yi)T, we have 

 

[ ]ρρ
ρ

iii
i

dt
d

∇⋅−⋅∇−= vv      (2.3.3) 
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Next, using Eq. (2.1.6), 

 

ij

N

j
jji Wm∑

=

∇⋅=⋅∇
1

vvρ      (2.3.4) 

ij

N

j
ijii Wm∑

=

∇⋅=∇⋅
1

vv ρ      (2.3.5) 

 

When Eqs. (2.3.4) and (2.3.5) are substituted into Eq. (2.3.3), the differential form of the 

continuity equation becomes 

 

( )

∑

∑

=

=

∇⋅=

∇⋅−=

N

j
ijiijj

N

j
ijijij

i

Wm

Wm
dt

d

1

1

v

vv
ρ

     (2.3.6) 

 

Here, vij = vi – vj, and ∇i is the gradient for particle i with respect to the coordinate sys-

tem (xi, yi). 

 

2.3.2 Improvement in Estimation of Density Proposed 
When Eq. (2.3.1) is used, since there will be fewer fixed particles than loose particles in 

the vicinity of the free interface, the density tends to be underestimated in that region. This 

problem can be avoided by using Eq. (2.3.6), the differential form. Alternatively, the next 

equation can also be used, in which the smoothing functions are summed for normalization 

(Randles and Libersky, 1996). 
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=
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=
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j

j
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j
j

i

W
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Wm

1

1

ρ

ρ
     (2.3.7) 

 

However, some improvements to this relation are necessary in order to calculate the den-

sity in the vicinity of the interface between phases in multi-phase conditions. In other words, 
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in the vicinity of the interface between phases with greatly differing state equations and densi-

ties, even Eq. (2.3.7) will result in large errors in the calculations of density. For example, 

consider the situation of air bubbles in water. The state equations for air and water are differ-

ent, and water is roughly one thousand times denser than air. This causes an underestimate in 

the water density near bubble surfaces and an overestimate of the air density on the air side of 

the interface. The calculation then fails because the pressure is estimated at physically impos-

sible high or low values due to these misestimates of density. This cannot be avoided by using 

either of Eqs. (2.3.1), (2.3.6) or (2.3.7). 

In this study, this problem is avoided by the summating (Σ) all elements of each given 

phase when using Eq. (2.3.7). The following equations show the present approach for a 

2-phase mixture combining Material a and Material b represented by respective particles. 
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j
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ij

N
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bMateriali

W
m

Wm

1

1

ρ

ρ
  for Material b;   (2.3.9) 

 

The above approach allows the densities of the different materials to be calculated with 

high precision everywhere, including the vicinity of phase interfaces. Investigations into ap-

proaches to the accurate and simple calculation of density will be continued for cases of 

changes in system mass (as in Eq. (2.3.6)), and in cases involving more abrupt, discontinuous 

changes in density. 

 

2.3.3 Conventional Procedure for Calculation of Motion Equation 
Second, the SPH adaptation of the equation for particle i in Eq. (2.2.8) is explained as 

follows. The quantity 1/ρ∇ρ must be calculated in order to solve the motion of particle i, as 

given by 
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     (2.3.10) 

 

Substituting this equation into Eq. (2.2.8), the equation of motion for particle i becomes 

 

ii
i

i
i

i pp
dt

d
f

v
+∇+−∇= ρ

ρρ 2
     (2.3.11) 

 

In addition, Eq. (2.1.6) can be used as follows. 
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ρρ      (2.3.13) 

 

Equations (2.3.12) and (2.3.13) can be substituted into Eq. (2.3.11) to obtain the follow-

ing SPH version of the equation of motion for particle i: 
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     (2.3.14) 

 

In the same way, Eq. (2.2.3) can be rewritten as 

 

iij

N

j i

i

j

j
j

i Wm
dt

d
f

σσv
+∇⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+−= ∑

=1
22 ρρ

     (2.3.15) 

 

The methods proposed by Morris et al. ( Morris et al., 1997) and Monaghan and Gingold 

(Monaghan and Gingold, 1983) can also be employed for the viscosity term of a fluid and the 

artificial viscosity of a solid to convert Eqs. (2.3.14) and (2.3.15) into Eqs. (2.3.16) and 
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(2.3.17): 
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Here, 
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( ) 2jiij ccc += , ( ) 2/jiij ρρρ +=     (2.3.20) 

 

where ci is the speed of a compression wave through the medium of particle i. The term 

Πij in Eq. (2.3.17) represents artificial viscosity pressure between particles i, j which are in 

physical proximity (vij • rij < 0). This plays the role of a virtual damper to moderate interpen-

etration in particle collisions (εAF is a coefficient to prevent divergence). The literatures sug-

gest α = 0.001 and β = 0.0. It will be necessary to investigate how appropriate these values 

are for geomaterials. 

The strain rate tensor ε&  (Eq.(2.2.10)) and rotation tensor ϖ  (Eq.(2.2.12)) for particle i 

are converted as follows. 
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2.4 Equations of State for Fluids and Con-

stitutive Models of Soil Used 

 
The initial pressure, the pressure at an arbitrary time, and the pressure deviation are de-

noted by p0, p and pd, respectively, and the bulk modulus is denoted by B. The equation of 

state for the gas phase (Batchelor, 1967) is given by 

0

0
0 ρ

ρρ −
=−≡ Bpppd

  for gas   (2.4.1) 

where B is determined by 

pB gas ⋅= γ  for gas   (2.4.2) 

The ratio of specific heat at constant pressure to specific heat at constant volume is γgas = 

1.403 for air. 

The liquid phase (e.g., water) is assumed to be incompressible. Then, as the pressure is 

calculated from the density in SPH, the following state equation is employed to handle 

quasi-incompressible fluids (Batchelor, 1967). 
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00

liq

ppppd

γ

ρ
ρ  for water   (2.4.3) 

Here, γliq was set equal to 7 (Monaghan, 1994). The lower this value is, the higher the 

compressibility of water is. This value was selected because the speed of compression waves 

in water is defined by the bulk modulus and density. In Eq. (2.4.3), changes in density have a 

large effect on changes in pressure; even small changes in density suffice to bring about large 

changes in pressure. Actual calculations using this value showed changes of density of less 

than 0.1%, a good approximation of incompressibility. 

There is no need for special measures in the constitutive model for the solids in the ana-

lytical method proposed here, and any constitutive model appropriate for the problem can be 
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employed. Many useful constitutive models and experimental laws are proposed in geome-

chanics (Wood, 2004). However, one of the most simplified models was used in the present 

analysis. An elastic-perfectly plastic solid was assumed. Other assumptions in this analysis 

were as follows: all dilatancy angles ϕd = 0, Poisson’s ratio νe = 0.3 and maximum (ultimate) 

shear stress of soil τf = p tan φ (with zero cohesion), where φ is the internal friction angle at 

failure. The shear stiffness Ge and Young’s modulus Ee were defined as stretching odd func-

tions of mean effective principal stress: 

( )
m

eeee

p
pEGE ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=+=

0

012 ν     (2.4.4) 

The bulk modulus of soil Be is 
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    (2.4.5) 

Here, p0 and Ee
0 are the standard stress and the stiffness corresponding to that stress, re-

spectively. Under the above assumptions, the volumetric changes of soil particles depend only 

on the changes in effective mean principal stress in the elastic region such that the density of 

the soil is determined by its porosity n, allowing estimation of the effective mean principal 

stresses. When the relation of the increase in shear stress τ&  accompanying the deviator strain 

rate σ&  is within the elastic region, it is common to use the relation described by Hooke’s law, 

dετ && eG2=      (2.4.6) 

However, when rotation is taking place in the displacement field, the Jaumann rate is 

used instead. Then, Eq. (2.4.6) is re-written as follows (Libersky et al., 1993; Benz and As-

phaug, 1995). 

dεττττ && eG2ˆ =⋅+⋅−= ϖϖ      (2.4.7) 

Equation (2.4.7) also employs the results of Eqs. (2.2.4), (2.3.21) and (2.3.22).  In this study, 

the initial porosity n0 was set at 0.4 and m at 0.5. The standard stress and stiffness were set at 

p0 = 100 kPa and Ee
0 = 150 MPa, and tan φ = 0.5 was used. 
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2.5 Interaction between Solid and Fluid 

Proposed 

 
For this study, the solid phase, soil, and the fluids of water and air were handled on dif-

ferent layers (see Fig. 2.5.1). These layers were then combined to obtain the analysis of the 

three-phase system. Sugino and Yuu (Sugino and Yuu, 2002) successfully performed 

two-phase analysis by using a finite-difference method for the porous fluid (air), where SPH 

is used only for one phase. Since the purpose in this study is to simulate free surfaces, phase 

transport and separation in all phases, we applied the SPH method to all phases.r 

When combining the solid phase layer with the fluid phase layer, the model accounts for 

the physical forces described below, with due consideration of the effects of the porosity n 

and the coefficient of permeability k for water (or air). The frictional body forces resulting 

from velocity differences between two adjacent phases were employed as the above physical 

forces. The mixture theory (Biot, 1941; Prevost, 1979) was used here, writing the force by the 

solid phase on the liquid phase and the force by liquid on solid, respectively, as fsf and ffs 

 

( )fsfsf

k
g

n vvf −=
ρ2 ,  ( )sfffs

k
g

n vvf −=
ρ2     (2.5.1) 

 

By Newton’s third law of motion: 

 

fssf ff −=      (2.5.2) 

 

where ρf is the density of the fluid phase, g is the gravity acceleration (9.8m/s), and vs 
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and vf are the velocity vectors of the solid and liquid phases, respectively. Flowage deforma-

tion and failure behavior of the solid phase are dependent upon the effective stress. Here, the 

pore water pressure p was found using the method described below. The pressure in each liq-

uid particle found using Eq. (2.4.3) was substituted into Eq. (2.1.5) for fi for calculation of the 

pore water pressure. The continuity and balance in the multi-layers must be hold. 
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Fig.2.5.1 Equilibrium and interactions between solid phase (soil) and fluid phased (liquid, 

gas), superposition of fluid layer (air, water) and solid layer (porous medium, i.e. soil) 
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2.6 Time Integration 

 
This analysis uses the leap-frog method (Hockney and Eastwood, 1999) with Eqs. 

(2.3.17) and (2.5.1) to estimate particle acceleration, location, density, strain and stress. From 

step n to step n+1, the physical quantity was calculated as shown below. The time steps from 

calculation step n–1 to n and from n to n+1 are written ∆tn–1, ∆tn, respectively: 

 

( )
n

nnnn

dt
dtt vvv 12/12/1 21 −−+ ∆+∆+=  ,  

( )tDnnn ∆−= −+ 2/11 1ρρ ,    (2.6.1) 

tnnn ∆+= ++ 2/11 vxx , 

( ),..., 111 +++ = nnn S xσ ρ . 

 

Time step ∆t was determined using the Courant-Friedrichs-Levy (CFL) conditions, as 

follows. 

 

( )ii cht min25.01 ≤∆ ,  

( )ii vht &min25.02 ≤∆ ,    (2.6.2) 

( )iiht νmin125.03 ≤∆ , 

{ }321 ,,min tttt ∆∆∆=∆ . 
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2.7 Treatment of Boundary 

 
To realize a better physical meaning of the boundary, the behavior of phase boundary 

was reproduced by creating an array of virtual boundary particles, as shown in Fig. 2.7.1. If 

each boundary particle is defined with the proper location and momentum, it will be possible 

to apply slip and non-slip boundary conditions for the fluid phase. This treatment resembles 

the use of ordinary virtual cells used in the finite difference method with grids. When calculat-

ing the density and solving the equations of motion for particle a (free particle) moving freely 

in the analysis region, a virtual velocity is applied to boundary particles B within the affected 

range (satisfying Eq. (2.1.7)), which are then handled as ordinary particles. However, the po-

sitions of the boundary particles are not updated using the virtual velocity and there are no 

interactions between boundary particles. 

The method of Morris et al. (Morris, 1997) that improved the method of Takeda et al. 

(Takeda et al., 1994) was used here to handle the virtual velocity vB of boundary particle B. 

The effect of vB on free particle a was calculated according to the distance between the parti-

cle a and the boundary using the following equation. The conditions are non-slip and the 

boundary shape is a straight line (Fig. 2.7.1). 

 

aBaaB vvvv ⋅=−= β      (2.7.1) 

 

The maximum permitted value of β (βmax) is pre-determined. 

 

( )aB dd+= 1,min maxββ      (2.7.2) 

 

Here, the lower the value of da, the greater the value of β. In this case, βmax was set to 2.0 

to prevent β from reaching extreme values and overestimating the reaction forces exerted on 
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other particles near the boundary. This approach, allowing adjustment of different parameters, 

seems promising for modeling of various boundary conditions. 

  

 



2-7-3   Part 3 Chap. 2 Analytical Method 
 

Nagoya Institute of Technology 

 

 

 
Fig.2.7.1 Virtual velocity of particles under non-slip boundary condition; boundary particle 

B is located on the opposite side of the boundary line of the analysis domain of free particles 
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2.8 Introduction of Suction 

 
As shown in section 3.1, PART 2, it is easily understood that suction has acted remarka-

bly in the dried dike. So, we proposed the method of easily expressible of the effect of suc-

tion. 

First, capillary height of pore water in the soil is expressed as follows (Yamaguchi, 

1988); 

 

eD
hc

38.0
=       (2.8.1)  

 

Here, hc, D and e are, respectively, capillary height (unit: cm), mean diameter of soil par-

ticle (unit: cm) and void ratio. In this study, D has been treated as the 50 percent particle size, 

D50. To use the capillary height, it is necessary to provide both surface of the water and rising 

speed of the water. The former is decided by the boundary condition. At this time, the original 

density calculation method (equation 2.3.1) is used to examine the position of the surface of 

the water. The lattar is provided by using the saturate-unsaturated coefficient of permeability 

of the soil 

 

Calculation procedure is as follows; 

 

 (1) The water particle that exists in the soil is found. 

 (2) Void ratio and water volume content is calculated at the position of the water 

particle. 

 (3) Capillary height is calculated by void ratio and mean diameter of the soil particle. 

 (4) Rising speed of the water is calculated by using the relationship between 

saturate-unsaturated coefficient of permeability, k (cm/s), and water volume 

content, θ. 

 (5) The increment of capillary height is added to the position of the water particle. 

 

In this analysis, D50 and e0 (initial void ratio) were set up 0.2 (mm) and 0.7. Approximation of 
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relationship between k and θ is as follows; 

 

4.0
4.01.0

1.0

100.1
ln514.56356.0

100.1
)ln(

2

5

≥
<<

≤

⎪
⎩

⎪
⎨

⎧

×
×+

×
=

−

−

θ
θ

θ
θ　　k

   
(2.8.2) 

 

 



Sec. 2. 9 Implementation of SPH Analysis  2-9-1 
 

Nagoya Institute of Technology 

 

 

2.9 Implementation of SPH Analysis 

 
Figure 2.9.1 shows a flow diagram of the calculations in SPH. 

First, a particle is located in the analysis region and its initial mass, density and other pa-

rameters are set. In this study, the particles were placed on an orthogonal grid. Each particle 

was initially defined with an identical radius h and an identical zone of influence, of radius 

2h. 

The value of h was updated in each calculation step in accordance with the changes in 

density (divergence Di) (Benz and Asphaug, 1995). 
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As often performed in DEM, the analysis region was partitioned into cells, and the parti-

cles within each particle’s zone of influence were efficiently identified and recorded. This 

procedure was performed using a linked list in order to minimize memory usage in PC 

(Hockney and Eastwood, 1999). After determining the density, the fluid pressure and other 

parameters were calculated from the equation of state. The exerted forces and accelerations 

were then found from the inter-particle stress gradient, with consideration of the interactions 

between the solid and fluid layers. For the present assumption of quasi-compressibility of the 

fluid instead of incompressibility in SPH (Eq. (2.4.3)), Monaghan has proposed an approach 
called “XSPH” in which the velocity is revised. The velocity vector iv′  found in the previous 

process is thusrevised as velocity vi, which is given by  

 

∑
=

′−′=
N

j
ijijjXSPHii Wm

1

vvv ε      (2.9.2) 

 

where εXSPH is a constant (0 ≤ εXSPH ≤ 1). The larger εXSPH is, the greater the effect of this 
operation for moderating the velocity of the particle of interest to match the average velocity 

of the surrounding particles is. This avoids one particle penetrates into adjacent particles in 
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high-speed flows. 

The strain rate is calculated by the revised velocity, and the overall strain is then updated. 

The internal strain condition of each particle is also updated by calculating the strain rate from 

the constitutive equation. 

Finally, the location of the particle is updated, and the above process is repeated. Next 

chapter describes the analytical results obtained using this SPH method with the objective of 

reproducing two-dimensional fracture. The initial particle radius h0 and inter-particle dis-

tances were identical in all cases examined. The gravitational constant g was set equal to 9.8 

m/s2. 
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Fig.2.9.1 Flow of calculations in SPH 
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Chapter 3 

Analytical Results and Discussions 

 
 

 

 

 

 

 

3.1 Liquid phase (Single-phase) 

 
Figures 3.1.1 and 3.1.2 show the results of the SPH analyses for the collapse of liquid 

columns over a range of µ values (Monaghan, 1994). The viscosity for Fig. 3.1.1 is 1.002 × 

10−3 N⋅s/m2, and that for Fig. 3.1.2 is 1.002 N⋅s/m2, 1,000 times higher than the case of Fig. 

3.1.1. The centers of the particles along the right side of the column (the boundary particles) 

were initially aligned with the center of the vessels. The radii of the dots in the figures are 1/4 

of the size of the particles analyzed in the models. The red dots represent boundary particles, 

and blue dots denote liquid particles; we confirmed that the analysis results were fitted to ex-

perimental results (Martin and Moyce, 1952). 
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The initial density of all particles was set at ρ0 = 1000 kg/m3 and zero initial speeds in 

the figure were applied to the liquid particles on the right side of the column (H, y as defined 

in the figures). Figure 3.1.1 shows a time series of the collapse, consisting of a sideward flow 

with speed increasing with distance downward from the upper surface. After sufficient time, 

the water surface took a flat shape. In Fig. 3.1.2, not only did the collapse take much more 

time due to the higher viscosity, but the initial shape was also held for longer. Thus, the SPH 

method successfully reproduces the fluid flow phenomena. 

Figure 3.1.3 shows the comparison between benchmark experimental results and ana-

lytical results. As shown in this figure, analytical results have quantitatively good agreement 

with benchmark test. 
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Fig.3.1.1 Analysis of collapse pf fluid column (dam break); viscosity of water, time in sec-

onds 

 

 

 

 

 

 
Fig.3.1.2 Analysis of collapse of fluid cokumn; fluid viscosity is 1000 times that of water 
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Fig.3.1.3  Comparison between benchmark experimental results and analytical results by 

using normalization type density equation 
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3.2 Gas-Liquid System (Two-phases) 

 
Figures 3.2.1 and 3.2.2 show the results of analyses of the rise, burst and coalescence of 

bubbles in fluids, as predicted by SPH. The liquid was assigned the same characteristics as the 

water in the previous section. The properties of the gas were set at values characteristic of air: 

initial density ρ0 = 1.207 kg/m3, viscosity µ = 1.810 × 10−5 N⋅s/m2. 

No particles were located higher than the upper surface of the water. However, this vol-

ume was assumed not to be a vacuum but to have a pressure of100 kPa (about 1 atm.) Ac-

cordingly, the bubbles in the liquid were assigned a pressure of 100 kPa and densities corre-

sponding to the pressure at the water depth predicted by Eqs. (2.4.1) and (2.4.2). The bubbles 

were simulated using clusters of SPH gas particles. Figure 3.2.1 shows the analytical results 

with consideration of the surface tension of the water-air surface. The bubble rises with the 

passage of time, simulating the effect of buoyancy. The outline of the bubble changes as it 

rises and the surface of the water also lifts above the bubble. Circulation occurs as the liquid 

fills the space below the bubble. As it rises, the bubble breaks into a nearly straight row of 

smaller rising bubbles. This process clearly shows the changes in rise speed when it is viewed 

as a movie. The collapse of the water surface is also portrayed. The particles of air in the bub-

ble continue rising into the air after emerging from the water surface. Thus, the SPH method 

appears to reproduce a variety of motions and hydraulic collapse behaviors in fluid phases. 

Surface tension occurs when different substances are in contact, and this tension varies 

with the substances and with the shape of the interface. Although a number of existing ana-

lytical approaches search for the interface and calculate the surface tension, since the surface 

tension is a fundamental force between molecules, this intermolecular force is incorporated 

into SPH taking full advantage of the discrete properties defined by SPH. This study referred 

the method of Nugent and Posch (Nugent and Posch, 2000) to add an intermolecular force 

term −(a/m2)⋅ρ2 resembling the effect of van der Waals forces to the p pressure term in Eq. 

(2.3.16). Here, a is a constant characteristic of the materials. The acceleration caused by this 
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term is given by  
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Figure 3.2.2 shows the analytical results when the effect of Eq. (3.2.1) is included in the 

calculations for air (a=1). In comparison with Fig. 3.2.1, the bubbles broke into two smaller 

bubbles rather than many finer fragments. In other approaches, Lennard-Jones potential func-

tions and other tools have been used to tie intermolecular potentials (Israelachvili, 1991) with 

surface tension forces. Models with the greatest promise for general application will be inves-

tigated further in the future. 
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Fig.3.2.1 Analysis of bubbles in water: Effect of zero virtual surface tension (Eq. (3.2.1) not 

applied) 

 

 

 

 

 
Fig.3.2.2 Analysis of bubble in water, showing the effect of virtual surface tension of water 

(Eq. (3.2.1) applied) 
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3.3 Solid-Liquid System (Two-phases) 

 
3.3.1 1D Consolidation of Soil 

Figure 3.3.1 presents a comparison between the SPH solution and Terzaghi’s theoretical 

one-dimensional solution (Wood, 2004) for consolidation of a saturated soil (drains on upper 

and lower surfaces) of thickness H. The phenomenon of consolidation in the saturated soil 

occurs because of excess pore pressure ue and is described by the following expression: 

2
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gB
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we
v ρ1−=     (3.3.1) 

where ρw and k are the density of water and the coefficient of permeability of the filter, 

respectively. It is assumed that the initial pore pressure ratio distribution has a sinusoidal 

shape, with a median value of 1.0. The figure shows curves for the excess pore water pressure 

ratio at various times as a function of the depth y. The elapsed time t is shown in terms of the 

time coefficient Tv, a function of parameters of diffusivity: 
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kT
w

ev
ρ−

=
    (3.3.2) 

Here, soil was assumed to be a linear elastic solid with a bulk modulus Be independent of 

stress conditions (no fracture was assumed to occur). The results according to SPH conformed 

well with exact solution by Terzaghi’s theory, indicating that this two-phase, soil-water model 

was appropriate. 

 

3.3.2  2D Peameability Analysis using of some Soil Columns 
Figure 3.3.2 shows a peameability analysis. Three geomaterials, only coefficient of per-

meability is different, were prepared. These coeficients were set to 1.0×10-2,1.0×10-5 and 

1.0×10-8 cm/s, respectively. This result shows that the difference of the coefficient of per-

meability can be reproduced by using SPH. In addition, this method can be also expressed 

rainfall easily. 
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3.3.3 2D Solid-Liquid Analysis with Suction in the Box 
Figure 3.3.3 shows effect of suction. There are two soil boxes with a little water. One has 

suction, and another has not the effect of suction. As shown in Fig. 3.3.3, height of water sur-

face of the case to have suction effect is higher than the non-suction case. Thus, the suction 

effect can be easily expressed by using proposed method. 
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Fig.3.3.1 One-dimensional simultaneous excess pore pressure ratios. Comparison of SPH 

results with Terzaghi predictions. Drain at upper and lower surfaces, sinusoidal initial pressure 

distribution 
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3.4 Seepage Failure around Sheet Pile 

Solid-Fluid System (Two-phases and 

Three-phases) 
 

3.4.1 Soil-Water System (Two-phases) 
Figure 3.4.1 shows an SPH model of the experiment shown in Fig. 1.1.1. The yellow 

particles are the sand base. As occurred in Fig. 1.1.1, the base near the sheet pile deformed, 

followed by flow and failure of the base. This model thus reproduced characteristics of seep-

age failure well. In addition, the value of height difference at failure analyzed is almost same 

as that obtained in the experience. 

 

Figures 3.4.2 and 3.4.3 show the quantitative comparison of a velocity field and pressure 

field, respectively about Fig. 3.4.1. At the point of tip of the sheet pile, maximum velocity 

values of the experimental result (using PIV analysis) and numerical simulation are both 

about 0.25 m/s. In addition, pressure field at the same position indicates also quantitatively 

good agreements (Fig. 3.4.3). 

 

3.4.2 Soil-Water-Gas System (Three-phases) 
Fig. 3.4.4 shows an SPH prediction of seepage failure around sheet pile with air bubbles, 

where the air bubbles (green dots) are forced to be placed around the sheet pile at initial state 

in Fig. 3.4.1. In this case, the water column height difference is 60% of that in the case shown 

in the Fig. 3.4.1. Even under lower height difference, the failure of ground is induced by air 

bubbles rise: This result fits to the experimental results (Nakajima, 1985; JGS Technical 

Committee of mechanism of slope failure and prediction of degree of risk under heavy rains, 

2003), indicating that air bubbles induce deformation-failure of ground even under lower 

height difference. 
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Fig.3.4.1 SPH analysis of seepage failure around sheet pile: flow from right to left 
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Fig.3.4.4 SPH analysis of seepage failure around sheet pile with air bubbles under the 60% 

of difference height to the case of Fig. 3.4.1 
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3.5 Seepage Failure Analysis of Dike 

Solid-Fluid System (Two-phases and 

Three-phases) 
 

3.5.1 Appearance of the Progression of Phreatic Line (Two-phases) 
Figure 3.5.1 shows the appearance of the progression of a phreatic line. As the water level 

rises, phreatic line progresses in the dike from right to left. Thus, the observation of the 

phreatic line of every time can be facilitated by using this method. 
 
3.5.2 Analysis of Seepage Failure of Saturated Dike (Two-phases) 

SPH analysis was then used to examine the situation of dike seepage and failure. The 

parameters were those used in section 3.2.4. The figure shows the case when the rate of water 

level rise on the exterior side of the dike was higher than on the interior side. 

The case of the dike being saturated at the time of water level rise is shown in Fig. 3.5.2. 

The figure shows the velocity vectors of soil particle transport. Sliding collapse accompany-

ing flowage deformation due to seepage was successfully reproduced by this model. The ten-

dency for initiation of collapse at the toe of the inner side of the dike and continuous progres-

sion upward to the crest, as seen in the tank model, was also apparent in the SPH model. 

Figure 3.5.3 depicts the events for a dry dike. The figure shows seepage lines (interface 

between water and air) as dashed lines. As seen in the tank experiment, these lines bowed 

downward as they developed. It was thus found that the SPH model successfully reproduced 

the different behaviors of seepage lines under differing dike saturation levels. Therefore, it 

appears that the SPH method is capable of qualitatively reproducing seepage failure phenom-

ena in dikes. 
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3.5.3 Comparison between Prototype Dike Experiment and Numeri-
cal Simulation with account for Air Bubbles (Three-phases) 
Figures 3.5.4 and 3.5.5 shows the comparison between prototype dike experiment and 

numerical simulation with suction effect. In case of without rainfall (Fig. 3.5.4), progress 

speed of phreatic line calculated from numerical analysis is faster than the prototype experi-

ment result. The reason is that simulated air bubbles were blown out rapidly due to 

non-rainfall. 

As shown in Fig. 3.5.5 (with rainfall), phreatic lines of prototype experiment is very 

complicated due to rainfall. But in the numerical simulation, behaviors of these phreatic lines 

were able to reproduce qualitatively. So, it says that proposed method can simulate 

three-phase analysis. 
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(a) 

 

(b) 

 

 

(c) 

 

Fig.3.5.2 Analysis of seepage failure of saturated dike; (a) sliding collapse of dike toe  (b) 

propagation of collapse up dike  (c) overflow (a black arrow show vector of a SPH particle 

velocity) 
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3.6 Summary 

 
In this part, we proposed numerical analysis method using Smoothed Particle Hydrody-

namics with account for air bubble. The results obtained in this study can be summarized as 

follows: 

 

(1) The improvement of density allows the densities of the different materials to be calculated 

with high precision everywhere, including the vicinity of phase interfaces. Investigations into 

approaches to the accurate and simple calculation of density will be continued for cases of 

changes in system mass, and in cases involving more abrupt, discontinuous changes in den-

sity. 

 

(2) In addition, we improved the interaction between solid and liquid layers, surface tension, 

and boundary conditions. 

 

(3) As shown in single-phase analysis, proposed method has both qualitatively and quantita-

tively good agreement. In addition, in case of seepage failure analysis (two-phases), it has 

also good agreements compared with the experimental results. 

 

(4) In case of three-phase dike analysis, the influence of the bubble due to rainfall was able to 

be reproduced qualitatively. 

 

(5) Through the SPH analysis, it is understood that two countermeasures have enough effect. 

One is the installation of the hole to remove air bubbles in a dike. And another is the installa-

tion of the seepage control sheet with high permeability against air 
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Chapter 1 

Outline of the Suggestion 

 
In PART 1, the influence of air bubble in the seepage failure phenomenon was 

considered, and it was shown that bubble dynamics, that is generation, development and blow, 

causes seepage failure of the ground. In PART 2, it was observed that air bubble in the dike is 

caught by the rainfall. And finally, the bubble is blown out from the dike by the increment of 

the water level. In addition, strength of the dike including air bubble is decreased as well as 

PART 1. In PART 3, there was a new attempt to develop the procedure by Smoothed Particle 

Hydrodynamics with account for the interaction among three phases: solid, liquid and gas. 

Therefore, in this part, we propose some reinforcement methods against the influence of 

air bubble, rainfall and overflow. And these effects of the reinforcement are verified by both 

experimental approach and analytical approach. 

There are two reinforcement methods as follows: 

 

(1) Installation of the hole to remove air bubbles in a dike (Fig. 1.1); existence of air bubble in 

a dike gives dike negatively affect. So, we propose installation of the hole to remove air 

bubbles in the dike. Actually, many old deversoirs in Japan (ex. Watarase Yusuichi in Japan, 
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Otai Yusuichi in Japan) have already installed these holes in the dike. So, it is thought that the 

effect can be expected by giving such measures to the river dike, too.  

 

(2) Installation of the seepage control sheet with high permeability against air (Fig. 1.2); as 

we know, dike is weak to external erosion by the overflow or rainfall. In addition, rainfall 

becomes a factor to capture air bubbles in the dike. So, it is thought that the effect can be 

expected protecting surface of dike by using material, which is not easy to through water and 

through air easily. 

 

First, the effect of the reinforcement of the seepage control sheet is verified by 

experimental approach. In this part, effect of the seepage control sheet is compared with the 

sheet that has impermeability against both air and water (this means the reinforcement like 

asphalt facing of the dike). And then, the effect of seepage control sheet that has different 

setting position is examined. 

Next, effects of two reinforcements are verified by analytical approach using Smoothed 

Particle Hydrodynamics. In this approach, there are two patterns to examine; one is the 

installation of the hole in the dike from the center of the dike to the crest, another is the 

installation of the seepage control sheet whole of the dike. 
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Chapter 2 

Experimental and Analytical Conditions 

 

2.1 Experimental Condition 

 
Figure 2.1.1, Table 2.1.1 and Fig. 2.1.2 show the photograph of a seepage control sheet 

which is made by Taiyo Kogyo Corporation, experimental conditions, and experimental ap-

paratus including the setting position of the sheet, respectively. When the sheet is set up in the 

slope surface of the prototype dike, there is a possibility to damage the sheet by the influence 

of the wind, rainfall or sunlight. So it is thought that the sheet setting position needs some 

overburdens. Therefore, in this experiment, the sheet was set up from the surface of the dike 

to the depth of 50 mm. Toyoura sand was used, and DO value of tap water was controlled su-

persaturation state by a thermo regulator, air generator and heater. As the countermeasure 

method, the presence of the rainfall is considered.  

First, effect of the seepage control sheet is compared with the sheet that has imperme-

ability against both air and water. 

Case (1): In the case of impermeability sheet against air and water; whole of the dike 

 

Next, the effect of seepage control sheet that has different setting position is examined. 
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The sheet setting position has three cases as follows: 

 

Case (2a): upstream side including the crest of the dike 

Case (2b): downstream side including the crest of the dike 

Case (2c): whole of the dike 

 

Through these experiments, the appearance of phreatic lines and residual height of the 

dike caused by the overflow were examined. 
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Fig. 2.1.1 Seepage control sheet with high permeability against air 

 

 

 

 

Table 2.1.1 Experimental condition 

Case Kind of the sheet Sheet Setting Position Rainfall time 

(1) 
impermeability sheet 

against air and water 
Whole 

45 min. 

(to the end) 

(2a) 

Seepage control sheet 

Upstream side 45 min. 

(2b) Downstream side 45 min. 

(2c) Whole 45 min. 
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Fig. 2.1.2 Sheet setting position 
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2.2 Analytical Condition 

 
The analytical scale is the same as the experimental scale, and it took the rainfall into 

consideration. There are two cases as the countermeasure method as follows: 

 

(1) In the case of setting the seepage control sheet whole of the dike (see sec. 2.1) 

(2) In the case of setting the hole in the center of the dike to remove air bubbles 

 

Parameters of each material were the same as analysis in PART 3. The coefficient of 

permeability and the coefficient of air peameability of the seepage control sheet were 1.0×

10-8 and 1.0×10-3 cm/s, respectively. Here, the sheet was treated as a rigid material, and the 

hole was set to be able to pass through only the water and air. 

 



 

 

 



Sec. 3. 1. 1  Case(1): In the case of impermeability sheet against air and water; whole of the dike 3-1-1 
(prerainfall time: 45 minutes, to the end） 

Nagoya Institute of Technology 

 

 

 

 

 

 

 

 

 

Chapter 3 

Results and Discussions 

 
 

3.1 Experimental Results 

 
3.1.1 Case(1): In the case of impermeability sheet against air and 

water; whole of the dike (prerainfall time: 45 minutes, to the end） 

 

Figure 3.1.1(i-ii) show photos of the front part of the dike. From Fig. 3.1.1 (ii), phreatic 

line in the dike after rainfall shows very complex shape. It is thought that pore air in the dike 

was compressed by the seepage water, and this air prevented the permeation of water. In the 

same time, downside slope of the dike was washed out slowly. This means that the surface of 

impermeability sheet becomes seepage route. 

After the overflow, there were a lot of air bubble between the sheet and dike (Fig. 3.1.2). 

In addition, just before the overflow, the value of water volume content decreased rapidly 

(Fig. 3.1.3). On the other hand, pressure meter increased in this moment. That is, very com-

pressed air exists in the dike just before overflow. In this experiment, space between the sheet 
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and the soil tank are bonded by the tape. But in the real case, sheet can move freely. So actu-

ally, this compressed air uplifts the sheet, and there is a possibility of increasing damage by 

the overflow. 

 
3.1.2 Case(2a): In the case of setting up on the upstream side, using 

seepage control sheet (prerainfall time: 45 minutes） 

 

Figure 3.1.4(i-v) show photos of the front part of the dike. Difference of the phreatic line 

by a prerainfall was not seen by the existence of the sheet. But, when water level on the up-

stream side was raised, the soil in upper part of the sheet got wet in suction (Fig. 3.1.4(ii)). 

And the phreatic speed in the dike decreased compare with the case where the sheet didn’t 

exist. When overflow was begun, downstream side of the dike from the toe of the sheet in the 

crest was washed out by the overflow, and difference of the residual height of the dike after 

seepage failure was not seen by the existence of the sheet (Fig. 3.1.4(v)). Fig. 3.1.5 shows 

photos of the downstide slope surface and crest of the dike after failure (the elapsed time is 

same as Fig. 3.1.4(v)). Whole dike was perfectly washed out by the overflow from the toe in 

the crest to downstream side, and lower part of the crest was also washed out (Fig. 3.1.5). On 

the other hand, when the case of overflow continues, water level on the upstream side didn’t 

become the sheet height of the crest or less. In other words, seepage control sheet that was 

installed on the upstream side has an ability to prevent the external erosion from the upstream 

side into the dike. This tendency is also expected in the case of impeameability sheet on the 

upstream side. 

Figure 3.1.6 shows some photos of the slope surface on the downstream side (the elapsed 

time is same as Fig. 3.1.4(iii)). Some points on the downstream side surface were swelled be-

cause of air bubble in the dike. These swellings disappeared with the blow out of the bubble 

after the edge had cracked (Fig. 3.1.5(A2 or B2)). It is thought that these swelling on the toe 

of slope occurred by air bubble which has a buoyancy.  
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3.1.3 Case(2b): In the case of setting up on the downstream side, us-

ing seepage control sheet (prerainfall time: 45 minutes） 

 

Figure 3.1.7(i-vi) show photos of the front part of the dike. Difference of the phreatic line 

by a prerainfall was not seen by the existence of the sheet. But the phreatic speed on the upper 

side of the sheet is faster than the case where the sheet didn’t exist (Fig. 3.1.7(ii)). It is 

thought that the upper side of the sheet became a stream line by using seepage control sheet. 

When the water level was raised, a large bubble appeared in the dike in the upstream side: 35 

minutes after starting the rainfall (Fig. 3.1.7(iii)). Afterwards, the bubble rose in the dike sur-

face with the rising of the phreatic line (Fig. 3.1.7(iv)), and it reached near the crest: 46 min-

utes after starting the rainfall (Fig. 3.1.7(v)). The overflow was begun from the water-level 

raising 54 minutes after, and overflow continued for 10 minutes, but lower side of the dike 

from the sheet was not washed out (Figs. 3.1.7(vi) and 3.1.8). Therefore, it is thought that 

seepage failure which is caused by the overflow can be prevented by the sheet on the down-

stream. 

Figure 3.1.9 shows the front of the dike, slope surface on the upstream side and the crest, 

at the same time of Fig. 3.1.7(v). A sinking of ground could be seen at the top of the bubble, 

and some cracks were also seen in the border of the crest and slope of the upstream. There-

fore, it is thought that setting of the sheet in the crest is needed to prevent these phenomena. 

In addition, some swellings were seen on the downsteam side slope surface as well as 

Case (2a) (Fig. 3.1.10). 

 

3.1.4 Case(2c): In the case of setting up whole of the dike, using 
seepage control sheet (prerainfall time: 45minutes) 
Figure 3.1.11(i-v) show photos of the front part of the dike. Difference of the phreatic 

line by a prerainfall was not seen by the existence of the sheet, but a large bubble appeared 

between in the dike on the upsream side and the seepage control sheet 17 minutes after start-

ing the rainfall (Fig. 3.1.11(ii)). Afterwards, the bubble rose in the dike surface with the rising 
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of the phreatic line (Fig. 3.1.11(iii,iv)), and the bubble disappeared 46 minutes after starting 

the raising the water level (Fig. 3.1.11(v)). It is thought that the bubble was blow out slowly 

through the seepage control sheet at that time. 

Figure 3.1.12 shows the appearance of downstream side slope after overflow. The dike 

inside of the sheet was perfectly protected from overflow, and the effect of the seepage control 

sheet against air blow and overflow could be checked. However, it is thought that covering 

the dike perfectly by using the sheet is inefficiency, when thinking about constraction cost and 

time in the dike of a real scale. 

Figure 3.1.13(a-d) show the difference in the phreatic line of three cases; 

non-countermeasure case, in case of impermeability sheet, and in case of seepage control 

sheet. These cases are compared at time that the amount of the water supply becomes equal. 

Progress of the phreatic line of the non-countermeasure case is faster than other cases. In 

other words, covering of the sheet that has impermeability of water makes progress of the 

phreatic line slow. 

As shown in Fig. 3.1.13(a), the phreatic line in the case of low permeability sheet is very 

complex compared with the case of seepage control sheet. And in this case, compared with 

the case of seepage control sheet, it is understood that the permeation speed becomes slow as 

time goes by. On the other hand, in the case of the seepage control sheet, it is understood that 

the permeation speed doesn’t decrease even if time passes. This means air in the dike is 

smoothly substituted for water by the effect of the air permeable sheet. Therefore, seepage 

control sheet has the following two advantages; one is able to resist the rainfall and the over-

flow by delaying permeation in the dike, another is able to prevent the air blow of the dike at 

the time of overflow, by the substitution for water of air. 
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Fig. 3.1.1 (i) Appearance of the seepage front; Case (1), elapsed time of rainfall = 0 min. 

 

 

Fig. 3.1.1 (ii) Appearance of the seepage front; Case (1), elapsed time of rainfall = 45 min. 

 

 
Fig. 3.1.2 Appearance of the downstream side slope after overflow; Case (1) 
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Fig. 3.1.4 (iii) Appearance of the seepage front; Case (2a), elapsed time after ending pre-

rainfall = 37 min. 

 

 

 
Fig. 3.1.4 (iv) Appearance of the seepage front; Case (2a), elapsed time after ending pre-

rainfall = 52 min. 

 

 
Fig. 3.1.4 (v) Appearance of the seepage front; Case (2a), elapsed time after ending prerain-

fall = 59 min. 
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Fig. 3.1.5 Air blows at the downstream side, Case (2a), elapsed time after ending prerainfall 

= 59 min. 

 
Fig. 3.1.6 Air blows at the downstream side, Case (2a), elapsed time after ending prerainfall 

= 37 min. 
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Fig. 3.1.7 (i) Appearance of the seepage front; Case (2b), elapsed time after ending prerain-

fall = 0 min. 

 

 

Fig. 3.1.7 (ii) Appearance of the seepage front; Case (2b), elapsed time after ending pre-

rainfall = 8 min. 

 

Fig. 3.1.7 (iii) Appearance of the seepage front; Case (2b), elapsed time after ending pre-

rainfall = 35 min. 
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Fig. 3.1.7 (iv) Appearance of the seepage front; Case (2b), elapsed time after ending pre-

rainfall = 40 min. 

 

 

Fig. 3.1.7 (v) Appearance of the seepage front; Case (2b), elapsed time after ending pre-

rainfall = 46 min. 

 

 

 

 
Fig. 3.1.7 (vi) Appearance of the seepage front; Case (2b), elapsed time after ending pre-

rainfall = 64 min.  
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Fig. 3.1.8 Panorama of the dike after failure; Case (2b), elapsed time after ending prerainfall 

= 64 min.  

 

 

Fig. 3.1.9 Appearance of ground cave-in and crack around the bubble; Case (2b), elapsed 

time after ending prerainfall = 46 min. 

 

 

Fig. 3.1.10 Air blows at the downstream side, Case (2b), elapsed time after ending prerain-

fall = 0 min. (left side) and 35 min. (right side) 
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Fig. 3.1.11 (i) Appearance of the seepage front; Case (2c), elapsed time after ending pre-

rainfall = 0 min. 

 

 
Fig. 3.1.11 (ii) Appearance of the seepage front; Case (2c), elapsed time after ending pre-

rainfall = 17 min. 

 

 
Fig. 3.1.11 (iii) Appearance of the seepage front; Case (2c), elapsed time after ending pre-

rainfall = 27 min. 
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Fig. 3.1.11 (iv) Appearance of the seepage front; Case (2c), elapsed time after ending pre-

rainfall = 36 min. 

 

 
Fig. 3.1.11 (v) Appearance of the seepage front; Case (2c), elapsed time after ending pre-

rainfall = 50 min. 

 

 
Fig. 3.1.12 Appearance of the downstream side slope after overflow; Case (2c) 
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Fig. 3.1.13 Difference in the phreatic line; non-countermeasure case (Case (d), PART 2), in 

case of impermeability sheet (Case (1), PART 4) and in case of seepage control sheet (Case 

(2c), PART 4) 
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3.2 Analytical Results 

 
Table 3.2.1 shows analytical results of residual height, respectively, in the case of 

non-countermeasure, in the case of installation of the hole to remove air bubbles from the 

center to the crest of the dike, and in the case of installation of the seepage control sheet with 

high permeability against air whole of the dike. In the case of non-countermeasure, almost all 

of dike was washed out by the overflow. In the case of the installation of the hole, loose area 

in the dike decreses by removing the air, dike became a little stronger than the case of 

non-countermeasure. In the case of installation of seepage control sheet, it was checked that 

dike in the sheet was perfectly protected as well as the experimental result as shown in section 

3.1.4, PART 4. That is, it says that proposed countermeasure method increases strength of the 

dike against rainfall and overflow. 
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Table 3.2.1 Effectiveness of the countermeasure: residual height against overflow (mm); 

Monotonic raising test with rainfall 

Countermeasure method Residual height (mm) 

Without countermeasure 5 

Installation of a hole (center) 95 

Installation of a seepage control sheet 246 
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3.3 Summary 

 
In this part, we propose some reinforcement methods against the influence of air bubble, 

rainfall and overflow. And these effects of the reinforcement are verified by both experimental 

and analytical approach. The results obtained in this study can be summarized as follows: 

 

(1) Seepage control sheet has the following two advantages, compared with the impermeabil-

ity sheet. One is able to resist the rainfall and the overflow by delaying permeation in the dike. 

Another is able to prevent the air blow of the dike at the time of overflow, by the substitution 

for water of air. 

 

(2) From the result of experimental approach in the case of setting the seepage control sheet in 

the dike, in spite of the difference of the setting position of the sheet, remarkable difference 

was not seen in the movement of the phreatic line by a prerainfall. But, when the seepage 

control sheet exists on the upstream side of the dike, phreatic speed in the dike was slower 

than the outside of the sheet. When the sheet exists on the downstream side of the dike, ap-

pearance of the phreatic line was similar to the case without sheet. 

 

(3) When the sheet was set on the upstream side in the dike, whole dike was perfectly washed 

out by the overflow from the toe in the crest to downstream side, and lower part of the crest 

was also washed out. On the other hand, when the case of oveflow continues, water level on 

the upstream side didn’t become the sheet height of the crest or less. In other words, seepage 

control sheet that was installed on the upstream side has an ability to prevent the external ero-

sion from the upstream side into the dike. In addition, some points on the downstream side 

surface were swelled because of air bubble in the dike. These swellings disappeared with the 

blow out of the bubble after the edge had cracked. It is thought that these swelling on the toe 

of slope occurred by air bubble which has a buoyancy. 
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(4) When the sheet was set on the downstream side in the dike, lower side of the dike from the 

sheet was not washed out by the overflow. Therefore, it is thought that seepage failure which 

is caused by the overflow can be prevented by the sheet on the downstream. In addition, a 

sinking of ground could be seen at the top of the bubble. And when water level on the up-

stream side increases, some cracks were seen in the border of the crest and slope of the up-

stream. If the seepage control sheet exists on the crest, these phenomena can be prevented. 

Therefore, it is thought that setting of the sheet in the crest is needed to prevent these phe-

nomena. 

 

(5) When the sheet was set whole of the dike, a large bubble appeared between in the dike on 

the upsream side and the seepage control sheet. Afterwards, the bubble rose in the dike sur-

face with the rising of the phreatic line, and the bubble disapperared. It is thought that the 

bubble was blow out slowly through the seepage control sheet. The dike inside of the sheet 

was perfectly protected from overflow, and the effect of the seepage control sheet against air 

blow and overflow could be checked. However, it is thought that covering the dike perfectly 

by using the sheet is inefficiency, when thinking about constraction cost and time in the dike 

of a real scale. 

 

(6) From the analytical result, proposed countermeasure method, installation of the hole in the 

dike to remove the air, and installation of the seepage control sheet, increases strength of the 

dike against rainfall and overflow. 
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Chapter 1 

Experimental Study on the Seepage Failure 

around Sheet Pile of Sandy Ground and Image 

Analysis by using Particle Image Velocimetry 

 
(1) The monotonic raising test showed that ground surface displacement started at approxi-

mately 80% of the critical water-level difference ∆Hcr, at which time the ground surfaces 

on both the upstream and downstream sides of the sheet pile were symmetrically de-

formed. The amount of ground surface displacement required for seepage failure was 

greater in dense ground than in loose ground. 

 

(2) In the holding test, ground surface displacement occurred on both the upstream and 

downstream sides just after maintaining the water-level difference in loose ground. In 

dense ground, the ground surface displacement did not occur until later, but it progressed 

rapidly. Ground displacement on the upstream side occurred when air bubbles escaped 

from the ground on the downstream side. The region of ground displacement gradually 

propagated upstream the first air bubbles escaped from the ground on the downstream 

side. 

(3) In the re-raising test, seepage failure first occurred at a water-level difference less than the 
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critical water-level difference ∆Hcr (80%–90% of ∆Hcr). This means that the ground 

strength against seepage failure decreased by a maximum of 20% because of air bubbles. 

 

(4) The index of supersaturation Iss (similar to the relative density in geotechnical engineer-

ing) allowed the DO values measured during the tests to clearly express the degree of pore 

water supersaturation. 

 

(5) Contrary to the results reported by Kodaka and Asaoka, air bubble generation was con-

firmed in the dense ground holding test, even when pore water was undersaturated. Air 

bubbles were believed to have been generated when during seepage, soil particles force-

fully agitated pore water by. 

 

(6) The speed of air bubble development depended on the ground density and Iss. The speed 

increased as the ground density or Iss increased. In dense ground, the development speed 

was not greatly affected by Iss. The likely reason for this was that in dense ground, air 

bubble development was easier than in loose ground because many soil particles held air 

bubble nuclei and agitation was high. In other words, ground density substantially affected 

the initial development of air bubbles. 

 

(7) In ground where air bubbles were already generated but had not yet been released, the 

strength against loading was 1/4–1/5 that of normal ground. The strength of the ground 

against loading decreased further because of the large quantity of accumulated air bubbles 

caused by a large overburden. 
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Chapter 2 

Experimental Study on the Seepage Failure 

of Dike with account for Air Bubble Dynamics 

and Rainfall 

 
(1) Image analysis of ground displacement around a single air particle showed that an air 

bubble moved toward the ground surface while expanding and compressing owing to in-

teractions among the bubble, the surrounding ground, and the seepage force. The air bub-

ble would then escape from the ground while forcefully shearing the surrounding ground. 

 

(2) The principles required to explain the life of an air bubble were the Young-Laplace equa-

tion, Henry’s law, surface tension, void diameter, air bubble diameter, Boyle’s law, and 

balance between air bubble buoyancy and the vertical earth pressure above. 

 

(3) A pore water supply was required for air bubble nuclei or generation of fine air bubbles 

(microbubbles). The development of microbubbles required the incorporation of pore wa-

ter DO. Air bubbles became visible at the tip of the sheet pile downstream, where the hy-

draulic gradient i was largest and the static water pressure had begun to decrease. This 

finding agreed with those of Kodaka and Asaoka. 
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(4) From air bubble generation to escape, bubble’s shapes changed from slender to globular to 

flat, and the bubbles gradually moved toward the surface while developing. Just before 

escaping, the air bubble shapes became slender, and the bubbles sheared the ground above 

forcefully as they escaped. At this moment, i increased locally and macroscopic seepage 

failure occurred. 

 

(5) In the period between the holding test start and subsidence of the ground surface on the 

upstream side, the seepage distance L increased because of ground uplift on the down-

stream side accompanied by air bubble generation. When the ground upstream side started 

to subside, the seepage distance L decreased and became shorter than the initial distance 

in dense ground. The permeable water volume Q exhibited a similar trend. Even though 

the water-level difference was fixed, i increased as time progressed, and seepage failure 

also accelerated. In addition, the local deformation width W from the sheet pile was about 

D/2–D of the penetration depth of the sheet pile D in the ground upstream. This was about 

D/2 in the ground downstream, as pointed out by Terzaghi. 
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Chapter 3 

Seepage Failure Analysis Method of Ground 

with Smoothed Particle Hydrodynamics 

 
(1) Seepage failure occurred when the safety factor was nearly at its smallest value (nearly 1.0 

to 1.1, these values are very severe for a dike) in every case. Moreover, in L-1, where 

seepage failure did not occur, the safety factor did not change substantially. Therefore, 

ground seepage failure where the water-level difference is fixed is believed to occur 

because of the synergistic effect of the increase in the hydraulic gradient, a macroscopic 

process. This is associated with the decrease in the seepage distance and decrease in the 

critical hydraulic gradient, accompanied by an increase in the quantity of air bubbles, 

which are microscopic processes. 

 

(2) We clarify the seepage failure mechanism with bubbles Seepage failure of ground 

containing air bubbles basically occurs because of the decrease in the critical hydraulic 

gradient icr, an increase in the void ratio e because of air bubble generation, and the 

increase in i accompanied by the decrease in L. 

 

(3) To monitoring upstream ground surface displacement is particularly important for 
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predicting seepage failure. However, since ground deformation is localized, particularly in 

dense ground, a system that can measure displacement over a wide area or a system that 

can predict the location of deformation would be required. 
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Chapter 4 

Suggestion of Countermeasure Method 

against Rainfall and Overflow of Dike with 

account for Air Bubble 

 
(1) Seepage control sheet has the following two advantages, compared with the 

impermeability sheet. One is able to resist the rainfall and the overflow by delaying 

permeation in the dike. Another is able to prevent the air blow of the dike at the time of 

overflow, by the substitution for water of air. 

 

(2) From the result of experimental approach in the case of setting the seepage control sheet in 

the dike, in spite of the difference of the setting position of the sheet, remarkable difference 

was not seen in the movement of the phreatic line by a prerainfall. But, when the seepage 

control sheet exists on the upstream side of the dike, phreatic speed in the dike was slower 

than the outside of the sheet. When the sheet exists on the downstream side of the dike, 

appearance of the phreatic line was similar to the case without sheet. 

 

(3) When the sheet was set on the upstream side in the dike, whole dike was perfectly washed 

out by the overflow from the toe in the crest to downstream side, and lower part of the crest 
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was also washed out. On the other hand, when the case of oveflow continues, water level on 

the upstream side didn’t become the sheet height of the crest or less. In other words, seepage 

control sheet that was installed on the upstream side has an ability to prevent the external 

erosion from the upstream side into the dike. In addition, some points on the downstream side 

surface were swelled because of air bubble in the dike. These swellings disappeared with the 

blow out of the bubble after the edge had cracked. It is thought that these swelling on the toe 

of slope occurred by air bubble which has a buoyancy. 

 

(4) When the sheet was set on the downstream side in the dike, lower side of the dike from the 

sheet was not washed out by the overflow. Therefore, it is thought that seepage failure which 

is caused by the overflow can be prevented by the sheet on the downstream. In addition, a 

sinking of ground could be seen at the top of the bubble. And when water level on the 

upstream side increases, some cracks were seen in the border of the crest and slope of the 

upstream. If the seepage control sheet exists on the crest, these phenomena can be prevented. 

Therefore, it is thought that setting of the sheet in the crest is needed to prevent these 

phenomena. 

 

(5) When the sheet was set whole of the dike, a large bubble appeared between in the dike on 

the upsream side and the seepage control sheet. Afterwards, the bubble rose in the dike 

surface with the rising of the phreatic line, and the bubble disapperared. It is thought that the 

bubble was blow out slowly through the seepage control sheet. The dike inside of the sheet 

was perfectly protected from overflow, and the effect of the seepage control sheet against air 

blow and overflow could be checked. However, it is thought that covering the dike perfectly 

by using the sheet is inefficiency, when thinking about constraction cost and time in the dike 

of a real scale. 

 

(6) From the analytical result, proposed countermeasure method, installation of the hole in the 

dike to remove the air, and installation of the seepage control sheet, increases strength of the 

dike against rainfall and overflow. 
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