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ABSTRACT: To rationalize open-cut construction by eliminating or reducing the cut beams, the double sheet pile method with 

a fixed head was developed as new earth retaining method. To develop the design method and clarify the behaviour of the soil 

between two sheet piles (referred hereafter as ‘inner soil’), a numerical model using the discrete element method (DEM) was 

developed to observe the behaviour of the sand sandwiched by two sheet piles. Firstly, the density and triaxial compression tests 

were conducted to model the general friction angle of sand. After that, using the parameters set which were calibrated by the 

triaxial test on DEM, a horizontal loading test was conducted with two sheet piles and the inner soil and compared with the 

experimental results. By these, it is confirmed that this model can reproduce the results of the experiment. Moreover, analysis of 

the stress state during loading reveals how the stress state of the inner soil changes. Developing this model allows us to consider 

the soil-structure interaction problem in this method from the aspect of numerical analysis and to think of various construction 

conditions for more rational design and construction. 
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1 INTRODUCTION 

Sheet pile is used as the revetment, retaining wall, and 

temporary construction to prevent collapse or water in-

trusion. Conventional construction methods, particu-

larly self-standing wall construction, have the advantage 

of being affected by process or site restrictions. How-

ever, it has the problem of construction costs. Therefore, 

the head-fixed double sheet pile method is being devel-

oped as a method that can reduce the deformation of 

earth retaining walls more than ever before while keep-

ing construction costs down. Figure 1 shows the concept 

of this construction method.  In this method, two sheet 

piles are constructed in parallel and the heads of each 

sheet pile are fixed to make the rigid framestructure. 

This method is expected to reduce deformation about six 

times more effectively than a single sheet pile. Increased 

deformation control is expected to reduce the number of 

cut beams and reduce construction site restrictions, and 

it is expected to greatly improve constructability. On the 

other hand, it has been found that in addition to the prop-

erty of sheet piles, the property of the soil between two 

sheet piles (referred hereafter as ‘inner soil’) contributes 

significantly to the deformation control effect of this 

method. However, it is still unclear under what specific 

condition and mechanism of deformation control. A de-

tailed assessment of inner soil behaviour and clarifica-

tion of the reinforcement mechanism is one of the most 

important topics for establishing a design method to 

evaluate the effect of this construction method.  

This paper focuses on the behaviour of inner soil and 

analyses the behaviour of this soil between two plates 

using the discrete element method (DEM) and finite dif-

ference method (FDM) coupling and compare it with ex-

perimental results carried out under similar conditions. 

Compared to the conventional double sheet pile method 

without head fixation, (e.g. Sawaguchi(1974), Fujiwara 

et al. (2017)) it is significantly important to consider the 

soil-structure interaction problem in this method, be-

cause of the narrow distance between two sheet piles and 

the large contact surface area between inner soil and 

sheet piles.  On the other hand, the discrete element 

method can directly represent the contact between soil 

particles and structure, making it an easy approach to 

soil-structure interaction problems. The first part of this 

Figure.1 Overview of double sheet pile construc-

tion method 
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article deals with the numerical parameters calibration 

refered with Toyoura sand experimental parameters by 

using the inverse analysis of density and triaxial com-

pression tests.  Then a coupled FDM-DEM analysis was 

conducted where sheet piles are modeled by finite ele-

ments and the inner soil by discrete elements, to evaluate 

the behaviour of the entire structure during horizontal 

head loading. Based on these analyses, detailed findings 

regarding the behaviour of soils sandwiched between 

two plates are discussed by calculating the stress and 

displacement fields in the specimen, with comparisons 

to experimental results.  

 

2 DISCRETE ELEMENT METHOD 

 

The discrete element method is one of the numerical 

modelling method to analyze the behavior of the discon-

tinuous body such as granular materials. Unlike contin-

uum analysis, such as the finite element method, it is 

suitable for representing the dynamic and contact behav-

iour of aggregates. A simple contact model is introduced 

between the elements, and independent simultaneous 

equations are set up for each element, which are solved 

in a time-forward manner. Although a lot of models 

have been proposed for contact modelling, the rolling 

resistance linear model (Iwashita and Oda, 1998) which 

allows the particle shape to be considered as rotational 

friction, was adopted for the general linear model in this 

study. Moreover, Aboul et al. (2017) considered the be-

haviour of particles when rolling friction is introduced 

in the DEM and investigate how the various parameters 

of DEM affect the overall behaviour of the specimen. 

Normally, soil particles have a complex shape, which 

generates resistance to rotational moments, however, in 

the model proposed here, no resistance to moments oc-

curs because spherical shaped particles are used. There-

fore, rolling resistance is provided by defining friction 

concerning the rotational moment. Detailed equations 

and algorithms for rolling friction resistance contact 

model are mentioned in the following text (Itasca, 

(2019)). 

The analyses in this study were carried out using 

PFC 6.0 and FLAC 6.0 developed by Itasca. The dis-

crete element used in the analysis were modelled as a 

discontinuum using PFC6.0 and the sheet piles were 

modelled as a continuum using FLAC6.0 for the cou-

pled DEM-FDM analysis.  

3 DENSITY AND TRIAXIAL COMPRESSION 

TEST FOR CALIBLATION 

3.1 Numerical model of the density and triaxial 

compression test 

Firstly, to determine the parameters of the discrete ele-

ment method, inverse analysis was conducted on the 

density and triaxial compression test. Figure 2 shows a 

three-dimensional view of the triaxial compression test. 

For specimen preparation, the isotropic compression 

method (Cundall and Strack,. 1979) and the particle ex-

pansion method (Jean et al., 2009) have been proposed, 

and in both methods, the initial relative density of the 

specimen can be adjusted by manipulating the friction 

coefficient. In this study, we finally used the isotropic 

compression method to make a specimen in DEM for 

the sake of optimizing the calculation time.The speci-

men was prepared with periodic boundary conditions, in 

an isotropic stress state by randomly generating 4000 

discrete elements following the characterictics of the 

particle size distribution of Toyoura sand, which is the 

standard sand in Japan. For reasons of calculation time, 

the analysis was conducted using particles 12 times 

larger than the actual Toyoura sand grain size. Figure 3 

shows the particle size distribution of Toyoura sand and 

DEM. After that, a 50 kPa confining pressure was ap-

plied to the specimen to compact it. At this phase, the 

density of the specimen was examined. Finally, the 

specimen was then loaded by applying velocities to the 

upper boundary while isostatic pressure was applied on 

the all specimen sides in horizontal direction. Table 1 

shows the parameter set for the triaxial compression test 

on DEM. The kratio mean normal stiffness divided by 

shear stiffness, and damping ratio is the parameter for 

local damping. The size of specimen was 50mm long, 

30mm wide, and 30mm thick after confining pressure-

was applied. There were 20 particles across the smallest 

specimen dimension with this specimen and particle 

size. On the density test, the parameter set of Table 1 

was used also and friction coefficient and rolling friction 

coefficient were changed only for parametric study.  

Figure.2 Three dimensional view of the triaxial 

compression test 
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3.2 Determine the parameter set for Toyoura 

sand 

As a result on the density, Figure 4 shows the relation-

ship between the friction coefficient and the porosity of 

the specimen after the confining pressure has been ap-

plied for different rolling friction coefficients. When the 

friction coefficient was 0.0, the porosity was around 

0.33, indicating that a denser specimen than the actual 

porosity of Toyoura sand is produced, however, a looser 

specimen can be produced by increasing the friction co-

efficient.  

 Figure 5 shows the results of the friction angle fitting 

for the friction coefficient and rolling friction coefficient 

in the triaxial compression test with DEM. The calcu-

lated peak friction angle is 42 ° and the residual friction 

angle is 27 ° . For the peak friction angle, appropriate 

value were obtained, as mentioned in Fukushima et al 

(1984). However, the residual friction angle was lower 

than the real value for Toyoura sand. This is considered 

to be a problem caused by the difference in particle 

shape between the experimental and numerical analyses. 

It is presumed that this problem can be solved by using 

a geometry that simulates the original particle shape in 

the numerical analysis, however there is a problem that 

a large calculation cost is incurred. Therefore, in this 

study, the peak friction angle of the triaxial compression 

test was appropriately set in order to properly assess the 

peak strength of the horizontal loading test. Following 

horizontal loading tests were analyzed using this param-

eter set.  

 

4 HORIZONTAL LOADING TEST 

4.1 Modeling horizontal loading tests using 

FDM-DEM coupling analysis 

 

Using the particle parameters obtained in section 3, 

horizontal loading tests were carried out on a specimen 

sandwiched between two shells using a coupled FDM-

DEM. Figure 6 shows the three-dimensional view of a 

horizontal loading test. This test was conducted under 

application of a constant confining pressure. The speci-

men preparation and loading tests were carried out ac-

cording to the following procedure: 

 

i). The specimen was prepared using the iso-

tropic compression method similar to triaxial 

Figure.3 Particle  size distribution on DEM refer-

ring with Toyoura sand 

Table.1  Parameter list  for the triaxial compres-

sion test 

Figure.4  Results of parametric study of density test 

Figure.5  Stress ratio – axial strain relations and volu-

metric strain – axial strain relations for triaxial com-

pression test with DEM 
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compression tests. In this case, no periodic 

boundary condition was applied. 

ii). Two plates made of shell elements are placed 

on the sides of the specimen in the X direc-

tion. In the Y direction, plane wall are used 

to contain the material and apply a constant 

confining pressure.  

iii). Apply to confine pressure to all surfaces and 

place the specimen under isostatic pressure. 

iv). Extend the Shell elements at the top and bot-

tom and use additional particle to manage the 

boundary conditions of shells: fixing the po-

sition at the bottom and apply a constant ve-

locity in the X direction for loading phase. 

The green particle in figure 6 was for fixing 

the bottom of the shells (fixed in X, Y, and Z 

directions), the blue particles were for keep-

ing the width of the sheet pile (fixed in X and 

Z directions) and the red particles were for 

loading (fixed in X and Z direction, applying 

on velocity in the Y direction). 

v). Velocity was applied to the red particles and 

the horizontal displacement of the shell head 

and the load on it are measured. The load was 

measured by the summation of the contact 

force between the shell and the loading parti-

cles.  

Table 2 summarized the parameters. The size of spec-

imen and material parameter of sheet pile was refered by 

Sugimoto et al. (2022). In this experiment, 0.5 mm thick 

aluminium plates were placed on both sides of a 60 mm 

long, 60 mm wide and 160 mm high specimen, and hor-

izontal loading tests were carried out under conditions 

of conceptual pressure applied by air pressure. In the 

present analysis, the specimen size and material con-

stants were determined with reference to this experi-

ment. Young’s modulus value from the Japanese Indus-
trial Standards (JIS) for aluminum plates of 1.0 mm 

thickness was applied in the numerical modelling. Each 

sheet pile is represented by 300 finite elements and can 

be deformed by horizontal loading.The rolling friction 

coefficient was not applied to the particle-plate contact, 

only the friction coefficient was given.    

4.2 Behaviour of sand between two shells 

Figure 7 shows the results of the horizontal loading test 

in the numerical analysis as a relationship between the 

horizontal load and displacement of the specimen. As a 

comparison, the results of a horizontal loading test in an 

experiment conducted under the same condition as this 

numerical analysis are also shown (Sugimoto et al. 

2022). In the experiment, the load increased linearly up 

to about 6 mm,  from where the increase in load gradu-

ally converged and the final horizontal load was about 

100 N. On the other hand, the numerical results showed 

a good representation of experimenta results. The exper-

iments also showed a final horizontal load of approci-

mately 100 N. From these results, it was clear that the 

coupling of DEM and FDM can reproduce the results of 

horizontal loading tests under confining pressire condi-

tions. When the number of particles is reduced (e.g., 

about 5000 particles), the mechanical behavior shows 

almost similar results. However, in the strain distribu-

tion analysis of the specimen, which is the goal of this 

Figure.6  Three-dimensional view of the horizontal 

loading-test 

 

Table 2 Parameter list for the horizontal loading 

tests 
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study, it is expected that shear zones can be clearly ex-

pressed when the number of particles is increased. 

 Figure 8 shows the displacement field of each particle 

at 15 mm horizontal loading. It can be seen that the 

movement of each particle constituting the specimen 

generally behaves in the horizontal direction, however, 

the particles close to the right-side shell behave in the 

upper direction and those close to the left-side shell in 

the lower direction. On the other hand, the soil particles 

at the bottom of the specimen hardly move at all. Obser-

vation of the deformation mode of the entire specimen 

shows that the specimen behaves like a single beam. The 

two sheet piles behaved parallel and no bending-like be-

haviour was observed. This is considered to be due to 

the shell and soil particles becoming one rigid object and 

exerting horizontal bearing capacity. 

 Figure 9 shows the stress-shear strain curves inside 

the specimen in the X, Y, and Z directions during hori-

zontal loading. The stresses were measured by calculat-

ing the average value of the stresses acting on the parti-

cles in the measurement sphere region located in the 

center of the specimen (Itasca., 2019). An isotropic pres-

sure of 50 kPa was applied, therefore the pre-loading 

condition is the stress of 50 kPa inside the specimen in 

all directions. It can be seen that as the horizontal dis-

placement increases, the stress in the Z-direction in-

crease, while the stress in the Y-direction and X-direc-

tion decreases. As for the stress in the Z-direction, no 

change is observed up to about 5mm, after which it was 

found to increase rapidly. The decrease in stress in the 

X-direction and Y-direction and the increasing stress in 

the Z-direction indicate that the stress state in the speci-

men is gradually shifting to the active state. The defor-

mation of the specimen reveals that the reinforcing ef-

fect of the inner soil is lost due to the gradual transition 

to the active stress state.     

5 CONCLUSION 

This study aimed to clarify the behaviour of the sand 

sandwiched by two plates to understand the reinforced 

mechanism of the double sheet pile construction 

method. For this purpose, firstly, each parameter of 

DEM for Toyoura sand was calibrated by the inverse 

analysis of density and triaxial compression test. After 

that, a coupled FDM-DEM analysis was conducted to 

clarify the behaviour of sand sandwiched by two shells. 

The finding of this study are summarized as follow: 

1) The mechanical behaviour of general sand 

could be reproduced to some extent for the 

phase of low strain using the discrete element 

method. 

2) The results of the analysis of horizontal loading 

tests on two plates and specimens using FDM-

DEM coupling analysis showed a good repre-

sentation of the experiements results. From the 

load-displacement curve, it was found that the 

load increased up to a certain amount of dis-

placement, after which the horizontal bearing 

capacity remained constant without decreasing.  

3) The specimen exhibited a single beam-like de-

formation behaviour during horizontal loading. 

Figure.8 Displacement after 15mm horizontal loading 

with 50kPa confining pressure 

Figure.9 Stress- strain curve of horizontal loading test 

with 50kPa confining pressure 

Figure.7 Load-displacement curve of horizontal loading 

test 
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This suggests that the plate and soil particles be-

come one rigid body and the structure is capable 

of providing horizontal bearing capacity.  

4) It was found that the stress state in the specimen 

gradually shifts to the active stress state as the 

shear strain increases. It indicates that the stress 

state of the inner soil has a significant influence 

on the horizontal bearing capacity of the entire 

structure. 
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