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Abstract 
 
The use of geotextile for slope strengthening was proven based on the investigation and report 

by Kuwano, Miyata, and Koseki (2014). Therefore, this research examines the impact of 

geotextile application on slope stability in newly-elevated area in Yuriage, Natori City, Japan. 

This project discussed the analysis of geotextile-reinforced slope by comparing the total 

displacement at the crest of slope between the compaction method as current design and the 

using of geotextile with further investigation by optimizing the use of geotextile application. 

A cross-section of slope with 0.435m height and 29 degrees slope angle were chosen for the 

geometry of analysis. Two loads acted on the slope such as the uniform load on top of the raised 

area and dynamic load from the earthquake were defined. Six layers that mostly consist of sandy 

soils were determined based on the SPT data in 16 locations. The average values of N-SPT were 

calculated for further parameter correlations based on these values. Furthermore, analyses 

based on the Limit Equilibrium method and Finite Element Method were selected to analyse the 

slope stability. 

Limit Equilibrium Method using D-Geo stability software based on the Bishop method was taken 

to define safety factor of slope under uniform load (without earthquake load). The value of safety 

factor at 1.93 was obtained then compared to the result for the same problem based on the Finite 

Element Method using PLAXIS 2D with HS Small model that resulted at 2.07 safety factor. 

Further dynamic analysis was also completed using PLAXIS 2D with UBCSAND model to 

calculate the total displacement at slope crest without and with geotextile application. The 

strengthening method using geotextile (500 kN/m tensile strength, 5004 kN/m axial stiffness, 

30m length in 5 layers) decreased the total displacement from 0.543m to 0.434m. However, the 

impact of geotextile is very limited in this case that only decrease 0.109m or about 20% from the 

total displacement without geotextile. Weak foundation, silty clayey sand layer (AC1) and 

liquefied layers (AC1 and fine sand AS22) below the slope were observed as the main reasons 

for this small impact of geotextile. Therefore, geotextile method is not recommended to use in 

this project given its very limited impact on the total displacement. Furthermore, the soil 

improvement methods were proposed to tackle these two reasons, such as replacing the soil 

material (AC1) with stronger soil for the foundation under the slope and/or construct sand pile to 

minimize the liquefied layer below the slope until AS21 depth, about 6 meters. 

Further analysis based on combination of five values of geotextile strengths, four difference 

lengths, and three number of layers were made to get the optimum used of geotextile by 

comparing the total displacement at the crest. The first factor that has to be considered is the 

strength of geotextile because this factor gives more influence in the final total displacement. 

Secondly, with the high strength of geotextile, the length should be considered first rather than 

the number of layers based on the impact of both factor on the influence of strength to the total 

of displacement. 
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1 Introduction 

1.1 Background 

During Japan’s earthquake and tsunami in 2011, many damages happened that related to many 

sectors, including the geotechnical sector. Based on the field investigation conducted by related 

parties, there were some slope failures during the earthquake, but some others were still safe 

under the Mw= 9.0-moment magnitude. The result of the investigation concluded that the case 

where several slopes were safe was actually due to the use of geotextile application. 

Furthermore, based on the report by Kuwano, Miyata, and Koseki (2014), only less than 1% of 

the reinforced walls in Tohoku were seriously damaged due to the direct impact of earthquake 

shaking; more than 90% of them did not show any damage. Therefore, given the extensive and 

proven impact on geotextile application during the earthquake, this leads to an initiative on 

exploring the possibility of leveraging the application for an extensive use. 

 
Figure	1.	Aerial	photo	of	Yuriage	condition	after	the	tsunami	(www.city.natori.miyagi.jp)	

This thesis project focuses on the post-tsunami reconstruction in Yuriage, Natori City, Japan, 

which was washed out by tsunami in 2011 as shown in figure 1. This area needs to be 

reconstructed based on several consideration. Firstly, the resident who lived previously in the 

area want to come back and live at the same place before the tsunami. Secondly, Yuriage is 

located near the port where the fishery industry of Natori City and Sendai City rely to this port. 

Moreover, the needs of housing for people who work at the port is also contribute to the decision 

of the importance of this area. Finally, one of the famous yet busiest fish markets is also located 

at the east of this project location toward the sea that escalates the importance of this project. 
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However, the new area should be strong enough to withstand the earthquake and also expected 

to be able to minimize the damages of tsunami as the mitigation of this unpredicted natural 

disaster. Thus, the current reconstruction focuses on raising the elevation of the area using 

compaction method. Moreover, the slope of the area has to be safe from the earthquake. 

Furthermore, this project will provide the analysis geotextile-reinforced slope by comparing the 

total displacement at the crest of slope between the compaction method as current design and 

the using of geotextile. Further investigation will also cover the optimization on the use of 

geotextile application by analysing the length of geotextile, the strength of geotextile (pull-out 

force/resistance) and also the number of geotextile layer based on the total displacement at the 

crest. 

1.2 Research Questions 

Given the background of the research, there are two main research questions: 

• How does geotextile reinforcement affect the strength of slope in the newly-elevated area of 

Yuriage as compared to the compaction method? 

• What is the optimum utilization of geotextile to meet the requirement of total displacement and 

economically constructed for the case with geotextile application? 

Further detailed questions are asked to answer these main questions: 

• What type of Constitutive Model is suited for the case of dynamic analysis in PLAXIS 2D 

software? 

• How is the stability of current slope design under a specific seismic condition? 

- Does any failure mechanism appear? 

- What is the maximum total deformation at the crest of the slope? 

In comparison to the slope with geotextile reinforcement, several questions are asked: 

• How different is the total displacement between geotextile method and the compaction method 

on the dynamic analysis? 

• What kind of optimization will be considered to reach the requirement of total displacement at 

the crest of slope and economically constructed? 

- What is the optimum strength and length of geotextile for this Yuriage case and also 

number of geotextile layer? 

1.3 Objectives 

The main objective of this thesis is checking the stability of slope with geotextile application and 

its optimization based on the Japan earthquake in 2011. Two methods are used to investigate 

the slope, the first is using Limit Equilibrium method using D-Geo Stability software as the 

preliminary analysis and Finite Element Method using PLAXIS 2D software as the main analysis. 
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Furthermore, sub-objectives have to be considered as the processes getting into the main 

objective. They are listed as below: 

• Interpretation of field test and lab test data into the required parameters 

Correlation from N-SPT to all required parameters while some parameters already determined 

from the laboratory test. 

• Determine the input of seismic motion for the analysis. 

The data of seismic input is gathered from two locations of seismometer at the north (Sendai 

City) and south of this project location (Iwanuma City), where the project location is in the 

Natori City region (Yuriage). 

• Determine the suitable constitutive model for the analysis where most of the soil layer is sandy 

soil both in the static and dynamic analysis. 

• Determine the parameters of optimization for the geotextile application. 

Three types of parameter are considered, which are the strength of geotextile, the length of 

geotextile, and the number of geotextile layer.  

1.4 Limitations of Project 

There are several limitations in the analyses of this project, which are listed as follow: 

1. Data of project is limited with SPT data and some laboratory tests from only one layer 

(explained more in the chapter 4.1). Therefore, the validation of parameters could not be done 

properly and only rely on the parameter correlation. 

2. The motion input is simplified by adjusting the Loma Prieta motion based on the peak 

acceleration of 2011 earthquake in two locations of seismometer. 

3. The comparison of result (safety factor) between Limit Equilibrium Method and Finite Element 

Method is limited by the static analysis to review the model used for both methods are 

correlated to each other. 
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2 Literature Review 

2.1 Seismic Hazard and Damage Categories 

The worst effect of the earthquake to the slope is the total failure, which happens in the condition 

where the slope cannot withstand a large earthquake or long duration of the motion. However, 

the decrease in strength can also be the cause of damages, called as liquefaction, a condition 

where the soil was initially able to sustain the loads but due to the decrease in strength; it was 

not. Some of the evidences from liquefaction were seen during the earthquake in 2011 but 

washed out by the tsunami (Chian et al., 2012). Thus, the field evidence cannot be adequately 

documented. 

Damage categories are defined based on the basic plan of newly-elevated area of Yuriage. The 

parts of the original document related to damage categories are compiled in the appendix E and 

appendix F. Moreover, disaster category based on the basic plan of Yuriage project document is 

classified as follow: 

• Level A: Large damage (Whether the embankment is completely collapsed or the vehicle 

movement is not possible) 

• Level B: Medium Damage (Embankment is partially collapsed, and part of the road may 

interfere with the collapse) 

• Level C: minor damage (small part of embankment is affected, but the traffic might be 

interrupted) 

• Level D: No damage (especially if no abnormality is observed in the embankment) 

The damage of embankment is also defined into several levels as shown in table 1. The 

combination of the damage level and disaster category is presented in table 2. 



       

 
 

5 

Table	1.	Damage	of	ground	embankment	(Yuriage	basic	design	plan,	2014)	

 
Table	2.	Combination	of	damage	level	and	disaster	category	(Yuriage	basic	design	plan,	2014)	

	

Moreover, the requirement of this project is based on the maximum displacement of slope at the 

crest. The undesirable condition is the damage level III in which all part of the slope including the 

road/building above the raised area are in total failure. However, the purpose of strengthening of 

the slope is to provide evacuation road for the people to the safer place. Thus, the minimum 

condition is the damage level II where only some part of road affected by the instability of slope 

or no structural damage on the building above. Therefore, the minimum displacement is about 

0.5m at the crest of the slope or 10% from the average height of the newly-elevated area of 

Yuriage. 

2.2 Geotextile Application 

Given the fact that soil has no or small tensile strength, the method to strengthen the soil could 

be by reinforcing the it. This method is not a new method, it was started more than 3,000 years 

Damage level Disaster 
category Explanation

I
B 15 cm – 20 cm deformation/displacement

C 15 cm – 20 cm deformation/displacement

II
A 30 cm – 50 cm deformation/displacement

B 30 cm – 50 cm deformation/displacement

III A -

IV
B ≥50 cm deformation/displacement

C ≤ 50cm deformation/displacement
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ago in which the early example was found in Iraq. Reed-reinforced were used as construction of 

levees along the Tiber River by the Romans (Bonaparte, Holtz, & Giroud, 1987). However, the 

modern of reinforcement started in the 1960s with the development of reinforced earth retaining 

walls and geotextile stabilization of haul roads and access road. Nowadays, the common method 

to reinforce the soil is by using either geotextile or geogrid, in which both have experienced rapid 

developments over the quality of its materials. 

Generally, both geotextile and geogrid perform similar functions, while these functions come from 

different reinforcement mechanisms. Geogrid provides the reinforcement based on the 

interlocking of geogrid and the soil, which the soil particles have to be in certain criteria to result 

on optimum function. However, in this case, there is no data of sieving test on the embankment, 

while the SPT number shows that this soil is categorized as the loose to medium sand. On the 

other hand, geotextile produces the reinforcement from the friction of geotextile material and soil 

that in this case the materials could be in wider ranges. Moreover, geotextile also offers other 

advantages for construction listed as below. 

1. Cheaper construction (cost saving): the quantity of fill material can be decreased for steeper 

slope, which impacts to the reduction on land acquisition cost. 

2. Increases on stability; the reinforced slope usually gives larger safety factor or less 

deformation. 

3. Acts as drainage path, which becomes an important role in preventing liquefaction of sandy 

soil. Geotextile accelerates the dissipation of seismic induced excess pore pressure. 

However, this behaviour is not simulated in this research. 

4. Increase the ductility of the soil mass to resist dynamic load. 

D-geo stability requires the tensile strength of geotextile as the input data. However, PLAXIS 

defines two properties of geotextiles, which are stiffness properties (axial stiffness) and strength 

properties (tensile strength). Furthermore, several factors contribute to check the long-term 

design strength that can be obtained by using the formula (1). 

 𝑇" =	
𝑇%

𝑓% ∙ 𝑓" ∙ 𝑓(
 (1)	

Where 𝑇"  is the long-term design strength, 𝑇% is the characteristic short-term tensile strength, 𝑓% 

is the partial factor relating creep, 𝑓" is the partial factor relating damage effect, and 𝑓( is the 

partial factor relating environmental effect. The value of this factor is presented in the appendix 

based on the global synthetics company in Australia. 

Furthermore, seismic slope stability design is influenced by several factors, such as ground 

motions at the site, desired slope geometry, the strength of soil, the strength of reinforcement, 

the strength of soil and reinforcement interaction, and acceptable amount of movement during 

earthquakes.  

Failure might be occurred with varying types of failure and due to different reasons as presented 

in figure 2. Moreover, two type of failure modes are determined as internal failure in figure 2(a) 
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that the sliding takes place inside of the reinforced area and external failure in figure 2(b) in which 

the sliding outside the reinforced soil 

 
Figure	2.	Failure	modes	for	reinforced	slopes:	(a)	internal	failure;	(b)	external	failure	(Bonaparte	et	al.,	1987)	

Furthermore, the internal failure can be caused by two reasons, first due to the reinforcement 

rupture and second reinforcement pull-out as shown in figure 3(a) and figure 3(b) respectively. 

 
Figure	3.	Internal	failure	of	reinforcement	in	slopes:	(a)	reinforcement	rupture;	and	(b)	reinforcement	pull-out	

(Bonaparte	et	al.,	1987)	

In the case of reinforced slope on weak foundation, the type of failure has different pattern as 

shown in figure 4. The failure line goes through the weak layer until it founds the slip surface. 

However, the type of slip surface failure is divided based on the thickness of weak layer below 

the embankment. This could be the deep-seated circular surface as shown in figure 4(a) or 

shallow translational surface in figure 4(b). 
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Figure	4.	Slip	surface	failure:	(a)	deep-seated	circular	surface;	and	(b)	shallow	translational	surface	(Bonaparte	

et	al.,	1987)	

2.3 Input Ground Motion 

The earthquake motion is based on the time domain data that recorded from the seismometer or 

other equipment. However, this motion is one of the largest unknowns in any dynamic analysis. 

There are three types of motion based on the location of where it is recorded as shown in figure 

5. The ground motion is the motion at the surface of soil deposit; outcrop motion is the motion 

that is recorded at the exposed bedrock at the ground surface; bedrock motion is the motion at 

the base of soil deposit. Furthermore, the seismometer locations for this analysis are found on 

the ground surface, which means the ground motion is the initial data of the seismic motion. 

 
Figure	5.	Type	of	earthquake	motion	

In this project, the input motion is considered based on the Loma Prieta motion, which was 

adjusted based on the peak acceleration of original recorded data. Moreover, the project is only 

limited by a specific motion input of Loma Prieta motion. Therefore, the use of other motions as 

the input could give a different result on the analysis. However, since the earthquake motion may 

will never be the same for each earthquake, the use of specific motion of Loma Prieta motions 

might be one of the limitations of this project. 
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2.4 Limit Equilibrium Method – D-Geo Stability software 

Limit Equilibrium Method is the conventional method to define the slope stability. This method 

investigates the mass of soil tending to slide under the influence of gravity. Currently, the 

appearance of some softwares help the analysis of the slope stability, including the use of 

geotextile as a reinforcement. D-Geo stability is one of the softwares that focuses on this case, 

which the output of this software is a safety factor. However, the output (safety factor) does not 

provide the expected deformation of the slope; hence this software will be used as the preliminary 

analysis of this thesis. The results are intended as the hypothesis and result control for further 

analysis using PLAXIS software. 

The method of slices based on the circular slip plane (Bishop, 1955) is considered to be the 

method to calculate the safety factor using D-Geo Stability software. This method divides the 

mass of soil above the slide line into several parts of the vertical slice as shown in figure 6. 

Moreover, the value of each slice may be different depending on the soil layer for each case, 

then the soil parameters, effective stress, and pore water pressure are calculated for each slice. 

 
Figure	6.	Failure	area	with	vertical	slices	method	

Bishop (1955) considered the driving moment by the soil weight, loads around the centre of the 

slip circle, and the water pressures. Meanwhile, the resisting moments come from the shear 

stresses and normal effective stresses that act along the slip circle in which the shear stresses 

prevent the circular bishop model slipping. Another resisting moment could be from the geotextile 

as an external part that acts in the slope. Furthermore, the equilibrium state is determined based 

on the summation of all slices’ influence. Therefore, the sum of these driving moments must be 

equalised by the resisting moments to keep the slope safe, while the ratio of the resisting 

moments and the driving moments is the output of the analysis (safety factor). The evaluation of 

equilibrium for a slice includes the forces and also the pressures as presented in figure 7. 
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Figure	7.	Force	equilibrium	for	one	slice	in	the	method	of	slice	(Deltares,	2016)	

Where: 

Wi : Weight of slice i [kN/m] 

Ti : Shear force along of slice i [kN/m] 

Ei : Interaction force of slice i with the slice at the left side [kN/m] 

Ei+1  : Interaction force of slice i with the slice at the right side [kN/m] 

Pwi : Water force acting on the base of slice i [kN/m] 

Ni : The (total) normal reaction of the soil acting on the base of slice i [kN/m]  

2.5 Finite Element Method – PLAXIS Software 

Finite Element Method has several basic concepts that make this method surpass the Limit 

Equilibrium Method. First, the Finite Element Method divides the domain of problem into a couple 

of subdomains, with element equations express each subdomain to the original problem. 

Furthermore, this is followed by systematically recombining all these element equations into the 

global system equation for the final calculation. These concepts are adopted by PLAXIS to 

analyse the geotechnical problem by meshing the geometry of the case from global into local 

points.  

This thesis focuses on seismic analysis on total deformation of slope and the optimisation of 

geotextile application. The soil profiles in the Yuriage area are mostly dominated by sandy soil 

that means the possibility of liquefaction occurs during the earthquake is high. Thus, the pore 

water pressure generation should be considered in the analysis, especially during the dynamic 

time. 

The consequences of liquefaction also depend on the site conditions, seismic loading 

characteristics, and nature of the structures on the site. Moreover, Idriss and Boulanger (2008) 

defined three of the most important consequences of liquefaction as follows: 

• Loss of shear strength leading to instability of slopes or embankments 
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• Lateral spreading of mildly sloping ground. 

• Settlement caused by reconsolidation of the liquefied soils. 

Furthermore, PLAXIS has some constitutive models that can be selected based on the problems 

and output that want to obtain. The choice of constitutive model is one of the key aspects in 

advanced numerical modelling because many of the models only work well for specific material 

types or load paths. Basically, constitutive model works to relate the increment of stress to the 

increment of strains. However, the more advanced model may include the dilative and contractive 

behaviour and also can address the elastic and plastic response of the material. 

This project considers two types of analysis on the construction of newly-elevated area in 

Yuriage. Firstly, the stages constructions that only consider the construction of embankment and 

the uniform load from the traffic above the area. Therefore, these analyses are defined as the 

static analysis. Secondly, the analysis after all the stages constructions are completed then the 

earthquake load applied at the base of the bedrock; this analysis is considered as the dynamic 

analysis. Thus, the constitutive model used for each analysis should be different. 

2.5.1 Static Analysis 

The first model is the linear elastic model for the bedrock layer (AG3) that consists of gravels. 

This model was used on both analyses, static and dynamic analysis. Linear elastic model is the 

simple model that relates the stress increments to the strain increments according to Hooke’s 

law. Moreover, the bedrock behaviour was simulated based on this linear elastic model because 

the material is much stronger and stiffer than the rest of layer and also this bedrock layers is not 

expected to experience plastic straining. The required parameters to describe this material 

behaviour is only the stiffness in term of Young’s modulus (E) and Poisson’s ratio (v). meanwhile, 

the other stiffness parameters are computed based on the elasticity theory. 

AC2 layer is another layer that use the same model for both static and dynamic analysis. This 

layer has much similarities with the first later AC1 but has been deposited for long time. AC2 

layer has small possibility to be liquified because this layer is the cohesive layer and also it has 

been deposited for long time that make the stiffness is even greater. The Hardening Soil Small 

strain (HS Small) model was selected to analyse the behaviour of this soil, which is an 

elastoplastic type of hyperbolic model. This model describes the soil stiffness much accurate 

compared to the linear elastic model and even better than the Hardening Soil model since the 

increasing of stiffness at small strain is also considered. 

During the static analysis, all layers (except AG3) were modelled with the same HS Small model 

with the parameters are presented in table 3. The Hardening Soil Small model has several main 

characteristics as listed below: 

• Stress-dependent stiffness behaviour according to a power law 

• Hyperbolic stress-strain relationship in axial compression 
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• Plastic strain by mobilising friction (shear hardening) 

• Plastic strain by primary compression (compaction hardening) 

• Elastic unloading/reloading 

• Failure behaviour according to Mohr-Coulomb criterion 

• Small strain stiffness 
Table	3.	Hardening	Soil	Small	strain	model	parameters	

 

Hardening Soil small model is the more advanced model compared to the elastic perfectly-plastic 

model because the yield surface of hardening plasticity model is not fixed, but it can expand due 

to plastic straining. Moreover, the yield contour in principal stress and also the cap is presented 

in figure 8. 

 
Figure	8.	Representative	of	yield	contour	in	principal	stress	space	for	cohesionless	soil	(Brinkgreve	et	al.,	2018)	

Furthermore, the quasi-elastic tangent shear modulus is determined by integrating the secant 

stiffness modulus reduction curve over the actual shear strain increment. The reduction of 

stiffness that used in the model is presented in the figure 9. 

 

c (Effective)	cohesion
φ (Effective)	angle	of	internal	friction
ψ Angle	of	dilatancy

E50-ref Secant	stiffness	in	standard	drained	triaxial	test	
Eoed-ref Tangent	stiffness	for	primary	oedometer	loading	
Eur-ref Unloading	/	reloading	stiffness	(default	Eur-ref	=	3	E50-ref)
m Power	for	stress-level	dependency	of	stiffness	
!0.7 Shear	strain	at	which	Gs	=	0.722	Go
G0	ref Reference	shear	modulus	at	very	small	strains
νur Poisson's	ratio	for	unloading-reloading	(default	νur	 =	0.2)	
p-ref Reference	stress	for	stiffnesses	(default	p-ref	 =	100	kN/m2	)	
K0-nc	 K0-value	for	normal	consolidation	(default	Knc	 =	1	−	sinφ)	
Rf Failure	ratio
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Figure	9.	Secant	and	tangent	shear	modulus	reduction	curve	(Brinkgreve	et	al.,	2018)	

Given all the advantages of this model, HS small is not suitable for the dynamic analysis with 

some limitations, especially for earthquake load in the liquefiable soil. HS small model does not 

incorporate a gradual softening during cyclic loading that means this model is not suitable for 

problems with softening roles. Moreover, softening due to dilatancy and debonding effects are 

not considered. More importantly, this model does not cover the irreversible volumetric straining 

nor liquefaction behaviour. Meanwhile, the liquefaction is one of the crucial parts that need to be 

identified in this project. 

2.5.2 Dynamic Analysis 

Beside the fact that constitutive has strength and weakness, especially for the complex analysis 

that need advanced model, Beaty & Perlea (2011) proposed some features that might be 

considered when selecting and using the constitutive model for an advanced analysis. 

• The formulation of the constitutive model should adequately address the key feature of the 

anticipated soil behaviour. These may include the relationship between shear stiffness and 

strain, stress level dependence, generation of pore pressure, and strain softening. 

• It should have sound theoretical basis. 

• It should reasonably model the stress-strain and pore pressure generation in both monotonic 

and cyclic laboratory test. Moreover, direct comparison between the numerical simulations 

and laboratory test data should be available. 

• It should reasonably capture the behaviour describe by the empirical relationships for 

liquefaction triggering and post-liquefaction behaviour. 

•  The selection of input parameters should be reasonably transparent, particularly in cases 

where direct calibration to laboratory data is not possible. 

• Successful use of model should be documented through back-analysis of case history. 
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Given the requirements of the constitutive model as explain above and the specific problems for 

this project such as earthquake loads and the presence of liquefiable layer, a proper selection 

among the available models have to be more selective. Finally, the UBCSAND model seems the 

most suitable constitutive model for this case with several main characteristics listed below. 

• Plastic strain by mobilising friction, similarities with shear hardening in Hardening Soil model 

• Different flow rule, allowing for static liquefaction 

• Accumulation of plastic strains upon cyclic loading 

• Accumulation of pore pressure in undrained cyclic loading 

• Liquefaction behaviour 

This model was developed by Puebla, Byrne, & Phillips (1997) to create liquefaction response, 

while Beaty and Byrne (1998) adapted this model for seismic evaluation and applied to the 

response analysis. This model is the advanced model for the seismic analysis with liquefiable 

soil layer yet relatively easy to use with some required parameters are needed from the laboratory 

and in situ test. UBCSAND is an effective stress model based on the classic plasticity theory. 

The elastic behaviour is assumed to be isotropic that specified by a bulk modulus, 𝐾*(, and a 

shear modulus, 𝐾+(, that can be calculated using these following formulas. 

 
𝐾*( = 	𝑘*( × 𝑃/ × 0

𝑃1

𝑃/
2
3(

 
(2)	

 
𝐾+( =	 𝑘+( × 𝑃/ × 0

𝑃1

𝑃/
2
4(

 (3)	

Where 𝑃1 is mean effective stress, 𝑃/ is the reference stress defined as the atmospheric pressure 

(100 kPa), 𝑘*(  and 𝑘+(  are the bulk and shear modulus numbers respectively, and 𝑚𝑒 and 𝑛𝑒 are 

the elastic bulk and shear modulus index that has the same default value at 0.5. 

The critical yield surface is based on the Mohr-Coulomb yield function (𝑓3) as given in equation 

(4) and represented by the radial line from the origin in stress space as shown in figure 10. 

 
𝑓3 =	

𝜎39:1 − 𝜎3<41

2
− 0

𝜎39:1 − 𝜎3<41

2
+ 𝑐1 cot 𝜑D1 2 sin𝜑3HI  (4)	

Where 𝜎39:1  and 𝜎3<41  are the maximum and minimum principal stresses, 𝑐1 is the effective 

cohesion, and 𝜑D1  and 𝜑3HI  are the peak and mobilised friction angle respectively. 
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Figure	10.	Yield	surface	in	UBCSAND	(Beaty	and	Byrne,	1998)	

The yield surface and flow rule control the plastic strain, which once the yield surface is reached 

and the loading continues, this results in plastic strains, both shear and volumetric. The plastic 

hardening is described by the hyperbolic hardening rule (Beaty and Byrne, 1998) as shown in 

figure 11. The hardening rule relates the plastic shear strain increment (𝛿𝛾D) and the stress ratio 

increment (𝑑𝜂) as shown in formula (5). 

 𝛿𝛾D =	
1

𝐺D 𝜎′⁄ 	 ∙ 𝑑𝜂 (5)	

Where 𝐺D is the plastic shear modulus, 𝜎′ is the effective stress, and assuming a hyperbolic 

relationship between 𝜂 and 𝛾D: 

 
𝐺D = 	𝐺<

D ∙ 01 −
𝜂
𝜂R
∙ 𝑅R2

T

 (6)	

Where, 𝐺<
D is the plastic shear modulus at a low level of stress ratio, 𝜂R is the stress ratio at failure 

(equal to 𝑠𝑖𝑛	𝜑D), 𝜑D is the peak friction angle, and 𝑅R is the failure ratio that varies between 0.7-

0.98 and decreases with increasing relative density. 

 
Figure	11.	Hyperbolic	hardening	rule	in	UBCSAND	(Beaty	and	Byrne,	1998)	

 



       

 
 

16 

The plastic potential function (𝑔) is based on the Drucker Prager that formulated as: 

 𝑔 = 𝑞 −	
6 sin𝜓3
3 − sin𝜓3

\𝑝 + cot 𝜑D^ (7)	

Where 𝑞 is the equivalent shear stress, 𝑝 is the mean effective stress, 𝜓3 is the mobilised 

dilatancy angle, and 𝜑D is the peak friction angle. Furthermore, the plastic volumetric strain (𝑑𝜀`
D) 

is defined by the flow rule with this following formula. 

 𝑑𝜀`
D = sin𝜓3 × 𝛿𝛾D  (8)	

 sin𝜓3 = sin𝜑3 − sin𝜑D (9)	

Where 𝜓3 is the mobilised dilatancy angle, 𝛿𝛾D is the plastic shear strain, 𝜑3 is the mobilised 

friction angle, and 𝜑D is the peak friction angle. Moreover, yield loci and the corresponding 

direction of the plastic strains that resulted the flow rule is shown in figure 12. Shear induces 

plastic expiation or dilation when the stress ratios greater than the constant volume friction angle 

𝜑%`. 

 
Figure	12.	Direction	of	plastic	strains	associated	with	location	of	yield	surface	(Beaty	and	Byrne,	1998)	

The first-time loading is defined when the current load increment pushes the yield surface outside 

the previous maximum stress ratio limit. Furthermore, when the increment of loading occurs less 

than previous stress ratio, the sand is assumed to behave plastically with stiffer plastic modulus 

than the first-time loading. However, not all loading generates plastic strains; elastic strain is 

assumed when the reloading occurs with the stress ratio is less than or equal to the previous 

value. During this reloading, no plastic shear and volumetric strains accumulated. Furthermore, 

once the previous stress ratio is reached, the plastic strain will be recurred. This loading, 

unloading, and reloading is presented in the figure 13. The input of parameters for the UBCSAND 

are summarized in table 4. 
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Figure	13.	Stress	ratio	history	showing	loading,	unloading,	and	reloading	(Beaty	and	Byrne,	1998)	

Table	4.	Input	parameter	of	UBCSAND	

 
 
2.6 Rayleigh Damping 

Material damping is caused by viscous properties of soil, friction, and the development of 

irreversible strains during the dynamic calculations. One of the simple methods to determine 

material damping is using Rayleigh damping, which is a numerical feature in a damping matrix C 

as shown in formula below. 

 𝐶 = 𝛼𝑀+ 𝛽𝐾 (10)	

Where the M is mass matrix, K is stiffness matrix, and a and b are the Rayleigh coefficients that 

calculated based on the input of target damping ratio and two target frequencies. From the 

equation above, the higher a, the more the lower frequencies are damped; and the higher b, the 

more the higher frequencies are damped. 

Damping ratio (x) is the common parameter used to determine the damping parameter 

identification, which for the critical damping is chosen equal to 1 percent. Furthermore, Hudson, 
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Idriss & Bairkae (1994) and Hashash & Park (2002) suggested to select the first target frequency 

as the first natural frequency of the soil deposit (𝑓e) that can be calculated using equation (11), 

while the second target frequency is the closest odd integer larger than the ratio 𝑓D/𝑓e. The 𝑓D is 

the predominant frequency of the input motion, which can be determined from the input Fourier 

spectrum.  

 𝑓e =
𝑣h
4𝐻

 (11)	

Where 𝑣h is the shear wave velocity in m/s that is the function of shear modulus G [kN/m2], and 

H is the thickness of soil deposit in m. 

2.7 Summary and Conclusion 

Many studies have been conducted across the world related to the slope stability, various 

methods were also used to analyse the behaviour and the safety of slope under static or dynamic 

load and combination of them. However, not all slopes can withstand the loads without any 

improvement on the slope and its surrounding area. One of the slopes strengthening methods is 

by reinforcing slope using geotextile. This method provides tensile strength by the friction of soil 

and the geotextile that increases the strength of slope under loading, which in this case 

resistance of slope to dynamic loading. Moreover, other advantages of geotextile are also given 

as explained in chapter 2.2. 

The use of Limit Equilibrium Method (LEM) is a conventional method for engineers and 

researcher, even though this method may be considered as conservative, yet it is very 

established. This method can provide an estimate safety factor without requiring initial condition, 

which becomes the reason for this method being really favored by engineers. On the other hand, 

the safety factor cannot define expected deformation during the earthquake loading, in which 

deformation provides a better indicator of slope performance. The appearance of many softwares 

to analyse the problem with this method, like D-GEO Stability, facilitates the engineers to do 

faster calculation and analysis. The output from such software could be used as the hypothesis 

and as result control for another method. Nowadays, the use of Finite Element Method (FEM) 

provides the expected deformations output, which gives the better understanding of the slope 

performance, especially during the earthquake loading. However, the selection of constitutive 

model has to be more selective since the choice of constitutive model is one of the key aspects 

in advanced numerical modelling because many of the models only work well for specific material 

types or load paths. 

Finally, after reviewing the literature above, considering the fact from the field, and an interview 

with related party in Japan, the final thesis focuses on the slope stability analysis and optimization 

of application in regards to the strength, length, and the number of layers based on the case of 

a newly-elevated area in Yuriage, Japan. The analysis will be based on the Finite Element 

Method with the help of PLAXIS software. 
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3 Project Overview: Yuriage Case 
The project is located in Natori City (about 10 Km from Sendai City) as shown in the map of figure 

14. The area of this project is around 0.56 Km2 (1.2 Km length and 0.46 Km wide) in which the 

plan of the raised area is presented in figure 15. Furthermore, some criteria were determined to 

select the critical cross-section within the area of this newly elevated area. The first criteria is the 

distance of uniform loads (structure and traffic above the embankment) to the slope crest. The 

second one is the location of cross section that face the sea, which will be hit first when the 

tsunami occurs, hence it should be strong enough to withstand the prior earthquake. 

 
Figure	14.	Project	location	in	Yuriage	(www.google.com/maps)	

 
Figure	15.	Project	plan	area 
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Based on the criteria above, a critical cross-section was chosen at the nearest part of the 

shoreline as given in figure 16. Moreover, the critical cross-section of this location is presented 

in figure 17 with slope angle 29 degrees and 4.35 m height. More importantly, the uniform load 

is lining until the slope crest that might affect the stability of slope. therefore, the structure above 

could be affected by the instability of slope. 

 
Figure	16.	Cross-section	location	

 
Figure	17.	Cross-section	of	location	

3.1 Project Requirements 

The requirement was defined differently for static and dynamic analysis. The static analysis is 

based on the safety factor output, while the dynamic analysis is based on the total displacement 

at the crest of slope. Both requirements are determined from the Yuriage basic plan documents 

which are included in the appendix D, appendix E, and appendix F. 
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Furthermore, all analyses were based on the Serviceability Limit State (SLS) because no design 

factor was considered. First, the initial data such as the loads has no explanation whether it has 

considered the design factor. hence, it is assumed that the loads do not consider the design 

factor. Second, the value of N-SPT was based on the average value without any further 

consideration of design factor. Third, the parameters correlations were also neglected the design 

factor. 

Furthermore, the requirement was defined for the static analysis, which was based on the safety 

factor. The minimum safety factor was selected at 1.5, this is based on the requirement of the 

project (Yuriage basic design, 2014), included under appendix D. 

Moreover, the requirement for dynamic analysis is included in table 1 (chapter 2.1 on about the 

damage of ground embankment). Given the fact that the analysis was based on the SLS, the 

partial failure should be considered as the worst-case scenario for this analysis. Therefore, the 

damage level II is selected as the category of partial failure that has the maximum total 

displacement up to 0.5m or about 10% from the average height of the raised area. However, the 

height of slope in the cross section is about 4.35m, less than the average height of raised area 

(around 5m). Thus, the requirement for the total displacement was adjusted to 10% of the slope 

height (around 0.435m / 43.5cm). 
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4 Data of Project 

Waltham (2009) defined three stages of ground investigation to obtain the data for the project as 

per below: 

1. Initial stage, covering the desk study of available data, walkover survey & visual assessment, 

and preliminary report and fieldwork plan. 

2. Main stage, initiated by the fieldwork (geological mapping or geophysical survey if necessary, 

trial pit, borehole including SPT, and CPT). After one or more parts have been done, the 

laboratory testing might be necessary to get more detailed data (usually soils), and end by the 

final report. 

3. Review stage, covering the monitoring during excavation or construction. 

The requirement of complete data of the project will help to accelerate the engineering 

preparation. Moreover, this complete data increases the chance of a project to meet the 

construction requirements. The complete data can predict the cost of the project more accurately. 

Furthermore, this project has some data of Standard Penetration Test (SPT) at several locations 

within the project area and also laboratory test for some layers. 

4.1 Soil Investigation and Layer Schematization 
Natori City prefecture provided some data of the project, such as the Standard Penetration Test 

(SPT) data, the data of the embankment (unit weight and internal friction angle), and also some 

lab test results for some layers. First, SPT was done at 18 locations in the Yuriage area. However, 

only 14 locations of SPT are within the area of newly-elevated area as shown in figure 18. 

Second, some laboratory tests were also completed but only the first layer (AC1) has detailed 

data while layer AS21, layer AS22, and layer AS3 have limited data from sieving test. 

 
Figure	18.	Locations	of	Standard	Penetration	test	
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Based on the SPT data, it was concluded that there are six different layers of soil below the newly 

elevated area that summarized in table 5. The results of N-SPT are the average value from the 

14 locations. Meanwhile, the original data of this SPT is presented in the Appendix A. Moreover, 

the result of laboratory test from four layers of soil is presented in table 6. The data of SPT and 

laboratory test show that the AC1 layer is the soft soil layer, which can be concluded that the 

newly elevated area of Yuriage is built on top of soft soil layer. Therefore, there are two 

possibilities of failure type either the deep-seated circular surface or shallow translational surface. 
Table	5.	SPT	result	from	field	test	in	Yuriage	

Layer Thickness 
[m] Name Type N-SPT 

range 
N-SPT 

average 

0 4.35 B1/embankment Fine-medium Sand 8-9 8.50 
1 2.10 AC1 Silty Clayey Sand 0-6 1.89 
2 3.90 AS21 Fine Sand 1-24 11.85 
3 1.70 AS22 Medium-coarse Sand 15-50 36.29 
4 13.4 AS3 Medium-coarse Sand 12-49 26.99 
5 1.60 AC2 Silty Clayey Sand 5-22 13.00 
6 5.30 AG3 Gravel 31-50 50.95 

 
Table	6.	Laboratory	data	for	four	layers	

 
 

T15-1 P15-2 P15-6 P15-10
Ac1 AS21 AS22 AS3

1 m

1.78 m

1.39 m

Parameter Symbol Unit
Wet density ρt 1.741 - - - g/cm3
Dry density ρd 1.2 - - - g/cm3
Solid density ρs 2.597 - - - g/cm3
Moisture content Wn 45.02 - - - %
Void ratio e 1.164 - - -
Degree of saturation Sr 100 - - - %
Stone (<75mm) - 0 0 0 0 %
Gravel (2mm - 75mm) - 0.3 0 1.3 2.3 %
Sand (0.075mm - 2mm) - 49.3 90.6 90.1 87.9 %
Silt (0.005mm-0.075mm) - 26.6 %
Clay (<0.005mm) - 23.8 %
Maximum diameter Dmax 4.75 4.75 9.5 9.5 mm
Uniformity coefficient Cu - 2.92 6.01 6.07
60% particle size D60 0.1369 0.240 0.600 0.472 mm
50% particle size D50 - 0.073 0.21 0.507 0.392 mm
30% particle size D30 0.011 0.162 0.3472 0.2527 mm
20% particle size D20 - 0.0031 0.1381 0.2634 0.184 mm
10% particle size D10 - - 0.0821 0.0998 0.0778 mm
Liquid Limit LL 40.6 - - - %
Plastic Limit PL 23.2 - - - %
Plasticity Index PI 17.4 - - - %
Liquid index LI 1.25 - - - %
Consistency Index CI -0.25 - - - %
Classified symbol of soil - CLS S-F S-F S-F -
Unconfined compressive clay qu 29.3 kN/m2
Secant Stiffness in standard drained Triaxial test E50 1202 kN/m2
Compression Index Cc 0.392 -
Precompression stress Pc 55.44 kN/m2

Value

9.4 8.6 9.8

Sampling bottom (below GL)
sampling center (below GL)

H25-B15

Sample Number

Soil symbol

Sample location number

Sampling top (below GL)
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Furthermore, based on the location of cross section and the data of SPT at the location, the 

geometry of slope and soil underneath are portrayed in figure 19 where the phreatic line is the 

blue line in the depth of -1.3m. 

 
Figure	19.	Geometry	of	slope	and	soil	layers	

Two types of load were considered, for which these might affect the stability of the slope. 

However, there is no explanation from the project documents on whether the loads have already 

considered the design factor. Thus, the assumption made that the load has no design factor 

consideration which leads to conclusion that the analysis is based on the Serviceability limit 

State. Moreover, the two loads are explained below: 

1. Uniform load: come from the building and traffic above the embankment, which counts for 

about 10.8 kN/m2. 

2. Earthquake load: this is based on the Japan 2011 earthquake from the nearest seismometer 

location (MYG013 and MYG015). 

4.2 Parameter Correlations 
Given the existing data of this project is limited to the SPT data. In order to calculate other 

parameters, parameter correlations should be taken. Moreover, the input parameters of 

UBCSAND have to be defined prior to the Finite Element Method analysis using PLAXIS 

software. All the required parameters for this constitutive model are listed in chapter 2.5, while 

all the input parameters are presented at the end of this chapter. 

Firstly, based on the average N-SPT data, the N-value has to be corrected to 60% energy level 

(𝑁lm) for the design value using this formula. 

 𝑁lm = 𝑁	
𝐸𝑅<
60

 (12)	

ERi is the energy ratio in percentage and N is the blow amount value from SPT test at field. Seed 

et al. (1985) and Skempton (1986) defined the 60% energy represents a historical average for 

different SPT system to get the empirical value. The SPT energy ratios is showed in table 7. 

However, the average value of 1.2 is selected for the ERi/60 due to the semi-automatic SPT 

equipment was used for the test. 
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Table	7.	Generalized	SPT	energy	ratios	(Robertson,	1992)	

 
The first parameter to determine is the Relative Density. This parameter will be used as the input 

to calculate the unit weight. The correlation of corrected blow count to the Relative density value 

has been defined by as shown in figure 20. 

 
Figure	20.	Relationship	between	corrected	blow	count	to	the	relative	density	(Gibbs	&	Holtz,	1957)	

Furthermore, the unit weight, dry (𝛾"pq) and saturated (𝛾h9r), can be calculated directly with these 

formulas by Brinkgreve & Engin (2010). 

Where 𝑅𝐷 is the relative density of soil in percentage. Moreover, the initial void ratio (𝑒<4<r) can 

be driven from the formula by Anbazhagan et al. (2017) based on the value of N-SPT with 60% 

energy correction as written below. 

Internal friction angles, constant volume and peak, can be calculated from two different formulas. 

The internal friction angle at constant volume (𝜑%`) was defined by Peck et al. (1974) in equation 

16 while the peak internal friction angle (𝜑D) is determined by Beaty and Byrne (2011) in equation 

17. Both parameters were determined based on then-SPT value at 60% energy correction (𝑁lm) 

from SPT. 

 𝛾"pq = 15 + 4.0𝑅𝐷 100⁄  [kN/m3] (13)	

 𝛾h9r = 19 + 1.6𝑅𝐷 100⁄  [kN/m3]	 (14)	

 𝑒<4<r = 1.202𝑁lmwm.Tex (15)	
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The cohesive soil is only found at layer AC1 and layer AC2. Layer AC1 has the data from 

laboratory test in which the value of cohesion was calculated directly by the half of the unconfined 

compressive clay (𝑞y) value. Moreover, the value for AC2 layer was defined at the same value 

with AC1. 

Beaty and Byrne (2011) also proposed some equations based on the value of N60 in order to 

define parameters for the analysis using UBCSAND model. All equations are presented below, 

such as elastic shear modulus 𝐾+( (equation 18), elastic bulk modulus 𝐾*( (equation 19), plastic 

shear modulus 𝐾+
D (equation 20), and failure ratio 𝑅R (equation 21).  

Furthermore, modulus exponent for elastic, plastic, and bulk modulus were set as default 0.5, 

0.4, and 0.5 respectively. The values of densification factor 𝑓𝑎𝑐{9p" and 𝑓𝑎𝑐DHhr were set at 1.0 

for both. 

The input parameters for the interface and material are the same. Moreover, the dilatancy angle 

(𝜓) is defined based on the formula from Bolton (1986) for plane strain case as shown in equation 

22 based on the value of peak friction angle (𝜑D) and constant volume friction angle (𝜑%`). The 

rate of stress dependency of the interface stiffness is set as default value at 0.5. 

Finally, all the input parameters for analysis using UBCSAND, for the dynamic analysis, is 

summarized in table 8. 

 𝜑%` = 54° − 27.6034	exp	(−0.014 × 𝑁lm) [degrees] (16)	

 𝜑D = 𝜑%` +
𝑁lm
10

+ max	 �0;
𝑁lm − 15

5
� [degrees]	 (17)	

 𝐾+( = 21.7	 × 20 × 𝑁lmm.���� (18)	

 𝐾*( = 0.7	𝐾+( (19)	

 𝐾+
D = 𝐾+( 	× 𝑁lmT × 0.003 + 100 (20)	

 𝑅R = 1.1 × 𝑁lmwm.e� (21)	

 𝜑D − 𝜑%` = 0.8	𝜓 [degrees] (22)	
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Table	8.	UBCSAND	model	parameter	for	dynamic	analysis	

 

On the other hand, Hardening Soil Small strain model was used during the staged construction 

for static analysis. Therefore, all layer but the Gravel required the parameter of HS small model 

that summarized in table 9 with the value of Poisson’s ratio (n) was taken the same at 0.2.  
Table	9.	HS	small	model	parameter	input	for	the	static	analysis	

 

However, some parameters in table 9 have to be calculated based on the value of relative density 

(𝑅𝐷) as shown in these equations (R. Brinkgreve & Engin, 2010) 

In addition, the input parameters of linear elastic model for the engineering bedrock, layer AG3, 

are presented in table 10. 

B1 AC1 AS21 AS22 AS3
Dr relative density 50.85 10.44 62.73 96.21 89.59 %

!dry Dry unit weight 19.00 12.24 17.51 18.85 18.58 kN/m3

!sat Saturated unit weight 19.00 17.75 20.00 20.54 20.43 kN/m3

einit intial void ratio 0.726 1.164 0.676 0.53 0.565 -

φcv Friction angle at constant volume 30 27.26 31.38 39 36.46 Degrees

φp Peak friction angle 30.00 27.26 32.80 45.00 43.18 Degrees

c Effective cohesion 10 15 0 0 0 kPa

"_#^$ Elastic shear modulus number 940 570 1050 1525 1382 -

"_#^% Plastic shear modulus number 394 109 737 8778 4447 -

"_&^$ Elastik bulk modulus number 658 399 735 1068 967 -

me Elastic bulk modulus exponent 0.5 0.5 0.5 0.5 0.5 -

ne Elastic shear modulus exponent 0.5 0.5 0.5 0.5 0.5 -

np Plastic shear modulus exponent 0.4 0.4 0.4 0.4 0.4 -

Rf Failure ratio 0.78 0.97 0.74 0.62 0.65 -

Pa Reference stress which is equal to the atmospheric pressure 100 100 100 100 100 kPa

't Tension cut-off 0 0 0 0 0

fac hard Densification factor 1 1 1 1 1 -

(N1)60 Corrected N-SPT value 10.20 2.27 14.22 43.55 32.38 Times

fac post
Factor that determines the minimum value of the shear 
modulus during stiffness degradation

1 1 1 1 1 -

Symbol Parameter
Value

Units

B1 AC1 AS21 AS22 AS3 AC2

c  (Effective) cohesion 0 15 0 0 0 15 kN/m2

φ (Effective) angle of internal friction 30 27.26 31.38 39 36.46 31.81 degrees

ψ Angle of dilatancy 0 0 1.78 10 8.39 2.1 degrees

σt Tension cut-off and tensile strength 0 0 0 0 0 0 kN/m2

E50-ref Secant stiffness in standard drained triaxial test 30,510 1,202 37,638 57,726 53,754 43,248 kN/m2

Eoed-ref Tangent stiffness for primary oedometer loading 30,510 1,202 37,638 57,726 53,754 43,248 kN/m2

Eur-ref Unloading / reloading stiffness (default Eur-ref = 3 E50-ref) 91,530 3,606 112,914 173,178 161,262 129,744 kN/m2

m Power for stress-level dependency of stiffness 0.54 0.67 0.50 0.40 0.42 0.47 -

!0.7 Shear strain at which Gs = 0.722 Go 1.5E-04 1.9E-04 1.4E-04 1.0E-04 1.1E-04 1.3E-04
G0 ref reference shear modulus at very small strains 94578 67099 102656 125423 120921 109014 kN/m2

Symbol Parameter
Value

UNITS

 𝐸�m
p(R = 60000 ∙ 𝑅𝐷 100⁄  [kN/m2] (23)	

 𝐸H("
p(R = 60000 ∙ 𝑅𝐷 100⁄  [kN/m2]	 (24)	

 𝐸yp
p(R = 180000 ∙ 𝑅𝐷 100⁄  [kN/m2]	 (25)	

 𝐺m
p(R = 60000 + 68000 ∙ 𝑅𝐷 100⁄  [kN/m2]	 (26)	

 𝛾m.x = (2 − 𝑅𝐷 100⁄ ) ∙ 10w� [-]	 (27)	

 𝑚 = 0.7 − 𝑅𝐷 320⁄  [-]	 (28)	
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Table	10.	Linear	elastic	parameter	for	bedrock	(layer	AG3)	

 

Some data of linear elastic model have to be determined further by using parameter correlation. 

Firstly, the Young’s modulus (𝐸′) was determined around 200,000 kN/m2 based on Bowles (1996) 

for dense gravel as shown in table 11. Moreover, the value of Shear Modulus (𝐺) was calculated 

based on the value of Young’s modulus by using equation (29), while Oedometer modulus (𝐸H(") 

was calculated using equation (30) with the same Poisson’s ratio at 0.2. The shear wave velocity 

(𝑉𝑠) and compression wave velocity (𝑉𝑝) were defined by equation (31) and equation (32) 

respectively. Meanwhile, the value of density was calculated using formula 𝜌 = 𝛾 𝑔⁄ , where 𝛾 is 

the unit weight [kN/m3] and 𝑔 is gravity [m/s2]. 

Table	11.	Typical	Modulus	of	Young's	modulus	of	soil	(Bowles,	1996)	

 

4.3 Parameter validation 
The more advanced constitutive model for the analysis usually requires greater number of 

parameters for calculation. These parameters often cannot be defined directly from laboratory 

!dry Dry unit weight 19.00 kN/m3
!sat Saturated unit weight 20.60 kN/m3
einit intial void ratio 0.49 -
E' Effective Young's modulus 200,000 kN/m2
G Shear modulus 83333 kN/m2

Eoed Oedometer Modulus 222222 kN/m2
Vs Shear wave velocity 199.2 m/s
Vp Compression wave velocity 325.3 m/s

Symbol Parameter Value Units

 
𝐺 =

𝐸′
2(1 + 𝑣′)

 [kN/m2] (29)	

 
𝐸H(" =

𝐸′(1 − 𝑣′)
(1 + 𝑣′)(1 − 2𝑣′)

 [kN/m2]	 (30)	

 
𝑉𝑠 = �𝐺 𝜌�  [m/s]	 (31)	

 
𝑉𝑝 = �𝐸H(" 𝜌�  [m/s]	 (32)	
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test. Therefore, validation of the parameters is crucial to ensure that the parameters used in the 

model has similar behaviour with the test in the laboratory. However, nowadays, some 

correlations are available to determine the parameters that were already validated by the author. 

Moreover, Marcuson et al. (2007) and Idriss and Boulanger (2008) defined the validation of 

models showed a strong stress path dependency. 

PLAXIS soil element test was used to validate the input parameters in this project. Ideally, the 

calibration by curve fitting could provide good results if the stress paths in the problem are similar 

with test data (laboratory test). However, the limitation of this validation is that it has only one 

layer of the laboratory data, other layers only have the sieving test data and N-SPT. Moreover, 

the laboratory test for the first layer (AC1) is also limited to only the Unconfined Compression 

Test (UCT). Therefore, the comparison of result between PLAXIS and laboratory test data is only 

for the first layer (AC1). However, the other layers were also tested in PLAXIS; but cannot be 

validated. The list of parameters and also the methods to obtain the parameters is summarized 

in table 12 and table 13 for HS small model and UBCSAND model respectively. 

Table	12.	List	parameter	of	HS	small	model	

 

Table	13.	List	parameter	of	UBCSAND	model	

 

Name Symbol Unit Method Default
(Effective) cohesion c kPa CD or DSS 0
(Effective) angle of internal friction φ Degrees CD or DSS -
Angle of dilatancy ψ Degrees CD or DSS -
Secant stiffness in standard drained triaxial test E50-ref kPa CD or DSS -
Tangent stiffness for primary oedometer loading Eoed-ref kPa Oedometer = E50-ref
Unloading / reloading stiffness Eur-ref kPa CD or DSS = 3 E50-ref
Power for stress-level dependency of stiffness m - Curve fit 0.5
Shear strain at which Gs = 0.722 Go !0.7 - DSS -
Reference shear modulus at very small strains G0 ref kN/m2 DSS -
Poisson's ratio for unloading-reloading νur - CD or CU 0.2
Failure ratio Rf - Curve fitting 0.9

Name Symbol Unit Method Default
Cohesion c kPa CD or DSS 0
Constant volume friction angle φcv Degrees CD or DSS -
Peak friction angle φp Degrees CD or DSS -
Elastic shear modulus number Ke_G - Curve fitting -
Plastic shear modulus number Kp_G - Curve fitting -
Elastik bulk modulus number Ke_B - Curve fitting -
Elastic bulk modulus exponent ne - Curve fitting 0.5
Elastic shear modulus exponent me - Curve fitting 0.5
Plastic shear modulus exponent np - Curve fitting 5
Failure ratio Rf - Curve fitting 0.9
Atmospheric pressure Pa kPa Standard value 100
Tension cut-off !t kPa - 0

Densification factor fac_hard - Curve fitting 1

SPT value N60 - In-situ test -

Post liquefaction factor fc_post - Curve fitting 0.2-1
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Laboratory data for the first layer is based on the Unconfined Compression Test. Meanwhile, this 

test was not available in PLAXIS soil element test, but the Unconsolidated Undrained (UU) triaxial 

test is supposed to give the similar result. However, in the PLAXIS soil element test, the 

Consolidated Undrained (CU) triaxial test was selected with the K0 approach to represent the 

field condition. Therefore, the value of horizontal stress was defined with the available data of 

depth of sample and the density of the soil. The original data of laboratory test for this sample is 

presented in appendix G. Furthermore, the soil element test was done with the horizontal stress 

(cell pressure) about 12.81 kN/m2 and K0 about 0.54. Moreover, the output from PLAXIS soil 

element test is presented in figure 21 with the comparison from the laboratory test of UCT. The 

result of this analysis is different from the laboratory test in which the secant stiffness is much 

greater than what obtained from the laboratory test. 

 
Figure	21.	Consolidated	Undrained	triaxial	test	for	AC1	from	PLAXIS	and	UCT	from	Laboratory	test		
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Furthermore, the Consolidated Drained (CD) triaxial tests were done for all layers except the 

bedrock (AG3). Unfortunately, the validation is also not possible due to no laboratory tests for 

these layers. CD triaxial test with cell pressure to 40 kN/m2 were done for all layers. The purpose 

of this CD test is to check the rationality of result based on the stress train curve that related with 

the stiffness of soil. The result from all layers are summarised in figure 22. 

 
Figure	22.	Consolidated	Drained	triaxial	test	result	for	all	layers	

From figure 22, it can be seen that the stiffest layer is the layer AS22 and followed by AS3 with 

almost vertically stress strain relationship. Moreover, the weakest layer is the first layer AC1 with 

gentle slope of stress-strain relationship. However, this stress-strain relationship should be 

validated with the laboratory result such that the relationship is similar for each layer. From this 

stress-strain relationship, the stiffness parameters could be determined and also the internal 

friction angle and the cohesion. 

Cyclic DSS test was also completed to check the pore pressure ratio over the number of cycles, 

which related to the potential of liquefaction. The tests were based on cyclic stress ratio (CSR) 

0.25 and the initial vertical stress 40 kN/m2 with stress control. Moreover, the result for all layers 

is shown in figure 23. This figure shows no liquefaction occurs in layer AS22 and AS3 that has 

the N60 about 43.55 and 32.38 respectively. Both layers are defined as the dense layer with sandy 

soil with small possibility of liquefaction. Moreover, the most liquefiable layer is found at the first 

layer (AC1), weak layer with N60 equal to 2.27, that tend to be liquefied at the first cycle. Layer 

AS21 and B1 have similar pore pressure ratio within the number of cycles less than 6. However, 

for number of cycles more than 6, the pore pressure ratio of B1 increases over the number of 

cycles while the AS21 shows almost the same pattern of ratio. 
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Figure	23.	Pore	pressure	ratio	for	layers	use	UBCSAND	during	CDSS	test	with	CSR	=	0.25	and	sv=40	kPa	

The validation of all parameters cannot be completed due to limitation of data from the laboratory. 

However, the validation should be done by comparing the result between PLAXIS soil element 

and laboratory data. The comparison could be from the triaxial (CD) test, Direct Simple Shear 

test (DSS) as shown in table 12 and 13. However, some parameters have to be adjusted with 

curve fitting method such the curve from PLAXIS and Laboratory show similarities. 

4.4 Rayleigh Damping data 
There are three required parameters to determine a and b of Rayleigh coefficients. First is the 

damping ratio (x) that set as 1 percent for critical camping. The second is the first target of 

frequency and the third is the second target of frequency that already discussed in chapter 2.6. 

Therefore, the calculation based on the soil parameters for each layer were done and the results 

are summarized in table 14. 

Table	14.	Rayleigh	damping	parameter	

 

4.5 Seismic Design input 
There are two locations of seismometer near the project area, the first is in the north and the 

second in the south toward the project location. The locations of seismometer are shown in figure 
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B1 AC1 AS21 AS22 AS3 AC2 AG3
f1 Frequency of soil / first target 0.73 0.15 0.79 0.97 0.93 0.84 1.80 Hz

fp/f1 Second target 5 17 5 3 3 3 3 Hz
! Rayleigh alpha 0.0801 0.0187 0.0857 0.0921 0.0892 0.0825 0.1414 -
" Rayleigh beta 5.56E-04 1.86E-04 5.50E-04 8.02E-04 8.10E-04 8.29E-04 6.63E-04 -

Symbol Parameter
Value

Units
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24 in which each location has the same distance about 10 km to the area of the project. Moreover, 

the distance from the epicentre of earthquake to these three locations are about 170 km. 

The soil profiles in each location are totally different that resulting two different peak 

accelerations. The first location, MYG013, recorded the peak acceleration at 1.52g while the 

second location, MYG015, recorded much lower peak acceleration value at 0.42g. The recorded 

motion for each location is given in figure 25 and figure 26 respectively that collected from 

National Research Institute for Earth Science and Disaster Resilience 

(http://www.kyoshin.bosai.go.jp). Moreover, the soil data of these two locations are summarised 

in table 15. 

 
Figure	24.	Location	of	two	seismometer	relative	to	the	project	location	(www.google.com/earth)	

 
Figure	25.	Original	recorded	motion	at	MYG013	(http://www.kyoshin.bosai.go.jp)	
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Figure	26.Original	recorded	motion	at	MYG015	(http://www.kyoshin.bosai.go.jp)	

Table	15.	Soil	parameter	in	both	locations	of	seismometer	(http://www.kyoshin.bosai.go.jp)	

 
 

The processes of motion to get the seismic input at the base of layer (engineering bedrock) were 

done based on the simplification of the signal input from adjusted Loma Prieta motion. Firstly, 

the amplification factors were calculated for both seismometers based on the Loma Prieta motion 

as the input at the bottom. The amplification factor is defined as the ratio or peak acceleration at 

the top of soil (surface) and the peak acceleration at the base as the input. The calculation was 

done by using Proshake software and the output motion (at the surface) for both locations is 

presented in figure 27. 
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Thickness Unit 
Weight

Shear 
Velocity Gmax

[m] [kN/m3] [m/s] [kPa]
1 0.85 16.30 70 8100
2 0.80 16.00 100 16300
3 3.50 15.87 147 35000
4 1.35 19.70 170 58100
5 7.50 20.50 406 344600
1 1.00 15.70 100 16000
2 2.00 15.80 100 16100
3 1.00 16.20 100 16500
4 1.00 17.40 180 57500
5 7.00 18.10 220 88900
6 6.00 18.60 250 118500
7 3.00 19.70 410 337700

MYG015

Seismometer Layer 
Number

MYG013
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Figure	27.	Motion	at	surface	in	both	locations	based	on	the	Loma	Prieta	input	

Moreover, based on the result of analysis in figure 27, the amplification was determined at 2.29 

for MYG013 and at 1.08 for MYG015. Loma Prieta motion at the bottom (as the input) has to be 

adjusted by dividing the peak acceleration of original recorded motion at surface to the 

amplification factor. Therefore, the peak acceleration of Loma Prieta as the input at the bottom 

was determined to 0.66g for MYG013 and 0.39g for MYG015. Furthermore, to get the input at 

the engineering bedrock of project’s location, the calculated average value based on these two 

peak accelerations resulted in the peak acceleration input for this research at 0.53g as shown in 

figure 28 for the adjusted Loma Prieta motion.  

 
Figure	28.	Seismic	input	for	PLAXIS	analysis	

However, these processes of motion analysis have some drawbacks because many assumptions 
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where the characteristic of each earthquake is different. However, the fact that each earthquake 

will not produce the same motion is also the reason to take this adjusted Loma Prieta motion as 

the input motion. Second, the process of taking the amplification factor was not valid for all 

earthquake motion; it was specific for the motion that is used in this research (Loma Prieta). 

Therefore, the proper analysis of motion should be defined for other case of analysis based on 

the original recorded motion. Additionally, deconvolution analysis has to be done based on the 

input at the surface to get the motion at the bedrock. Meanwhile, the process of motion analysis 

in this research was made without deconvolution analysis instead of the motion at the surface, it 

was on the bedrock. 

The Fast Fourier Transform based on the input motion in figure 28 was done to determine the 

frequency of the seismic input at the bedrock. The result of this FFT were used as the input for 

the Rayleigh damping calculation. The analysis was done using Seismosignal software in which 

the result is presented in figure 29. The maximum Fourier amplitude is at 0.29 g*second at the 

frequency around 2.5 Hz. 

 
Figure	29.	Fast	Fourier	Transforms	of	the	input	

4.6 Geotextile parameter 
There are two input parameters for the analysis using PLAXIS. First, the tensile strength [kN/m] 

of geotextile that usually provided by the manufacturer. Moreover, the strain in percentage at 

short term strength is also provided. Based on the value of tensile strength and strain, the second 

main parameters can be calculated by dividing the value of tensile strength to the strain, which 

resulting the axial stiffness (EA) in kN/m unit. The axial stiffness is not provided by the 

manufacturer; therefore, this parameter was determined by the user based on the linear elastic 

perfectly plastic approximation. 
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The material type can be considered either in elastic or elastoplastic that has different input. 

Firstly, the elastic material needs axial stiffness as the input. Secondly, the elastoplastic type 

requires both parameters, axial stiffness and tensile strength. Moreover, the elastoplastic 

material type was used this analysis. 

The method to determine tensile strength is based on ASTM D 4594. This method considers 

clamping the entire width of sample and pull to get the value of tensile strength. Furthermore, the 

total strain is also recorded in which to calculate the axial stiffness (EA) of the geotextile. The 

parameters of geotextile (tensile strength and strain) were collected from the Global Synthetics 

(http://globalsynthetics.com.au) and TenCate Geosynthetics (https://www.tencategeo.eu/), while 

the axial stiffness (EA) values were calculated based on the ratio of tensile strength over the 

strain. The parameters of geotextile are summarized in table 16, while the original data from both 

companies are included in the appendix B and appendix C. 
Table	16.	Geotextile	parameters	

 

 

 

Tensile 
strength Design life fc

Creep rupture

fd
Construction 

damage

fe
Environmental 

effect

Long-term 
design 

strength
Strain Axial 

Stiffness

[kN/m] [years] [-] [-] [-] [kN/m] [%] [kN/m]
PEC 50* 50 120 1.55 1.02 1.1 28.8 10 288
GT 200/50 200 60 1.45 1.1 1.05 119 10 1194
GT 400/50 400 60 1.45 1.05 1.05 250 10 2502
GT 800/50 800 60 1.45 1.05 1.05 500 10 5004
GT 1200/100 1200 60 1.45 1.05 1.05 751 12 6255
* TenCate Geosynthetics

Name
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5 Analysis: Yuriage Case 
This chapter discusses the analysis using D-Geo Stability and PLAXIS 2D. However, the main 

analysis is using the PLAXIS 2D in which the focus and detail of explanation is more to the 

PLAXIS. Moreover, the optimization of geotextile application is based on the Finite Element 

Method using PLAXIS software. The analyses are illustrated in figure 30 as the processes of 

calculation. 

 
Figure	30.	Processes	of	analysis	

 
5.1 Limit Equilibrium Method: D-Geo Stability 

Limit Equilibrium Method using D-Geo stability software was used as the initial analysis with 

Safety Factor as the output. The output will be compared with the PLAXIS output for which the 

safety factor from these two methods needs to be similar. Therefore, the model used for the 

analysis based on these two approaches would be correct if the output is similar. Limit Equilibrium 

Method is conventional method, especially for dynamic analysis. This software only considers 

the single value of seismic input that is defined as horizontal earthquake factor (kh). Moreover, 

the changes in soil behaviour during the earthquake cannot be seen. Lastly, the input for dynamic 

calculation is too large to be calculated by such simple approach used by this software. 

5.1.1 Model 

Bishop model was used to analyse the slope of newly elevated area in Yuriage. The case for the 

LEM analysis did not consider the earthquake loading and geotextile application. The geometry 

of the analysis is based on the D-Geo stability software shown in figure 31 below, while the 

parameters used are summarized in table 17.  
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Figure	31.	Geometry	of	analysis	with	D-Geo	Stability	

Table	17.	Parameter	used	in	D-Geo	stability	

 

D-Geo stability determines the critical slip circle in an iterative way. The trials are based on a grid 

of centre points and a set of horizontal tangent lines. These two factors (centre point and tangent 

line) can move towards the direction with the lowest safety factor during the calculation process. 

The grid of centre points and set of horizontal tangent lines is shown in figure 32. 

 
Figure	32.	Grid	of	centre	point	of	circle	and	horizontal	tangent	lines	

B1 AC1 AS21 AS22 AS3 AC2 AG3
!dry Dry unit weight 19.00 12.24 17.51 18.85 18.58 17.88 19.00 kN/m3
!sat Saturated unit weight 19.00 17.75 20.00 20.54 20.43 20.15 20.60 kN/m3

c Effective cohesion 10 15 0 0 0 15 0 kN/m2
φcv Friction angle at constant volume 30 27.26 31.38 39 36.46 31.81 42.27 Degrees

ψ (psi) Angle of dilatancy 0 0 1.78 10 8.39 2.1 10 Degrees

UNITSSymbol Parameter
Value
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5.1.2 Result 

The analysis considers the uniform load without reinforcement and seismic input. The output of 

safety factor from this analysis is 1.93 with the radius of the circle around 10m as shown in figure 

33. Moreover, it can be seen that the critical circle goes to the toe of the slope even though the 

layer AC1 is soft soil layer. Furthermore, the safety factor from this analysis met the requirement 

of minimum safety factor 1.5 as explained in chapter 3.1. 

 
Figure	33.	Critical	circle	analysis	without	geotextile	

 
5.2 Finite Element Method: PLAXIS 

5.2.1 Geometry and Mesh 

The geometry used in PLAXIS is based on figure 15 but adjustment has to be made in the 

horizontal boundary where the left and right boundaries do not influence the slope in the analysis. 

Therefore, distance from the crest of slope to the left boundary is at 57.15 m and distance from 

toe of slope to the right horizontal boundary is at 75 m. With such distance, it is expected that the 

slope will not be affected. 

Furthermore, geometry has to be divided into finite element to perform finite element calculations. 

A composition of finite elements is called a mesh. The mesh is based on a robust triangulation 

procedure. The size of the mesh needs to be sufficiently fine to get the accurate results. However, 

the very fine mesh is also bad for calculation time. Kuhlmeyer and Lysmer (1973) suggested to 

use the size of mesh based on the wavelength (𝜆) that is associated with the frequency of input 

motion. Moreover, the minimum size of mesh is about one-eighth of the wavelength value. The 

formula to determine this wave length is shown in formula (33). 

 𝜆 =	
𝑉h
𝑓

 (33)	
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Where 𝑉h is the lowest shear wave velocity that is defined from the first layer (AC1) and about 

16.8 m/s. 𝑓 is the frequency from the input motion at the base as shown previously in figure 27 

with value of 2.5 Hz. Moreover, the minimum wavelength at 6.72m was calculated using equation 

33. Thus, the size of mesh is less than or equal to one-eighth of the minimum wavelength at 

0.84m. moreover, the fine element distribution was selected in mesh option in PLAXIS. 

5.2.2 Model and Boundary Conditions 

Slope of newly-elevated area in Yuriage was analysed in two-dimensional finite element analysis. 

Plane strain model with 15-noded triangular elements was selected for the geometry in which the 

displacements and strains in z-direction were assumed to be zero. However, the normal stresses 

in this direction were considered in the analysis. 

The boundary conditions of this project were considered differently between the static and the 

dynamic analysis. The standard fixities were assigned for static analysis, where the horizontal 

fixities in the Xmax and Xmin and vertical fixities in the Ymin as the bottom boundary.  

However, for the dynamic analysis, the boundary is more complicated in regards to the reflection 

and absorption of the motion. Thus, proper boundary has to be chosen for each part. Two types 

of boundary can be considered in the lateral; free field and tied degree of freedom. However, 

based on analysis by Makra (2013), there is not much difference in terms of the outputs (total 

displacement, effective stress, and pore pressure ratio) from these two types. However, the tied 

degree of freedom is simpler than the free field boundary because tied degree only requires to 

switch off the default fixities. 

Finally, the tied degree of freedom was chosen as the boundary in this analysis as proposed by 

Zienkieeicz, Bicanic & Shen (1998). This boundary connects the nodes on the same elevation at 

the left and right model boundaries. Therefore, all the nodes are characterised by the same 

vertical and horizontal displacement. However, this boundary only works when the boundaries 

are free to move. Thus, there are no fixities in the vertical boundaries, or switch off the default 

fixities during the dynamic analysis. Moreover, the distribution of nodes along the vertical 

boundaries must be identical (same y-coordinate). Therefore, the geometry of the case analysis 

has to be mirrored to meet these requirements. The mirrored geometry along with uniform load 

is shown in figure 34. 

 
Figure	34.	Mirrored	geometry	for	the	tied	degree	of	freedom	boundary	

The third boundary is at the bottom where the input of motion is applied. Since the bedrock 

engineering is also modelled in the analysis, the most appropriate boundary is to assume the 

compliant base. Moreover, the dynamic impedance remains the same because the input wave 
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propagates from the part of bedrock outside the model to inside the model. Furthermore, the half 

of input is considered for this type of base boundary because the wave has the upward and 

downward propagating waves, but only the upward is considered in the analysis. 

5.2.3 Phases and Analysis 

There are two analyses considered in this research, static and dynamic analysis. Firstly, for the 

static analysis using HS Small strain model, there are several phases that are considered for 

staged constructions. These phases denote the construction of embankment that consist of 5 

layers of soil compaction with same height at 0.87m (5 stages) and the geotextiles installation 

(for analysis with geotextile) on each part of embankment (5 stages). Afterward, the uniform loads 

are applied on the top of the raised area, where all these stages are sketched in figure 35.  

 
Figure	35.	stages	of	newly-elevated	area	for	static	analysis	

The next stage is to calculate the dynamic analysis but with different constitutive model; using 

UBCSAND instead of HS Small strain. In order to change the model, one more step has to be 

defined as “nil step”. This step is a plastic calculation phase in which no additional loading is 

applied. Besides the aim of changing the material model, this plastic nil step is sometimes 

required to restore the equilibrium. 

The static analysis of this project is intended to give comparison result based on the safety factor 

value for the same case as the D-Geo Stability analysis. Moreover, the safety calculation in 

PLAXIS is called phi/c reduction. In safety approach, the shear strength parameter, tan j and 

cohesion of soil as well as the tensile strength are successively reduced until failure of the 

structure occurs (Brinkgreve et al., 2018). However, the approach of safety factor calculation is 

similar in which the safety factor is the ratio of available strength to the strength at failure. 

Moreover, the dynamic analysis provides other outputs compared to the static analysis that 

resulting safety factor. Several outputs are expected from the dynamic analysis to be considered 

in this research, such as the total displacement, pore water pressure, pore pressure ratio, 

effective vertical stress, and the axial forces on the geotextile. 
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5.2.4 Results 

5.2.4.1 Static Analysis – Comparison to D-Geo Stability Result 

The static analysis is based on the calculation before the earthquake load is being considered, 

which in this case some stages of construction for the newly elevated area and the area where 

the geotextiles are installed. Thus, all these stages are in the static analysis with Hardening Soil 

small strain model in which the uniform load applied on top of the raised area was also 

considered.  

The first output is active pore pressure as shown in figure 36 where the part above the phreatic 

line has zero pore pressure value. 

 
Figure	36.	Active	pore	water	pressure	for	static	analysis	

The effective vertical effective stress (𝜎`1) and shear stress (txy) are presented in figure 37 and 

38 respectively. Vertical effective stress increases within the construction of newly elevated area. 

This can be seen with the higher value of effective stress, within the same layer, on the part 

below the embankment compared to the right part where there is no elevated area.  
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Figure	37.	Vertical	effective	stress	(sv0’)	for	the	static	analysis	

 
Figure	38.	Shear	stress	(txy)	for	the	static	analysis	

Furthermore, this analysis aims to compare the output from PLAXIS to D-Geo stability based on 

the safety factor value. The failure mechanisms from both analyses shows similarity in result as 

shown in figure 39. The failure line goes through the toe of slope with safety factor about 2.07 as 

shown by the flat line in figure 40. The value is similar to the result of D-Geo stability that has the 

safety factor 1.93 for the same case. From this result, since the minimum safety factor of 15 is 

reached, no improvement is necessary in the slope for condition without earthquake load. 
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Figure	39.	failure	mechanism	on	analysis	without	earthquake	load	and	no	geotextile		

 
Figure	40.	Safety	factor	for	the	analysis	without	earthquake	load	and	no	geotextile	

5.2.4.2 Dynamic Analysis 

Dynamic analysis using UBCSAND model is the main part of the analysis. It was done in the 

stage where the acceleration input at the bedrock is applied. However, before this stage is 

calculated, one more stage is added; namely “nil step”, where no action was taken except for 

changing the model for analysis that was previously using HS small model to UBCSAND for the 

dynamic analysis. However, the bedrock layer (AG3) remains in linear elastic model. The AC2 

was also assigned with the same model using HS small due to the cohesive soil and small 

possibility of liquefaction. 

5.2.4.2.1 Without Geotextile 

The analysis in this part considered all the loads (uniform and earthquake loads), but there is no 

geotextile installed. This case aims to check the stability of the slope based on total displacement. 

Furthermore, the output from this analysis determined the minimum length of geotextile for further 

analysis. The total displacement of the slope is shown in figure 41. 
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Figure	41.	Total	displacement	at	the	end	of	dynamic	time	for	analysis	without	geotextile	

	
Figure	42.	Total	displacement	at	the	cross-section	below	the	crest	of	slope	

Moreover, from figure 41, a cross-section was taken vertically from the slope crest (black line) to 

check the value of total displacement along this section. The result is presented in figure 42 as 

the maximum total displacement is located around the elevation ±1m with a value of 0.629m. 

However, the total displacement at the crest of the slope is 0.543m, which is less than the 

maximum total displacement at the elevation +1m at the same cross-section. Unfortunately, the 
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total displacement exceeded the maximum allowable value about 0.435m. Furthermore, the total 

displacement during the dynamic times and the acceleration input are presented in figure 43. 

 
Figure	43.	Total	displacement	at	the	crest	of	slope	during	dynamic	times	and	the	input	of	motion	at	bedrock	

The plastic strain mostly occurred after the peak acceleration motion input at the time around 11 

seconds as shown in figure 43. At this stage, the soil particles are restructured due to the shake 

that do not come back to the initial position (irreversible strain). 

Furthermore, given the fact that the minimum requirement was not reached, the improvement of 

slope stability has to be considered, which in this case using the geotextile application. The first 

step is to determine the minimum length of geotextile in which the reinforcements have to be 

placed outside the failure area. Therefore, the contour line of total displacement is the basis of 

the minimum length requirement for further analysis as shown in figure 44. The distance of total 

displacement point to the crest is summarized in table 18.  

 
Figure	44.	Contour	line	of	total	displacement	at	the	end	of	dynamic	time	for	analysis	without	geotextile	
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Table	18.	Distance	of	total	displacement	value	to	the	crest	of	the	slope	

 

From figure 44 and table 18, and also based on SLS requirement of 0,435m, the minimum length 

of 10m was chosen as the initial length for the analysis. Moreover, lengthier geotextile will be 

considered based on the further output. 

Active pore pressure at the end of dynamic time is shown in figure 45. Pore pressure developed 

significantly compared to the result before the earthquake occurred in figure 36. Therefore, the 

effective vertical stress also changed with the effect of increases active pore pressure. The new 

effective stress is presented in figure 46 as the part below the slope mostly decreases and also 

some parts in the second layer below the raised area as shown in blue colour (lower value). 

The last part to check is the liquefaction, which can be defined by the ratio of pore pressure (𝑟y). 

This ratio is determined as the change in effective vertical stress over the initial effective vertical 

stress (𝑟y = 1 − ���

����
). However, this term has a drawback as even at the place where there should 

no change in pore pressure (above phreatic level), the effective stress can change when the soil 

deforms. Moreover, the parts of soil above phreatic level are assumed in undrained condition in 

PLAXIS, which is one of the limitations for this software. Thus, there will be the parts where 

liquefaction should not occur (above phreatic level), but sometimes the ratio shows the soil is 

liquefied. Therefore, the value of pore pressure ratio above the phreatic line could be ignored. 

The evidence of this case could be seen in the analysis with geotextile application in which the 

pore pressure ratio more than 0.9, defined as the liquefied layer, occur at the part above the 

phreatic level (newly elevated area part). 

Finally, the ratio of pore pressure for the analysis is given in figure 47 that clearly shows 

liquefaction occurring in the first, second, and fourth layer of soil. Also, the second layer AS21 is 

the most vulnerable layer to shearing. Moreover, this layer is the loose fine sand that is very 

sensitive to be liquefied during the earthquake. 

Displacement 
[m] 

Distance 
[m] 

0.1 26 
0.15 20 
0.2 16.1 
0.25 12.8 
0.3 10.7 
0.35 9.4 
0.4 8.1 
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Figure	45.	Active	pore	pressure	at	the	end	of	dynamic	time	for	analysis	without	geotextile	

 
Figure	46.	Vertical	effective	stress	at	the	end	of	dynamic	time	for	analysis	without	geotextile	
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Figure	47.	Liquefied	areas	corresponding	to	ru>0.9	at	the	end	of	dynamic	times	for	analysis	without	geotextile	

5.2.4.2.2 With Geotextile 

Further analysis was done by considering the geotextiles for slope stability improvement. The 

length is taken as the 30m in 5 layers of geotextile with the tensile strength 500 kN/m and axial 

stiffness (EA) 5004 kN/m (10% strain). The total displacement at the end of the dynamic time is 

presented in figure 48 with the maximum value at 0.434 m.  

 
Figure	48.	Total	displacement	at	the	end	of	dynamic	time	for	dynamic	analysis	with	geotextile	

Moreover, the same pattern of failure is observed, where the part near the toe of slope deformed 

the most. Some conclusions can be out of this, which are the weak layer (AC1) induced the slope 
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instability and also layers below the embankment (AC1 and AS22) were liquefied during the 

dynamic time. Therefore, the failure of slope will always occur as long as the weak layer remains 

the same and no improvement on the liquefiable layers. The better parameters of geotextile will 

decrease the total settlement at crest but might be in small scale because no improvement is 

made on the source that make the slope failed. 

Furthermore, the total displacements at the crest of slope during the dynamic time is presented 

in figure 49, while the total displacement for analysis without geotextile is also included for 

comparison. The total displacement at the end of dynamic time for the analysis using geotextile 

reached 0.434m that is within the maximum requirement of total displacement of 0.435m. 

 
Figure	49.	Comparison	of	total	displacement	at	the	crest	of	slope	between	the	analysis	without	and	with	

geotextile	

The difference in total displacement from these two analyses could be seen after peak 

acceleration occurred as shown in figure 49 at time around 11 seconds. The red-line has less 

total displacement (plastic strain) right after the peak acceleration compared to the blue line for 

the no geotextile analysis. In conclusion, the installation of geotextile is proven to decrease the 

total displacement of the slope at the crest from about 0.543m to around 0.434m, with the 

difference around 0.109m (about 20%). Moreover, the effective vertical stress and active pore 

pressure are also presented in figure 50 and figure 51 respectively, which are most likely the 

same with the analysis without geotextile. 
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Figure	50.	Vertical	effective	stress	at	the	end	of	dynamic	time	for	analysis	with	geotextile	

 
Figure	51.	Active	pore	pressure	at	the	end	of	dynamic	time	for	analysis	with	geotextile	

The axial force of the geotextile is shown in figure 52 with maximum force around 87.54 kN/m. 

The output shows parts of geotextile near the toe of the slope have zero or almost zero axial 

forces. The reason for this case is because parts of geotextile suffer compression instead of 

tension while geotextile can only have tension. Furthermore, the total displacement for the 

geotextile is presented in figure 53 with maximum value at 0.494m. 
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Figure	52.	Axial	forces	for	all	layers	of	geotextile	at	the	end	of	dynamic	loading	

 
Figure	53.	Total	displacement	of	geotextile	at	the	end	of	dynamic	time	

Liquefaction area is presented in figure 54 that is indicated by pore pressure ratio more than 0.9. 

Moreover, the most part of the second layer (AS21) are liquefied at the end of dynamic time. This 

result shows an agreement with the output of effective vertical stress in figure 50. The part where 

the effective stress decreases is the same part where liquefaction occur. Liquefaction area in the 

geotextile parts can be ignored because of the limitation of this approach as explained in previous 

chapter. PLAXIS assume soil above the phreatic level is in undrained condition, one of the 

limitations of this software, and also the part that has pore pressure ratio more than 0.9 appear 

due to decreasing of effective stress value at the deformed soil. 



       

 
 

54 

 
Figure	54.	Liquefied	areas	corresponding	to	ru>0.9	at	the	end	of	dynamic	times	for	analysis	with	geotextile	

 
5.3 Optimization of Geotextile 
The application of geotextile for slope reinforcement has been discussed in previous chapter. 

The geotextile-reinforced slope decreases the total displacement at the crest of slope. However, 

optimization of geotextile based on the tensile strength (and axial stiffness), length, and, number 

of layers can offer effectiveness on using this material. Therefore, this section discusses these 

points based on the case of newly-elevated area in Yuriage.  

Furthermore, sixty combinations of analyses have been completed to check the influences of 

each parameter to the total displacement at the crest of the slope. These combinations are based 

on five different values of tensile strength and axial stiffness, three number of layers, and four 

lengths of geotextile, which are all summarized in table 19 including the result of analysis on total 

displacement at the crest of slope. 
Table	19.	Combination	of	parameters	

 

Number 
of layer Length Tensile 

strength
Axial 

stiffness
Total 

displacement
Number 
of layer Length Tensile 

strength
Axial 

stiffness
Total 

displacement
Number 
of layer Length Tensile 

strength
Axial 

stiffness
Total 

displacement

[-] [m] [kN/m] [kN/m] [m] [-] [m] [kN/m] [kN/m] [m] [-] [m] [kN/m] [kN/m] [m]
28.8 288 0.532 28.8 288 0.513 28.8 288 0.514
119 1194 0.522 119 1194 0.513 119 1194 0.504
250 2502 0.518 250 2502 0.510 250 2502 0.504
500 5004 0.516 500 5004 0.512 500 5004 0.502
751 6255 0.520 751 6255 0.511 751 6255 0.507
28.8 288 0.512 28.8 288 0.496 28.8 288 0.487
119 1194 0.475 119 1194 0.460 119 1194 0.448
250 2502 0.460 250 2502 0.443 250 2502 0.440
500 5004 0.452 500 5004 0.443 500 5004 0.436
751 6255 0.451 751 6255 0.444 751 6255 0.439
28.8 288 0.513 28.8 288 0.493 28.8 288 0.483
119 1194 0.469 119 1194 0.446 119 1194 0.435
250 2502 0.447 250 2502 0.428 250 2502 0.417
500 5004 0.434 500 5004 0.412 500 5004 0.408
751 6255 0.431 751 6255 0.410 751 6255 0.398
28.8 288 0.513 28.8 288 0.491 28.8 288 0.484
119 1194 0.467 119 1194 0.448 119 1194 0.431
250 2502 0.439 250 2502 0.414 250 2502 0.406
500 5004 0.418 500 5004 0.389 500 5004 0.374
751 6255 0.410 751 6255 0.379 751 6255 0.364
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20 20 20

30 30 30
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5.3.1 Tensile Strength and Axial Stiffness  

The influence of tensile strength and axial stiffness can be taken in to consideration based on 

the fact that both parameters are correlated with each other. The influence of strength on 

increasing length of geotextile is given in figure 55 (a), (b), (c), and (d), while for different number 

of layers is presented in figure 56 (a), (b), and (c). 

The influence of strength based on increasing the geotextile’s length is significant as shown in 

figure 55(a) to 55(d). The influence can be seen with wider ranges of total displacement for each 

strength, where the largest difference between each value is found in figure 55(d). The variation 

of strength has no impact in the length of 10m that clearly show that the reinforcement area is 

inside or slightly outside the failure mechanism. However, the difference between the 500 kN/m 

and 751 kN/m is too small for each length and number of layers. Thus, the optimum use of 

strength based on the length of geotextile should be using 500 kN/m. 

 
Figure	55.	Influence	of	strength	on	total	displacement	for	increasing	length	of	geotextile	

The influence of strength based on the number of layers is almost similar to the influence based 

on the length as explained above. However, the difference between each strength is already 

clear from the 5 layers in figure 56(a). The total displacement decreases significantly in the 

stronger/stiffer geotextile. The same condition with the length basis, the strength has reached 

the optimum point of 500 kN/m tensile strength, which means no significant difference can be 

achieved by increasing strength to 751 kN/m. 
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Figure	56.	Influence	of	strength	on	total	displacement	for	increasing	number	of	layers	

Further step is taken to check the influence of strength based on the combination of number of 

layer and the length for each layer. These two factors lead to total length of geotextile for a project 

by multiplying both factors, which means comparison can be made based on the total 

displacement from the (almost) same total length of geotextile. Therefore, the output of the 

analysis based on the strength in the basis of both factors are shown in figure 57. 

 
Figure	57.	Comparison	of	total	displacement	based	on	the	total	length	

Figure 57 clearly shows that the low strength of geotextile (28.8 kN/m and 119kN/m) gives more 

influences on the basis of number of layers rather than the length of geotextile. On the other 

hand, the influence of higher strength (500 kN/m and 751 kN/m) is more significant with the length 
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of geotextile rather than number of layers. However, the differences are very small with maximum 

value 0.02m (2cm) in 751 kN/m strength as shown in figure 52(b). 

5.3.2 Length of Geotextile 

Length of geotextile variations affect the total displacement with the combination of strength and 

number of layers. The influences of the length based on the strength of geotextile is given in 

figure 58, while figure 59 gives the influences of length by varied number of layers. 

Another consideration from the influence of length is based on the strength of geotextile, the 

differences can be seen obviously starting from the strength 250 kN/m but the essential 

decreases of total displacement is from the strength more than 250 kN/m, especially the highest 

value of 751 kN/m. 
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Figure	58.	Influence	of	length	on	total	displacement	for	increasing	strength	

The 10m geotextile has negligible influence when increasing the number of layers as shown in 

figure 59(a), 59(b) and 59(c). The influence of 20m geotextile has most likely the same small 

influence in decreasing the total displacement. However, the 30m and 40m length of geotextile 

have better influences in which the increase of number of layers give smaller total displacement. 

 
Figure	59.	Influence	of	length	on	total	displacement	for	increasing	number	of	layers	

5.3.3 Number of Layers 

The last part of influence comes from the number of layers, which is in combination of the length 

and the strength of geotextile as shown in figure 60 and figure 61 respectively. These two figures 

compare the increase in number of layers to the total displacement at the crest of the slope. 
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Figure	60.	Influence	of	number	of	layers	on	total	displacement	for	increasing	length	of	geotextile	

From figure 60 above, the total displacement is decreasing sharply for each number of layers for 

every length of geotextile. However, the total displacement among the number of layers has 

insignificant changes, so the minimum layer seems like a better choice and optimum for this 

Yuriage project. 

Furthermore, the influence of number of layers based on the strength has similar trend with the 

basis of geotextile’s length as shown in figure 61. Increasing number of layers show minor 

influence on total displacement in each strength value. Thus, the optimum number of layers 

seems to be the lowest one with 5 layers, while if requirement of the project does not reach; the 

larger value should be taken as rank based on the strength increasing. 
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Figure	61.	Influence	of	number	of	layers	on	total	displacement	for	increasing	strength	of	geotextile	
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6 Conclusions and Recommendations 
6.1 Conclusions 
Main Research Questions 
 
• How does geotextile reinforcement affect the strength of slope in the newly-elevated 

area of Yuriage as compared to the compaction method? 

There are three advantages of geotextile that compaction method does not have. First, geotextile 

produces the reinforcement from the friction of geotextile material and soil that in this case the 

materials could be in wider ranges of soil type. Second, acts as drainage path, which becomes 

an important role in preventing liquefaction on sandy soil. Geotextile accelerates the dissipation 

of seismic induced excess pore pressure. Third, increase the ductility of the soil mass to resist 

dynamic load. 

However, the using of geotextile application has small impact compared to compaction method 

on decreasing total displacement in this project. There are some possible reasons that were 

obtained from analysis. First, the weak layer (AC1) induced the instability to the slope and also 

layers below the embankment (AC1 and AS21) were liquefied during the earthquake. Therefore, 

the failure of slope will always occur as long as the weak layer remains the same and no 

improvement on the liquefiable layers. The better parameters of geotextile will decrease the total 

settlement at crest but in small scale because no improvement is made on the source that make 

the slope failed. Some possible methods are proposed to improve the soil layer below the slope, 

such as by replacing the soil material below the slope with stronger materials (AC1) and construct 

the sand piles to avoid the liquefaction potential under the slope part until the depth pf layer 

AS21, about 6 meters. Finally, the reinforcement using geotextile is not recommended for this 

project since this method has small impact on decreasing total displacement.  

 

• What is the optimum utilization of geotextile to meet the requirement of total 
displacement and economically constructed for the case with geotextile application? 

The optimum application of geotextile for this project is using 500 kN/m tensile strength with axial 

stiffness 5004 kN/m. Moreover, the shortest total length is preferred with 30m length for each of 

5 layers of geotextile to keep the project economically constructed. 

 

Sub Research Questions 

• What type of Constitutive Model is suited for the case of dynamic analysis in PLAXIS 
2D software? 

UBCSAND model was used for analysis of slope with earthquake load. This model has some 

characteristics that suitable for dynamic analysis, especially for this project that concern about 
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the potential of liquefaction due to the soil profiles are dominated by sandy soil. Apart from 

capability of this model is able to capture generation of pore pressure during the dynamic time 

(earthquake) that leads to liquefaction behaviour, UBCSAND is also able to determine strains 

accumulation in cyclic loading. 

However, some layers were not modelled using UBCSAND model for the analysis; bedrock 

(AG3) that consist of gravel was modelled with Linear Elastic because the material is much 

stronger and stiffer than the rest of layer and also this bedrock layers is not expected to 

experience plastic straining. Moreover, the HS Small strain was selected to model AC2 layer 

because this layer is the cohesive layer that has small possibility to liquified and also it has been 

deposited for a long time that make the stiffness is even greater. 

 

• How is the stability of current slope design under a specific seismic condition? Does 
any failure mechanism appear? What is the maximum total deformation at the crest of 
the slope? 

The slope was failed under dynamic calculation using Loma Prieta motion with peak acceleration 

0.53g. The failure mechanism that goes through the second layer under the slope was found at 

the end of dynamic time.  The weak foundation layer and also liquefied layers under the slope 

induced the instability of slope under the dynamic loading that is believed the main reason of this 

failure. Total displacement at the slope crest was found at 0.543m, which is out of the maximum 

requirement of the project, 0.435m. Furthermore, given the fact that the minimum requirement 

was not reached, the improvement of slope stability has to be considered, which in this case is 

using the geotextile application. 

The large total displacement is due to plastic strain that was occurred mostly after the peak 

acceleration motion input at the time around 11. At this stage, the soil particles are restructured 

due to the shake then could not come back to the initial position (irreversible strain). Pore 

pressure was developed significantly compared to the result before the earthquake that leads to 

decreases in effective vertical stress. Therefore, some layers (AC1, AS21, and AS3) were 

liquefied during the dynamic time based on the pore pressure ratio above 0.9. 

 

• How different is the total displacement between geotextile method and the compaction 
method on the dynamic analysis? 

The analysis of slope without earthquake (only compaction method) resulted the total 

displacement at 0.543m at the end of dynamic time. The appearance of weak foundation layer 

and liquefied layers were the main reason of this large total displacement. Therefore, the slope 

strengthening using geotextile (500 kN/m tensile strength, 5004 kN/m axial stiffness, 30m length 

in 5 layers) decreased the total displacement to 0.434m. In other word, the geotextile application 

could reduce the total displacement about 0.109m or about 20% smaller. 
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• What kind of optimization will be considered to make the total displacement at the crest 
meet the minimum requirement and economically constructed? 

Optimization of geotextile was considered based on five values of strengths, four difference 

lengths, and three number of layers. From the combination of these three factors, sixty cases of 

analysis were done with the result of maximum total displacement must be less than 10% of total 

height, about 0.435m. Apart from the minimum length that has to be selected, the first factor that 

has to be considered is the strength of geotextile because this factor gives more influence in the 

final total displacement. Secondly, with the high strength of geotextile, the length should be 

considered first rather than the number of layers based on the impact of both factor on the 

influence of strength to the total of displacement. However, total required length for a project 

(length of geotextile times the number of layers) could be used for further consideration on 

selecting the length and number of layers. 

 

6.2 Recommendations and Fields that require further research 
To get a more conclusive output and broader understanding, some recommendations are listed 

as points below: 

• Laboratory tests should be done for all layers to obtain better input data that perhaps can 

provide a better result of the analysis. On the other hand, this can be seen as the verification 

method for the model. 

• The motion input based on the original seismic motion data that recorded from the 

seismometer should be used with further processing (deconvolution) to get the seismic input 

at the base of engineering rock. 

• The optimization of geotextile is only based on one case of slope. However, further 

optimizations by considering various heights and angles of slope might produce better 

understanding in the selection of geotextile’s parameters. 

• The consideration based on the economic (cost of geotextile and construction) can be 

performed in regards to the priority of choice among those three parameters (strength, length, 

and number of layers). 
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A Standard Penetration Test Data 
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B Geotextile Properties from Global Synthetics 
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C Geotextile Properties from TenCate Geosynthetics 
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D Safety Factor Requirements (Yuriage basic design 
plan, 2014) (Translated) 
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E Disaster category (Yuriage basic design plan, 2014) 
(Translated) 
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F Damage Level (Yuriage basic design plan, 2014) 
(Original Document) 
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G Unconfined Compression Test for AC1 layer 
(Yuriage basic design plan, 2014) 

 
 


