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ABSTRACT 

The disposal of scrap tires has been a long time problem in developing 

countries. Developed country such as Japan and the United States practiced 

thermal recycling in order to balance the stockpiling of the scrap tires. 

However, thermal recycling brought harmful side effects to the environment. 

Therefore, a more environmentally approach by utilizing scrap tires derived 

materials (crumbs, chips or shreds) in constructions is relevant to preserve the 

environment as well as to provide alternative ways of scrap tires disposal. On 

the other hand, the 1995 Hyogo-ken Nanbu earthquake and the 2011 Tohoku 

off the Pacific Coast earthquake had caused serious damage to many quay 

walls and residential areas due to soil liquefaction. Therefore, development of 

an economic liquefaction prevention method to protect infrastructures is 

necessary. This study was an attempt to integrate environmental protection 

and disaster mitigation issues by exploiting the compressibility and 

permeability of the tire derived material (tire chips) and utilize it as earthquake 

resistant material. 

In this study, tire chips were utilized as part of construction material 

behind retaining wall and beneath shallow foundation. The tire chips were 

placed as vertical reinforcing inclusion behind the wall in the form of cushion 

and vertical drains. The purpose of installing the cushion is to prevent further 

tiltation of the wall during earthquake while the vertical drains are to ensure 

that no liquefaction occurs within the backfill. On the other hand, horizontal 

reinforcing inclusion made of tire chips-gravel mixture was placed underneath 

the foundation to prevent soil liquefaction. Numerical studies were conducted 

upon the models of retaining wall and foundation subjected to earthquake 

motion. The purpose of this research is to make clear the improvement 

mechanism of vertical and horizontal reinforcing inclusion made from tire 

chips in mitigating earthquake induced liquefaction. It was found that, by 

substituting part of the soil backfill with tire chips, less tiltation of the wall is 

observed and liquefaction inside the backfill is also able to be prevented. In 
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the case of the horizontal inclusion was placed beneath the foundation, soil 

liquefaction is also able to be mitigated.  

This thesis is organized into six chapters; the contents of each chapter 

are summarized as follows: 

Chapter 1 highlights the background and driven factor of the research 

which covers the importance of solving the critical issues of reducing the 

stockpiling of waste tires and disposing it through environmentally friendly 

approach as well as mitigating soil liquefaction due to earthquake. In this 

chapter, the objectives of the research were introduced and the flowchart of 

the research was illustrated. Furthermore, the original contributions of this 

study were also presented. 

Chapter 2 explains the numerical analyses conducted upon a retaining 

wall reinforced with vertical cushion made from tire chips. The vertical 

cushion was able to reduce the tiltation of the wall compared to the 

conventional retaining wall. However, in the case where liquefaction occurs 

inside the backfill, the presence of cushion only was insufficient to prevent 

soil liquefaction. Therefore, the combination of cushion and vertical drains 

(also made from tire chips) to mitigate soil liquefaction inside the backfill was 

also simulated. The numerical analyses were performed using a finite element 

software program named Plaxis. All the retaining wall models were subjected 

to earthquake load recorded during the 1995 Hyogo-ken Nanbu earthquake. 

The analyses reveal how the soil and structure response to the earthquake 

motion by comparing the response of the retaining wall, with and without the 

presence of the reinforcing inclusion. Through this study, it was confirmed 

that the failure of the retaining wall without any reinforcing inclusion was due 

to the tiltation of retaining wall and soil liquefaction which resulted to the 

settlement of the backfill. However, by replacing part of soil backfill with tire 

chips, the risk of liquefaction was reduced, and thus limited the wall tiltation.   

Chapter 3 focuses on the application of horizontal reinforcing 

inclusion made from tire chips placed underneath shallow foundation. 
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Parametric studies were conducted to verify the consequences of using a 

stand-alone material (either tire chips or geosynthetics) for soil reinforcement, 

the presence of gravel in the reinforcement, the effects of the reinforcement 

width, thickness of the inclusion as well as the distance from the reinforcing 

inclusion to bottom of the shallow foundation. It was found that the utilization 

of tire chips as a single material is unsuitable to reinforce the soil. Therefore, 

the mixture of tire chips with stiffer material such as gravel is proposed. The 

presence of geosynthetics layer is also found to be significant in reducing the 

settlement of the foundation. Placing the reinforcing inclusion of tire chips-

gravel mixtures in between the geosynthetics layer is found to be the most 

advantageous configuration. The settlement reduction was due to the 

distribution of the load to a wider area of the surrounding soil compared to the 

case without any additional reinforcement where the distribution area is 

limited. 

Chapter 4 mainly concentrates on the validation of the results 

obtained from numerical analyses with the data from laboratory tests 

conducted by other researcher. It was found that, most of the results obtained 

from the numerical analyses were similar to the results obtained through 

laboratory tests except for the case where the reinforcement inclusion was 

placed in between sand layers with different relative density. Huge difference 

in the result was found to be affected probably by the compaction works done 

during the laboratory tests, which in numerical analyses, this factor is not 

considered. 

Chapter 5 simulated the effectiveness of the proposed technique of 

reinforcing bearing soil using tire chips and gravel mixtures. The case which 

gave the best result in mitigating soil liquefaction as described in chapter 4 is 

chosen to be simulated in an enlarged dimension. The enlarged model of the 

shallow foundation with horizontal reinforcing inclusion was subjected to the 

ground motion experienced during the 1995 Hyogo-ken Nanbu earthquake. 

The purpose of this simulation is to confirm the effectiveness and suitability of 

the propose placement against earthquake-induced damage. It was found that 
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the reinforcing inclusion is not only able to protect the soil from liquefaction 

thus reducing the final settlement of the shallow foundation but also successful 

in sustaining higher magnitude of seismic motion.  

Chapter 6 concludes the results and achievements obtained from the 

study and highlighted possible ideas for the future studies. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

a) Scrap tires generation and disposal 

Scrap tires may be defined as used tires that no longer can be utilized 

as tires on vehicles. The disposal of scrap tires through open dumping creates 

problem in such a way that it gave unpleasant sight, consumed spaces and may 

potentially be a breeding ground for flies and mosquitos which can caused 

health hazards. In developed country such as Japan, the recycling of scrap tires 

is practiced. For example in Japan, the volume of waste tires generated in year 

2015 was reported to decrease by 52000 tons from the previous year. In 

parallel to that, it was also reported that the total volume of recycled scrap 

tires was increased to 922000 tons in 2015.  

 

Figure 1.1 shows the recycling efforts in Japan from year 2009 until 

year 2015. The recycling rate of the waste tires showed tremendous 

improvement in order to balance up the amount of scrap tires generated each 

year. Figure 1.2 shows the recycling proportion for year 2015, which proves 

that more than half of the scrap tires were used for thermal recycling while the 

rest were recycled in other types of recycling such as material recycling and 

exported in the form of used and cut tires (Japan Automobile Tyre 

Manufacturers Association, 2016). Thermal recycling, however, was harmful 

to the environment compared to the other types of recycling because it 

generates carbon dioxide (CO2) which may leads to global warming. On that 
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account, material recycling should be promoted to encourage a more 

environmentally friendly way of waste tire utilization. 

 

Figure 1.1 Trend of recycling efforts in Japan for year 2009 until 2015 

(JATMA, 2016) 

 

Figure 1.2 Recycling efforts in Japan for year 2015 (JATMA, 2016) 

b) Utilization of scrap tires in civil engineering field 

For the past few years, research regarding the utilization of tires in 

construction projects has gained its popularity. Scrap tire has been chosen as 

the preferred material due to its basic properties and excellent performance 

such as light weight, high in compressibility and permeability, good vibration 

absorption capacity. Due to the advantageous physical and mechanical 

characteristics of scrap tires, it has been used into areas of construction in 

multiple forms. It can be used as a whole or being cut into pieces. Cut tires are 
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categorized according to its size. Granulated rubber (size ranges between 

0.3mm to 12mm) is the smallest size of cut tires. Tire cut with grain size of 

12mm to 76mm is define as tire chips while tire shred has the largest size 

which is in between 76mm and 305mm. Figure 1.3 shows the pictures 

comparing the cut tires in various sizes.  

 

                    (a)                                (b)                                          (c) 

Figure 1.3 Cut tires of size (a) granulated rubber (b) chips and (c) shreds 

(Hazarika, 2012) 

Scrap tire derived materials can be used in the construction of many 

civil engineering projects. Researches have been done by Edil and Bosscher 

(1994) to evaluate the performance of scrap tire derived material as fill 

material for embankments constructed on weak soil while Tweedie et al 

(1998) and Humphrey (2007) use scrap tire derived material as fill behind 

retaining wall and abutments. The selection of the material as fill mainly 

because of the light weight of the material compared to soil. Because of this, it 

will produce lower earth pressure and furthermore reduce the risks of 

overturning, sliding and strength failure when used as the fill material behind 

retaining structures. Moreover, it also can help to reduce the dimension of the 

retaining structures thus leads to the reduction in cost of materials to construct 

such structures as reported by Garcia et al. (2012). They found that there is 

significant relationship between material savings and wall’s height in which 

approximately 75% of the total cost can be saved due to less concrete and steel 

used to construct a retaining wall of 9m height. 

 

Furthermore, scrap tires derived materials also have high drainage 

capacity. It means that more water will be able to flow freely through these 

materials as compared to fine grained soils. This will eliminate the possibility 

of pore water pressure built up under normal circumstances. In order to exploit 
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the permeability of the tire derived materials, it has been used as drainage 

layer for road and landfill (GeoSyntec Consultant, 1998). Other than that, 

research conducted by Lok (2006) also highlighted the potential of scrap tire 

products in enhancing the stability of foundation and reduce settlements in 

problematic areas.  

 

The world also witnessed several novel findings on infrastructures 

protection method against dynamic loading that utilized scrap tires derived 

materials. The idea of protecting waterfront retaining structures from the 

impact of an earthquake was initiated by Hazarika et al. (2006) as the lesson 

learnt from the 1995 Hyogo-ken Nanbu earthquake that damage quite number 

of quay walls in Kobe port. Since then, many researches trailing from the 

similar issue of protecting waterfront retaining structures against earthquake-

induced damage had been conducted actively through Hazarika et al., 2008; 

Hazarika et al., 2010; Hazarika, 2012, Hazarika et al., 2012b and Hazarika and 

Fukumoto, 2016. Their studies were generally about utilizing tire derived 

materials as fill behind waterfront retaining wall to enhance the conventional 

structure towards the earthquake resilient structure. The concept of the 

earthquake resilient structure was achieved by exploiting the advantageous 

characteristic of the tire derived materials such as excellent energy absorption 

and dissipation to protect waterfront retaining structures from further 

earthquake-induced damage.  

 

Other than that, several other applications using tire derived materials 

for structural and infrastructural protection method against dynamic loading 

were also conducted. For instance, Kim and Konagai (2001) proposed a soft 

and thin coating that made from rubber to cover tunnel linings in order to 

reduce deformation in an earthquake. Tsang et. al (2009) uses rubber-soil-

mixtures to protect underground tunnel while Kirzhner et. al (2006) also found 

that by replacing soils with rubber surrounding a tunnel for underground train, 

the noise and vibration absorption can be controlled.  

 

In addition to that, researches involving tire derived materials were 

also being conducted actively in all over Japan. They cover a wide range of 
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waste tire utilization, either as a whole or in conjunction with granular 

materials (Fukutake & Horiuchi, 2006) or being cut into pieces (Hazarika et 

al., 2008; Niiya et al., 2012; Karmokar et al., 2006; Kikuchi et al., 2008). The 

results of these studies confirm that these materials were not only used to build 

structures but can be utilized as a part of the soil for the building’s foundation, 

embankment and to improve materials in soils. Additionally, experimental 

validation to propose the cut tire as a material to prevent liquefaction in soil 

was also conducted by Yasuhara et al. (2010) and Uchimura et al. (2008).  

c) Soil liquefaction 

Liquefaction is a condition when the soil is no longer able to sustain 

loads and behaves like a liquid due to the losses of shear strength. 

Liquefaction is likely to occur in saturated sand, in loose sandy deposit or 

newly reclaimed soil subjected to rapid loading. When the saturated sand is 

subjected to a continuous and rapid load such as an earthquake, the pore water 

pressure did not have ample time to dissipate. As a result, the pore water 

pressures in the soil continue to increase. The pore pressure built-up will 

eventually reduce the shear strength of the sand. 

 

On the other hand, Japanese are well known for their experiences in 

land reclamation. Sea area was explored in order to expand the main land 

which is very limited because it has been fully developed. Figure 1.4 shows 

the satellite images of the land reclamation activities in Urayasu City, Chiba 

Prefecture. From the figure, it can be clearly seen that there were rapid 

progress of soil reclaiming activities for the past few decades. However, the 

reclaimed soil, especially the newly reclaimed soil without proper ground 

improvement tends to liquefy as lesson learnt from the 2011 off the Pacific 

Coast of Tohoku earthquake. 
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Figure 1.4 Sea level reclamation of Urayasu City, Chiba Prefecture (www15.j-

server.com) 

d) Damage of quay wall due to the 1995 Hyogo-ken Nanbu 

earthquake 

The 1995 Hyogo-ken Nanbu earthquake occurred on 17 January 1995 

at 5:46 JST in the southern part of Hyogo Prefecture. The focus of the 

earthquake was located approximately 17km beneath its epicenter, on the 

northern end of Awaji Island which is 20km away from the Kobe city as 

shown in Figure 1.5. The intensity of the earthquake was measured as 6.9 in 

Richter scale. The tremors lasted for about 20s which had resulted to severe 

damage of 120 of the 150 quay walls in the port of Kobe. In that earthquake, 

quay walls were observed to be tilted and settled to seaward direction followed 

by significant subsidence of the soil backfill (Inagaki et al, 1996). The 

earthquake also resulted to the damage of many buildings, bridges piles and 

lifeline facilities (Ogawa and Yamazaki, 1999; Hamada et al. 2012, Menoni, 

2001). Man-made islands such as Rokko Island and Port Island in Kobe 

suffered severe subsidence due to soil liquefaction. The earthquake had not 

only resulted in tremendous impacts on buildings and infrastructures but also 

had great economic impacts. Port of Kobe which was one of the busiest ports 

in the world at that time was forced to shut down due to severe damage and it 

took over two years to fully repair the damage (Chang, 2000).  
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Figure 1.5 The 1995 Hyogo-ken Nanbu earthquake (www.buzzle.com) 

e) Damage of residences area due to the 2011 off the Pacific Coast of 

Tohoku earthquake 

The 2011 off the Pacific Coast of Tohoku earthquake which hit the 

coast of Japan on March 11, 2011 at 05:46 UTC (14:46 JST) had brought 

severe damage to structural and infrastructural facilities. The epicenter was 

approximately 130km from east-southeast of Oshika Peninsula and the 

hypocenter was located approximately 24km under the water. Although that 

the official intensity of the earthquake was recorded as 9.0 in Richter scale, the 

catastrophic damages resulted from the earthquake was mainly because of the 

prolonged ground shaking. The duration of the ground motion was lasted for 

more than 6 minutes. Shocks due to the earthquake were felt almost in entire 

Japan as shown in Figure 1.6. Great numbers of people are reported dead, 

injured and missing while extensive and severe structural damage observed on 

buildings, retaining walls for roads and railways, housing lands, dams of 

reservoirs, dikes, breakwaters, reclaimed lands, drainage facilities and 

underground structures (Hara et al., 2012; Hazarika et al. 2012a and 2013; 

Kazama and Noda, 2012; Sugano et al., 2014 and Yasuda et al. 2011).  
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Figure 1.6 The 2011 off the Pacific Coast of Tohoku earthquake (Japan 

Meteorology Agency) 

Soil liquefaction also was significantly observed in some areas of 

reclaimed land such as in the Tokyo Bay and Kanto Plain. Some residences of 

Urayasu were found tilted as shown in Figure 1.7, utilities piping ruptured, 

manholes were being pushed up out and utility poles began to lean after the 

earthquake. Home owners filed lawsuit to the housing developer claiming that 

the failure to treat the soil well results to the liquefaction since some of nearby 

area was not severely affected as they were treated well. 

 

Figure 1.7 Tiltation of houses in Urayasu City, Chiba Prefecture (Tokimatsu 

and Katsumata, 2012) 

Despite of damage to the structures built on the reclaimed soil, the 

liquefaction was only limited to the soil structures that may not satisfy current 

technical standards and societal requirements. Some public facilities such as 

elevated structures and bridges for highways and railways, mid to high rise 

building, public utility conduits, oil tanks, Tokyo Disneyland and even Haneda 

Airport that was built on reclaimed land experienced less damages. Therefore, 
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it is obvious that there are needs to conduct proper ground improvement 

techniques to mitigate earthquake induced liquefaction. 

f) Ground improvement method to mitigate liquefaction 

It was obvious that proper ground improvement techniques must be 

adopted so that soil liquefaction could be prevented. There are many 

techniques that can be used such as installation of stone columns, sand 

compaction piles and vibro compaction. The main purpose of these techniques 

is to increase the soil bearing capacity as well as to ensure that the soil able to 

drains water quickly thus preventing the accumulation of pore water pressures. 

In urban area where adjacent buildings exist, stone columns method was 

frequently used compared to other types of ground improvement techniques 

such as blasting and dynamic compaction because the construction of stone 

columns produce no significant vibration and noise (Adalier and Elgamal, 

2004). In Japan, sand compaction piles were the most frequent types of ground 

improvement technique used to improve the ground condition. These ground 

improvement methods were successfully proven to be effective to mitigate soil 

liquefaction as observed during the 1995 Hyogo-ken Nanbu earthquake 

(Yasuda et al, 1996). 

 

However, along with the awareness in the needs to encourage material 

recycling as well as to mitigate earthquake induced liquefaction, the 

development of new and economic liquefaction prevention technique is 

necessary. Therefore, the use of waste materials such as scrap tire derived 

materials to mitigate liquefaction were actively been conducted especially in 

Japan (Hazarika, 2013; Yasuhara et al., 2010 and Uchimura et al., 2008). 

g) Constitutive model for sand soil 

Choosing suitable constitutive models to simulate soil behavior is an 

important step in numerical analysis. For instance, there are many constitutive 

models that can be used to model sand such as Finn model, UBCSAND 

model, UBC3D-PLM model, hypoplasticity model, Norsand model, 

hyperbolic model and bounding surface model (Daftari and Kudla, 2014). 

Most of these models have been defined based on complex mathematical 
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formulations. These models may require many input parameter values that are 

difficult to evaluate from basic soil tests (Schweiger, 2008). Moreover, some 

of these models except the UBCSAND and the UBC3D-PLM model are 

unable to simulate liquefaction in sandy soil (Daftari and Kudla, 2013).  

 

The UBCSAND model has been used to assess earthquake induced 

liquefaction of sandy soil of embankment dams (Beaty and Perlea, 2012; 

James and Aubertin, 2012;  James, 2009; Stark et al., 2012). The UBCSAND 

model is a non-linear elastic plastic model that is capable of capturing seismic 

liquefaction of sands and silty sands (Beaty and Byrne, 2011). The 

UBCSAND model with some modification namely UBC3D-PLM model has 

been implemented in the finite element software, Plaxis (Petalas and Galavi, 

2013). Finite element software, Plaxis has been used as tool in simulating 

many geotechnical engineering problems (Galavi et al., 2013; Laera and 

Brinkgreve, 2015; Ravichandran and Huggins, 2014; Daftari and Kudla, 2014, 

Liang, 2011; Huggins, 2012; Edincliler and Toksoy, 2014; Azzam, 2015; 

Noorzad and Manavirad, 2014; Bindiya et al., 2014; Pusadkar and Bhatkar, 

2013; Greef, 2015 and Khalid, 2013). 

1.2 Objectives and scopes 

As lesson learnt from earthquakes induced damage brought to the quay 

walls and residence houses, development of an economic liquefaction 

prevention method to protect structures and infrastructures is necessary. This 

study was an attempt to integrate environmental protection and disaster 

mitigation issues by exploiting the compressibility and permeability of tire 

derived material (tire chips) and utilize it as earthquake resistant material. Tire 

chips were installed as vertical inclusion behind quay wall and as horizontal 

inclusion beneath shallow foundation. 

 

Vertical reinforcing inclusion refers to the cushion and vertical drains 

which are made of tire chips and are placed vertically as part of backfill 

material as shown in Figure 1.8. The function of cushion is to protect quay 

wall against earthquake-induced damage. In addition to that, the vertical drains 

are placed within backfill to mitigate soil liquefaction. On the other hand, 
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horizontal reinforcing inclusion refers to a layer made of tire chips and gravel 

which are placed horizontally between geogrid as shown in Figure 1.9. The 

tire chips are mixed with gravel and they are placed in between geogrid layer 

to increase the bearing capacity of the layer. The function of this layer is to 

provide drainage especially during rapid loading condition. 

 

Figure 1.8 Concept of vertical reinforcing inclusion 

 

Figure 1.9 Concept of horizontal reinforcing inclusion 

The objectives of this research are to investigate the performance of 

vertical and horizontal reinforcing inclusions made from scrap tire chips. 

Numerical analyses were performed in several model cases in order to achieve 

the objectives. The specific objectives of this research are as follows: 

 

1) To make clear the improvement mechanism of vertical inclusion made 

from tire chips installed within the backfill of quay wall. 

 

2) To make clear the improvement mechanism of horizontal inclusion 

made from tire chips placed underneath shallow foundation. 
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3) To propose optimum configuration of horizontal reinforcing inclusion 

beneath shallow foundation. 

 

4) To simulate the effectiveness of proposed reinforcing configuration 

against real earthquake motion. 

1.3 Thesis organization 

In order to achieve the objectives stated in the previous section, this 

dissertation is organized into six chapters with the flow chart illustrated in 

Figure 1.10. The contents of each chapter are summarized as follows: 

 

Chapter 1 highlights the background and driven factor of the research 

which covers the importance of solving the critical issues of reducing the 

stockpiling of waste tires and disposing it through environmentally friendly 

approach as well as mitigating soil liquefaction due to earthquake. In this 

chapter, the objectives of the research were introduced and the flowchart of 

the research was illustrated. Furthermore, the original contributions of this 

study were also presented. 

 

Chapter 2 explains the numerical analyses conducted upon a retaining 

wall (quay wall type) reinforced with vertical cushion made from tire chips. 

The vertical cushion was able to reduce the tiltation of the wall compared to 

the conventional retaining wall. However, in the case where liquefaction 

occurs inside the backfill, the presence of cushion only was insufficient to 

prevent soil liquefaction. Therefore, the combination of cushion and vertical 

drains (also made from tire chips) to mitigate soil liquefaction inside the 

backfill was also simulated. The numerical analyses were performed using a 

finite element software program named PLAXIS. All the retaining wall 

models were subjected to earthquake load recorded during the 1995 Hyogo-

ken Nanbu earthquake. The analyses reveal how the soil and structure 

response to the earthquake motion by comparing the response of the retaining 

wall, with and without the presence of the reinforcing inclusion. Through this 

study, it was confirmed that the failure of the retaining wall without any 

reinforcing inclusion was due to the tiltation of retaining wall and soil 
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liquefaction which resulted to the settlement of the backfill. However, by 

replacing part of soil backfill with tire chips, the risk of liquefaction was 

reduced, and thus limited the wall tiltation.   

Chapter 3 focuses on the application of horizontal reinforcing inclusion 

made from tire chips placed underneath shallow foundation. Parametric 

studies were conducted to verify the consequences of using a stand-alone 

material (either tire chips or geosynthetics) for soil reinforcement, the 

presence of gravel in the reinforcement, the effects of the reinforcement width, 

thickness of the inclusion as well as the distance from the reinforcing inclusion 

to bottom of the shallow foundation. It was found that the utilization of tire 

chips as a single material is unsuitable to reinforce the soil. Therefore, the 

mixture of tire chips with stiffer material such as gravel is proposed. The 

presence of geosynthetics layer is also found to be significant in reducing the 

settlement of the foundation. Placing the reinforcing inclusion of tire chips-

gravel mixtures in between the geosynthetics layer is found to be the most 

advantageous configuration. The settlement reduction was due to the 

distribution of the load to a wider area of the surrounding soil compared to the 

case without any additional reinforcement where the distribution area is 

limited. 

 

Chapter 4 mainly concentrates on the validation of the results obtained 

from numerical analyses with the data from laboratory tests conducted by 

other researcher. It was found that, most of the results obtained from the 

numerical analyses were similar to the results obtained through laboratory 

tests except for the case where the reinforcement inclusion was placed in 

between sand layers with different relative density. Huge difference in the 

result was found to be affected probably by the compaction works done during 

the laboratory tests, which in numerical analyses, this factor is not considered. 

 

Chapter 5 simulated the effectiveness of the proposed technique of 

reinforcing bearing soil using tire chips and gravel mixtures. The case which 

gave the best result in mitigating soil liquefaction as described in chapter 4 is 

chosen to be simulated in an enlarged dimension. The enlarged model of the 

shallow foundation with horizontal reinforcing inclusion was subjected to the 
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ground motion experienced during the 1995 Hyogo-ken Nanbu earthquake. 

The purpose of this simulation is to confirm the effectiveness and suitability of 

the propose placement against earthquake-induced damage. It was found that 

the reinforcing inclusion is not only able to protect the soil from liquefaction 

thus reducing the final settlement of the shallow foundation but also successful 

in sustaining higher magnitude of seismic motion.  

 

Chapter 6 concludes the results and achievements obtained from the 

study and highlighted possible ideas for the future studies. 
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Figure 1.10 Flow chart of the research 

  

CHAPTER 1 Introduction 

 Research background 

 Research frame work 

 Original contributions 

CHAPTER 2 Quay wall with vertical soil reinforcing inclusion 

 Quay wall with no soil reinforcing inclusion 

 Quay wall reinforced with vertical cushion made of tire chips 

 Quay wall reinforced with vertical cushion and drains made of 

tire chips 

CHAPTER 3 Shallow foundation 

with horizontal reinforcing 

inclusion (static analysis) 

 Effects of stand-alone material 

 Effects of gravel’s in the mixture 

 Effects of using geogrid 

 Effects of width, thickness and 

clearance distance 

 Effects of geogrid’s stiffness 

CHAPTER 4 Validation of 

numerical analyses with 

laboratory data 

 Shallow foundation with no soil 

reinforcement 

 Shallow foundation with thick 

layer of tire chips-gravel mixture 

as soil reinforcement 

 Shallow foundation with thin 

layer of tire chips-gravel mixture 

as soil reinforcement 

 Shallow foundation with layer of 

tire chips-gravel mixture in 

between sand layers of different 

densities 

CHAPTER 5 Shallow foundation with horizontal 

reinforcing inclusion (dynamic analysis) 

CHAPTER 6 Conclusions and future work 
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1.4 Original contributions 

Current research investigates the effectiveness of either vertical or 

horizontal reinforcing inclusions made from scrap tire chips applied at two 

types of structures which are quay wall and shallow foundation. The results of 

the study were obtained through numerical analyses. Validation of the method 

and material models used in this study also has been conducted. Some new 

findings are obtained which can be considered as the original contributions of 

this research and listed as follows: 

 

1) Failure of the retaining wall subjected to earthquake load was due to 

the significant settlement of the backfill as well as huge tiltation of the 

wall. Through numerical analysis conducted in this study, we can 

observe the failure mechanism showed by the horizontal displacement 

which resulted from the liquefaction of the soil backfill. In addition to 

that, the improving mechanism achieved by the vertical reinforcing 

inclusion also is made clear through numerical analyses (Chapter 2). 

 

2) Through this study, the mechanism of possible settlement reduction for 

shallow foundation case with horizontal reinforcing inclusion also has 

been discussed (Chapter 3, 4, 5). 

 

3) This study also proposed an optimum configuration of the horizontal 

reinforcing inclusion beneath shallow foundation in terms of the width, 

the thickness and the clearance distance to the base of the footing 

(Chapter 3). 

 

4) This study proved that the reinforcing layer is able to protect shallow 

foundation from liquefaction effect when subjected to real earthquake 

load. Moreover, this reinforcing technique is also found to be safe 

against liquefaction even when greater magnitude of seismic loading 

was imposed (Chapter 5). 
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CHAPTER 2 

QUAY WALL WITH VERTICAL REINFORCING 

INCLUSION 

2.1  Introduction 

The 1995 Hyogo-ken Nanbu Earthquake damaged the Kobe port 

facilities due to the severe destruction of the water front retaining wall. It was 

reported that the retaining wall was tilted in the seaward direction while soil 

liquefaction were observed in the backfill soil (Inagaki et al., 1996). On that 

account, a technique to protect waterfront retaining wall from such damage 

has been meticulously developed and validated through experimental works 

(Hazarika et al., 2006 ; Hazarika et al., 2008; Hazarika et al., 2010; Hazarika, 

2012, Hazarika et al., 2012b). 

 

Experimental works was conducted by using large three-dimensional 

underwater shaking table assembly belonging to the Port and Airport Research 

Institute, Japan (PARI). The circular shaking table with diameter of 5.65m was 

installed inside 15m long by 15m wide and 2m deep water pool. A caisson 

type quay wall was used in this testing and placed in soil box of 4m long, 

1.25m wide and 1.5m deep. The laboratory model was made from different 

materials consist of 0.1m thick of bedrock layer, 0.45m thick of dense seabed 

layer (relative density of 78.59%), 0.1m thick of foundation rubble and 0.85m 

thick of backfill soil (relative density of 45.95%). Saturation of the backfill is 

achieved by elevating the water depth up to 1.3m.  
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Two test models were developed which in the first case, a caisson type 

quay wall with conventional backfill was used. In the second model, a 30cm 

wide of tire chips (average grain size of 20mm) was placed as vertical 

inclusion next to the wall. The determination of the laboratory test model was 

made based on scaling law for a model to prototype ratio of 1/10. The 

similitude of various parameters in 1g gravitational field based on Iai (1989) 

for the soil-structure-fluid system used in this study are shown in Table 2.1. 

The case model of the quay wall with vertical inclusion is shown in Figure 2.1. 

The unit weight of foundation and backfill materials used in the test are 

tabulated in Table 2.2. Details of the shaking table assembly and the model 

construction as well as the instrumentations used in this study can be found in 

Hazarika et al. (2006), Hazarika et al. (2008), Iai and Sugano (2000) and 

Sugano et al. (1996). These laboratory models were subjected to three 

different earthquake loadings, (1) N-S component of the 1995 Hyogo-ken 

Nanbu earthquake recorded at Port Island of Kobe, (2) the N-S component of 

the 1968 Tokachi-Oki earthquake recorded at Hachinohe port and (3) the 

artificially assuming earthquake that is presumed to occur in the southern of 

Kanto region. 

 

Figure 2.1 Quay wall with vertical reinforcing inclusion made from tire chips 

(Hazarika, 2006) 
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Table 2.1 Similitude for 1g gravitational field 

Parameters Prototype / Model Scale factor 

Length  10 

Time 
0.75 5.62 

Density 1 1 

Stress  10 

Water pressure  10 

Displacement 
1.5

 31.62 

Acceleration 1 1 

 

Table 2.2 Unit weight of foundation and backfill material 

Test Cases 
Quay wall with conventional 

backfill,  (kN/m
3
) 

Quay wall with vertical 

inclusion in backfill,  

(kN/m
3
) 

Seabed 14.74 14.74 

Rubble mound 17.95 17.46 

Backfill 13.60 13.71 

The results of these tests showed that, the vertical reinforcing inclusion 

made from tire chips was able to reduce the seismic load and the residual 

deformation of the wall during the earthquake. This lead to an economic 

design due to the reduction in the dimension of the retaining wall thus reduces 

the cost of materials during construction. Soil liquefaction is also able to be 

mitigated within the vicinity of the vertical inclusion. However, soil 

liquefaction may occur beyond this area (which is located far from the 

inclusion). Therefore, there is the need to install some protective measures to 

prevent liquefaction of backfill material located far from the vertical inclusion. 

 

To solve this problem, vertical drains made from tire chips (average 

grain size of 7mm) were installed within the backfill material in addition to 

cushion made from tire chips placed next to the quay wall as shown in Figure 

2.2 (Hazarika et al. 2008; Hazarika, 2012; Hazarika et al. 2012). The vertical 

drains with diameter of 50mm were installed with a spacing of 150mm in 
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triangular pattern. On top of the entire drains, 50mm thick of gravel layer 

underlying a 50mm thick soil cover were laid to prevent any uplifting of the 

tire chips as well as to ensure the drainage of the water. The test model was 

subjected to the N-S component of the strong motion recorded during the 1995 

Hyogo-ken Nanbu earthquake. The results of the test showed that, the 

presence of vertical drains made from tire chips installed within the backfill 

material is able to prevent any chance for the backfill to liquefy by dissipating 

the pore water pressure built up in a short time.  

 

Figure 2.2 Quay wall with tire chips cushion and vertical drains (Hazarika, 

2012) 

2.2  Numerical modeling  

Numerical studies were conducted upon the cases of quay wall with 

unprotected and protected backfill. The cases were simulated in prototype 

dimension subjected to real earthquake motion. The aim of the study is to 

capture the liquefaction behavior of the soil by using the user-defined soil 

model available in Plaxis. Moreover, this study was also intended to compare 

the differences in improvement achieved by the vertical reinforcing inclusion 

in the form of cushion and vertical drains installed as part of the backfill 

material from the numerical point of view. Other than that, by conducting 

numerical analyses upon quay wall protected with vertical reinforcing 

inclusion, the improvement mechanism of this technique is made clear.  
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2.2.1  Model geometries 

In this study, numerical model were created using the dynamic module 

of a commercial finite element software, PLAXIS 2D. Three finite element 

models were developed named as Case A, B and C. The first model, Case A 

(as shown in Figure 2.3) consists of quay wall model with conventional 

backfill. In the latter models, Case B and C (as shown in Figure 2.4 and Figure 

2.5 respectively), vertical reinforcing inclusion in the form of cushion and 

vertical drains made from tire chips were placed inside the backfill.  

 

Based on these figures, 40m x 13m domain area was considered in the 

numerical model. A 7.5m height quay wall was placed on top of the rubble 

mound layer, which was underlained by the seabed as the foundation soil. A 

3m width cushion made out of tire chips was placed right next to the retaining 

wall. Additonally, nine vertical drains that were made of same material are 

installed as part of the backfill material. A layer of gravel was then placed on 

top of the vertical drains to provide sufficient weight in order to prevent any 

uplifting. Besides that, geotextiles were used to wrap the tire chips material.  

 

Figure 2.3 Quay wall with conventional backfill (Case A) 
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Figure 2.4 Quay wall with cushion made from tire chips (Case B) 

 

Figure 2.5 Quay wall with cushion and vertical drains made from tire chips 

(Case C) 

2.2.2  Material models and parameters 

Table 2.3 shows the material model that was used in this study. Based 

on the table, the quay wall was modeled using linear elastic model. The non-

porous linear elastic material was designed using the Young’s modulus (E) of 

30000 kPa and the Poisson’s ratio () of 0.2. An interface was inserted in 

between the quay wall and the soil to simulate the soil-structure interaction.  
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Geotextile layer was placed around the cushion and vertical drains. In 

Plaxis, the geotextile element can be modeled using the specific menu 

available in the program, which requires the axial stiffness value (EA) of the 

geotextile as the input parameter. In this study, the axial stiffness of the 

geotextile was assume to be 1700kN/m, while an interface factor of 0.7 was 

adopted to simulate the interaction between the geotextiles and the soil.  

Table 2.3 Material model used in the study 

Structural and foundation 

element 
Material model 

Quay wall Linear elastic 

Geotextiles Elastic (isotropic) 

Tire chips Hardening Soil 

Rubble mound Hardening Soil 

Backfill soil Hardening Soil and Plaxis Liquefaction Model 

Foundation soil Hardening Soil and Plaxis Liquefaction Model 

The foundation soil as well as the backfill soil was modeled using the 

Hardening Soil model (HS) and the Plaxis liquefaction model (PLM). The 

selection of the Hardening soil model and Plaxis liquefaction model for the 

foundation and backfill soil was made according to similar research conducted 

by Galavi et al. (2003). Their study simulated the response of caisson type 

quay wall located at Rokko Island, Kobe, Japan subjected to seismic motion 

during the 1995 Hyogo-ken Nanbu earthquake.  

 

Hardening Soil model is superior to Mohr-Coulomb model or Linear 

Elastic model because the Hardening Soil model is capable of modeling 

modulus reduction with increasing strain (PLAXIS 2D). In addition, the 

Hardening soil model is suitable to be used in simulating cases subjected to 

earthquake load due to the ability of the model to represent cyclic behavior. 

Figure 2.7 shows the stress-strain relationship of the Hardening Soil model. 
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Figure 2.7 Stress strain curve for Hardening Soil model 

The Hardening Soil model (HS) was utilized in the generation of the 

initial stresses due to the gravity loading. While, the Plaxis liquefaction model 

was used during the undrained condition in order to accurately model the 

evolution of the excess pore water pressure in sandy soil.  

 

Table 2.4 shows the relative density of the soil element used in the 

study. According to experimental evaluation conducted by Hazarika et al. 

(2006), it was stated that the relative density (DR) of the backfill and 

foundation soil was found to be 45.95% and 78.59% which implies the 

liquefied and the non-liquefied material respectively. The relative density 

values were used to generate the parameters that are required for the HS and 

the PLM. 

Table 2.4 Relative density of the soil element 

Structural and foundation element Relative density, DR (%) 

Backfill soil 45.95 

Foundation soil 78.59 

Rubble mound 60 

The required input parameters for the Hardening soil model are the 

secant stiffness ( 𝐸50) , tangent stiffness (𝐸𝑜𝑒𝑑) , unloading or reloading 

stiffness (𝐸𝑢𝑟), and the power for stress-level dependency of stiffness (m). 

These input parameters can be estimated according to the following Equation 

2.1 to Equation 2.4 (Greef, 2015). 

𝐸50 =
60000𝐷𝑅

100
                  (2.1) 
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𝐸𝑜𝑒𝑑 =  𝐸50                 (2.2) 

𝐸𝑢𝑟 =
180000𝐷𝑅

100
                  (2.3) 

𝑚 = 0.7 −
𝐷𝑅

320
                     (2.4) 

Moreover, some assumption was also made to determine the material 

properties of the rubble mound and the tire chips based on Galavi et al. (2013) 

and Huggins (2012). Huggins (2012) chose Hardening soil model to simulate 

the behavior of tire shreds which used as part of the backfill material behind 

retaining wall. Therefore, the Hardening soil model was also chosen as the 

constitutive model for both materials. The input parameters were listed in 

Table 2.5.  

Table 2.5 Material parameters for the Hardening soil model 

Parameters 
Backfill 

soil 

Foundation 

soil 

Rubble 

mound 
Tire chips 

Unit weight,  (kN/m
3
) 13.6 14.7 17.95 6.62 

Cohesion, c (kN/m
2
) 0 0 0 9.19 

Friction angle,  () 30 35 35.5 23.4 

Dilatancy angle,  () 3 3 5.5 0 

Power for stress-level 

dependency of 

stiffness, m 

0.50 0.45 0.51 1 

Secant stiffness, E50
 

(MN/m
2
) 

27.6
 

47.2 36 1.44 

Tangent stiffness, Eoed
 

(MN/m
2
) 

27.6 47.2 36 1.79 

Unloading / reloading 

stiffness, Eur
 
(MN/m

2
) 

82.7 141.5 108 4.32 

On the other hand, the required input parameters for the Plaxis 

liquefaction model were estimated using the corrected N-SPT value (N1)60 as 
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well as the constant volume friction angle (cv) which can be calculated using 

Equation 2.5 and Equation 2.6 (Petalas and Galavi, 2013). 

𝑁1(60) =
𝐷𝑅

2

152                  (2.5) 

sin 
𝑐𝑣

=
sin −sin

1−𝑠𝑖𝑛 sin
                (2.6) 

By using the values calculated from Equations 2.1 to 2.6, the required 

input parameters for the Plaxis liquefaction model is able to be estimated by 

using the following equations (Equations 2.7 to 2.11) as being proposed by 

Makra (2013). On that account, the input parameters for the Plaxis 

liquefaction model which are the elastic shear modulus number (𝑘𝐺
𝑒 ), elastic 

bulk modulus number (𝑘𝐵
𝑒 ), plastic shear modulus number (𝑘𝐺

𝑝), failure ratio 

(𝑅𝑓) and the peak friction angle (
𝑝

) are as shown in Table 2.6.  

𝑘𝐺
𝑒 = 434 𝑥 (𝑁1)60

0.333                                  (2.7)
 

𝑘𝐵
𝑒 = 0.7 𝑥 𝑘𝐺

𝑒                   (2.8) 

𝑘𝐺
𝑝 = 0.003 𝑥 𝑘𝐺

𝑒  𝑥 (𝑁1)60
2 + 100              (2.9) 

𝑅𝑓 = 1.1 𝑥 (𝑁1)60
−0.15              (2.10) 


𝑝

= 
𝑐𝑣

+
(𝑁1)60

10
+ 𝑚𝑎𝑥 (0;

(𝑁1)60−15

5
)            (2.11) 

Table 2.6 Material parameters for the Plaxis liquefaction model 

Parameters Foundation soil Backfill soil 

Unit weight,  (kN/m
3
) 14.7 13.6 

Cohesion, c (kN/m
2
) 0 0 

Corrected SPT value for soil, (N1)60 27.45 9.38 

Constant volume friction angle, cv () 38 27 

Peak friction angle, p () 43 28 

Elastic shear modulus number, kG
e 

1308 915 

Elastic bulk modulus number, kB
e
 915 640 

Plastic shear modulus number, kG
p
 3056 341 
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Failure ratio, Rf 0.669 0.786 

Elastic shear modulus index, ne 0.5 0.5 

Elastic bulk modulus index, me 0.5 0.5 

Plastic shear modulus index, np 0.4 0.4 

Atmospheric pressure, PA (kN/m
2
) 100 100 

Tension cut off, t (kN/m
2
) 0 0 

Densification factor, fachard 1 1 

Post liquefaction factor, facpost 1 1 

2.2.3  Mesh, boundaries and fixities  

The standard earthquake boundary was selected to model the boundary 

conditions of the numerical model. This type of boundary consist of a 

combination of a line prescribed displacement (ux=0.01m) placed at the 

bottom part of the model as well as the viscous boundary applied in both 

horizontal and vertical sides of the model. This combination allows for input 

of an earthquake motion while still absorbing the incoming waves. On top of 

that, the standard fixities were also applied to the model. This kind of fixities 

restrained the horizontal movements on both vertical sides of the model and 

both horizontal and vertical movements at the bottom of the model. The finite 

element mesh of all the study cases is shown in Figures 2.8 to 2.10. 

 

Figure 2.8 Finite element mesh of Case A (conventional quay wall) 
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Figure 2.9 Finite element mesh of Case B (quay wall with cushion made from 

tire chips) 

 

Figure 2.10 Finite element mesh of Case C (quay wall with cushion and 

vertical drains made from tire chips) 

2.2.4  Time step in dynamic calculation 

The time step used in Plaxis during the dynamic calculation is constant 

and can be represented by Equation 2.12, 

δt =
∆t

m n 
                (2.12) 

Where t is the time interval of the earthquake, m is the number of the 

additional steps and n is the number of the dynamic sub steps. It is worth to 

mention here that the suitable number of steps should be properly selected so 

that the signal used in the dynamic loading are properly covered. It means that, 

the judgement during the chosen value of t, m and n in such a way that the 

dynamic sub step time interval (t) is equal to the time interval used in the 

input signal. 
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In this study, the input signal of the 1995 Hyogo-ken Nanbu 

earthquake was used as shown in Figure 2.11. The sampling interval was 

0.01s. This is the real earthquake motion recorded at Port Island of Kobe 

which destructed quite number of retaining walls during the 1995 Hyogo-ken 

Nanbu earthquake. 

 

Figure 2.11 The earthquake motion recorded at Port Island during the 1995 

Hyogo-ken Nanbu earthquake 

2.2.5  Material damping 

According to Brinkgreve et al. (2012), material damping occurs due to 

the viscous properties of soil, friction and development of plastic strains. 

However, this damping is lower than the actual damping observed in soil. 

Therefore an extra damping is required to simulate the realistic damping 

effects in soil. The additional damping is provided by means of Rayleigh 

damping which is a function of mass and stiffness of the soil as shown in 

Equation 2.13, 

C = 𝑀 + 𝐾                  (2.13)
 

Where t is the damping matrix, M is the mass matrix and K is the 

stiffness matrix. While  and  are the Rayleigh coefficients. 

In this study, additional damping of the material was applied to each of 

the structural and foundation elements used in the study and can be input 

individually by using the Rayleigh damping coefficient parameters ( and ). 

 is the parameter that determines the influence of the mass while  is the 

parameters that determines the influence of the stiffness in the damping of the 
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system. These parameters can be calculated automatically based on the target 

damping ratio for each of the elements as well as the target frequencies.  

 

In this study, the target frequency range was taken from 0.3Hz to 

20Hz. This range was selected according to the predominant frequencies as 

shown in Figure 2.12. Table 2.7 shows the percentage of the material damping 

and the Rayleigh damping parameters used in the study. 

 

Figure 2.12 Frequency range of the 1995 Hyogo-ken Nanbu earthquake 

Table 2.7 Rayleigh damping parameters 

Parameters Damping ratio, % Rayleigh  Rayleigh  

Quay wall 5 0.1857 0.784 x 10
-3

 

Tire chips 5 0.1857 0.784 x 10
-3

 

Backfill soil 1 0.03714 0.157 x 10
-3

 

Foundation soil  1 0.03714 0.157 x 10
-3

 

Rubble mound 1 0.03714 0.157 x 10
-3

 

2.3  Comparisons of models 

Comparisons of the case of quay wall with vertical reinforcing 

inclusion were made with the case without the present of inclusion to study the 

improvement mechanism gained by this technique. 

2.3.1  Horizontal displacement 

Figures 2.13 to 2.15 presents the contour plot of the horizontal 

displacement, observed at the end of the simulation time for all of the cases in 

this study. As can be seen in Figure 2.13, there are significant horizontal 
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movements of the soil behind the quay wall. As Figure 2.14 shows, 

installation of the tire-chips cushion behind the wall resulted in a larger 

displacement of the soil next to the cushion because the tire chips are 

compressed and the adjacent soil is displaced accordingly, due to the highly 

compressive characteristic of the tire material. This fallout can be improved by 

installing tire chips vertical drains within the backfill (Case C) as Figure 2.15 

demonstrates. By replacing the backfill soil with lightweight tire material, the 

pressure upon the cushion is reduced, thus improving displacement within the 

cushion area.  

 

In addition, by comparing all the three cases, the quay wall is found to 

have some reduction in terms of horizontal movement in the case of protected 

quay wall. When tire chips are used to partly replace the soil backfill, less wall 

movement is observed due to less of soil movement because no liquefaction 

occurred within the soil backfill. The magnitude of the horizontal 

displacement experienced at Point A, which is located at the top edge of the 

retaining wall (seaward side), is shown in Figure 2.16.  

 

 

Figure 2.13 Distribution of the horizontal displacement for Case A at the end 

of the dynamic loading 
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Figure 2.14 Distribution of the horizontal displacement for Case B at the end 

of the dynamic loading 

 

 

Figure 2.15 Distribution of the horizontal displacement for Case C at the end 

of the dynamic loading 
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Figure 2.16 Horizontal displacement at Point A located at the top of the quay 

wall 

2.3.2  Rotation of the wall 

The time histories of the rotation angle of the quay wall for all the 

cases discussed in the study are shown as in Figure 2.17. The negative signs in 

the graph indicates that the rotation of the quay wall is towards the sea. By 

comparing Case A (conventional) and Case B (with cushion), it can be 

concluded that the rotation angle were almost the same which is 

approximately at t=4s and this is before high acceleration of the seismic 

motion took place. Into the bargain, it is found that in the case with the 

cushion, the wall seems to recover to its initial position right after the rotation 

in contrast to the conventional case which the wall continues to rotate. A 

similar progression is also observed when both of cushion and drains are used 

simultaneously and installed as part of the backfill material (Case C). As a 

result, the angle of rotation achieved at the end of the simulated time for Case 

C is much lower compared to Case A and Case B and this is depicted clearly 

in the figure. This is due to the extraordinary characteristic of the tire material 

which is highly compressible as well as flexible in nature. Consequently, the 

energy transferred from the earthquake is able to be absorbed and released by 

the tire material causing the bouncing effect to the quay wall. Thus, the 

magnitude and degree of tiltation of the quay wall is much lesser. The 

deformation of the quay wall at the end of the simulation time of all the cases 

are shown in Figures 2.18 to 2.20. 
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Figure 2.17 Time histories of the rotation angle 

 

Figure 2.18 Deformation of quay wall for Case A at the end of simulation time 

 

Figure 2.19 Deformation of quay wall for Case B at the end of simulation time 
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Figure 2.20 Deformation of quay wall for Case C at the end of simulation time 

2.3.3  Pore water pressure 

Figure 2.21 presents the pore water pressure contour plots measured 

towards the end of the simulation time for all of the cases in this study. As can 

be seen in Figure 2.21 in the case of conventional backfill, the soil backfill 

experienced complete liquefaction at the end of the simulation time. This 

process can be observed through the distribution of the pore water pressure 

ratio within the backfill area, in which the values reached between 0.7 and 1.0. 

The soil liquefaction had resulted to the subsidence of soil backfill as shown in 

Figure 2.22.  

 

However, when the tire chips cushion is placed right behind the 

retaining wall, as depicted in Figure 2.23, the risk of soil liquefaction can be 

eliminated within the area of the cushion. Therefore, subsidence of the backfill 

is found to be lesser compared to the conventional case as shown in Figure 

2.24. This is due to the fact that the tire chips have relatively greater 

permeability compared to the soil, so the water is able to be drains quickly. 

Consequently, the pore water pressure will not build up within the cushion and 

the vicinity.  

 

Despite the success of tire materials in preventing excess pore pressure 

build-up within the backfill area near the wall, the excess pore water pressure 

ratio of the soil backfill located far away from the cushion reached 0.8 to 0.9, 

indicating the possibility of liquefaction. As a countermeasure to this problem, 

placing the same material inside the backfill is found able to eliminate the risk 

of liquefaction, which is observable by evaluating the distribution of the pore 



 

42 

pressure ratio in Figure 2.25. The prevention of liquefaction leads to the 

reduction in the settlement of the backfill located far from the wall as shown in 

Figure 2.26. On top of that, the use of permeable tire materials enhances 

control over pore pressure build-up as they assist in the drainage of water 

before it has a chance to accumulate. During normal condition, sand is a 

permeable material, but under rapid loading conditions such as during 

earthquakes, the pore water pressure in sand doesn't have ample time to 

dissipate, so the soil's bearing capacity is reduced as excess pore water 

pressure continues to develop and accumulate. 

 

 

Figure 2.21 Distribution of the pore water pressure ratio at the end of the 

seismic load for Case A (conventional quay wall) 
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Figure 2.22 Subsidence of the soil backfill for Case A (conventional quay 

wall) 

 

 

Figure 2.23 Distribution of the pore water pressure ratio at the end of the 

seismic load for Case B (quay wall with cushion made from tire chips) 
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Figure 2.24 Subsidence of the soil backfill for Case B (quay wall with cushion 

made from tire chips) 

 

 

Figure 2.25 Distribution of the pore water pressure ratio at the end of the 

seismic load for Case C (quay wall with cushion and vertical drains made 

from tire chips) 
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Figure 2.26 Subsidence of the soil backfill for Case C (quay wall with cushion 

and vertical drains made from tire chips) 

Throughout the period of simulation, the trends of pore water pressure 

ratio development and dissipation for Points C and D, located in the middle 

and at the farther points inside the backfill, can be observed in Figure 2.27 and 

Figure 2.28. The pore water pressure ratio can be calculated by obtaining the 

ratio of the excess pore water pressure to the initial effective overburden 

pressure. Based on these figures, the excess pore water pressure can be 

observed to have risen at approximately t=3s for Case A, which was when 

seismic motion started to increase. In Case B, this increment was delayed, so it 

only started to increase when a higher magnitude occurred. For both Cases A 

and B, the soil shows signs of liquefaction, indicated by an excess pore water 

pressure ratio reaching a value of 1.0. On the other hand, when both 

cushioning and vertical drains were used, the excess pore water pressure was 

found to be relatively low compared to the previous two cases, with only a 

slight increment experienced towards the end of the simulation period. 

Therefore, by combining cushioning with vertical drains made of tire chips, 

the development of excess pore water pressure within the backfill could be 

stabilized, thus reducing the risk of soil liquefaction throughout the entire 

simulation period. This improvement can be compared to the cases without 

vertical drains, where pressure started to increase along with acceleration and 

continued to accumulate until the earthquake motion stopped. 
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Figure 2.27 Excess pore water pressure ratio at point C 

 

Figure 2.28 Excess pore water pressure ratio at point D 

2.4  Mechanism of soil improvement by vertical reinforcing inclusion 

In this study it is found that, the vertical reinforcing inclusion (cushion 

and vertical drains) made from tire chips is able to prevent soil liquefaction 

within the backfill. The presence of tire chips cushion and vertical drains 

which substitute most of the soil backfill ensures that the pore water pressure 

is drained even during high acceleration of earthquake loading. Consequently, 

it prevents rapid increase of the excess pore water pressure at the beginning of 

the dynamic load. The excess pore water pressure within the backfill only 

experienced gradual increases towards the end of the dynamic load. 

2.5  Contribution to scrap tire material recycling 

One of the objectives of this project which utilizing tire derived 

materials in the construction of waterfront retaining wall’s backfill is to 

contribute towards material recycling. The contribution towards material 
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recycling seems to be significant to protect the environment since most of the 

recycling efforts of this material come from thermal recycling which generates 

excessive amount of carbon dioxide that may harm the environment through 

global warming effects. Therefore, the utilization of tire chips in construction 

projects provides alternative way of recycling this material. 

 

Practically, the amount of tire chips needed in the prototype dimension 

of this project can be estimated by using Equation 2.14.  

Dry density, ρd =
−ρdmax X ρdmin

ρdmax(Dr−1)−ρdmin(Dr)
                             (2.14) 

Where dmax is the maximum dry density of tire chips, dmin is the 

minimum dry density of tire chips and Dr is the relative density of tire chips. 

According to Hyodo et al. (2008), the maximum and minimum dry density of 

pure tire chips was 442kg/m
3
 and 347kg/m

3
. Therefore, the mass of tire chips 

required to construct tire chips cushion in this project (with relative density of 

tire chips is assume to be 50%) are estimated to be approximately 9.7 tons 

which are equivalent to 3959 tires in total. On the other hand, another 13.2 

tons of tire chips (which are equivalent to 5389 tires in total) are needed to 

construct the vertical drains. This estimation was made based on typical car 

tire of size 185/70 R13 with weighs approximately 7kg.  

 

The amount of tire chips needed in a project varies depending on the 

relative density of the tire chips material. The relationship between the relative 

density and the tire chips mass is illustrated in Figure 2.29. Therefore, by 

using this technique, we are not only able to protect structure from earthquake 

induced damage but also able to preserve the environment by promoting 

material recycling instead of thermal recycling. 
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Figure 2.29 Contribution to scrap tire material recycling (quay wall) 

2.6  Summary and conclusion 

The occurrence of the 1995 Hyogo-ken Nanbu earthquake had resulted 

to the damage of several number of waterfront quay walls. The failure of the 

quay walls was observed due to the tiltation and the subsidence of the soil’s 

backfill. Therefore, there is the need to develop a low cost technique to protect 

the walls from the impact of earthquake. This technique involves the 

utilization of scrap tire derived material (tire chips) as vertical reinforcing 

inclusion within the backfill material. The vertical inclusion is consists of 

cushion which protect the wall against earthquake damage and vertical drains 

which function to mitigate liquefaction. The selection of the tire chips as the 

reinforcing material was not only because of its advantageous characteristics 

but also to preserve the environment by supporting material recycling. 

 

This chapter presents the qualitative results of numerical analyses 

using Plaxis 2D that was conducted upon a quay wall which was subjected to 

an earthquake loading. Three numerical models were developed which differ 

in the selection of the backfill materials. The first model was a conventional 

quay wall with a liquefiable backfill. In the second model, a cushion made of 

tire chips was placed next to the retaining wall, while in the third model, the 

combination of cushion and vertical drains also made of tire chips were placed 

as part of the backfill. In both of the numerical models, the tire chips were 

wrapped in geotextiles. The performance of both configurations was compared 

to the conventional model and discussed in terms of displacement as well as 

rotation of the quay wall. Furthermore, this chapter discussed the generation 
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and dissipation of the pore water pressure within the backfill. Based on the 

findings of this research, the following conclusions were drawn: 

 

1) When the quay wall is subjected to dynamic loading, the failure of the 

quay wall is attributed to two factors which are the tiltation of the wall 

towards the sea and the significant settlement of the backfill. This 

failure mechanism is visible from the deformation mesh showing that 

the rubble mound located in front of the quay wall is pushed away, 

which induce a small heaving relative to the wall tilt, subsequently 

followed by the settlement of  soil. 

 

2) Increase in horizontal displacement is found within the inclusion area 

(Case B), specifically inside the soil backfill located far from the wall 

due to soil liquefaction which occurs within the area. 

 

3) The addition of the vertical drains made of tire chips inside the backfill 

(Case C) resulted in less horizontal displacement, which is possible by 

the substitution of most of the liquefied soil with non-liquefied 

material (tire chips).  

 

4) The rotation of the wall is found to be approximately the same during 

the initial state of the loading. However, upon experiencing higher 

seismic acceleration, the combination of the wall with the tire-chip 

material is able to return it to its initial position, resulting in reduced 

wall rotation.   

 

5) Liquefaction of the soil backfill occurred in the conventional case, 

which can be prevented by installing a permeable material (tire chips) 

as part of the backfill. This permeable material ensures that excess pore 

water pressure, which builds up during rapid loading, dissipates 

quickly. The vertical inclusion (cushion) placed just next to wall is 

found successful to mitigate liquefaction within the cushion area. 

However, in the case when liquefied soil occurred within the area 

located far from the wall, only cushion as the preventive measure is 
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found to be insufficient. Therefore, placing the same material inside 

the backfill located far from the wall is able to mitigate the problem. 

 

6) The combination of the tire chips cushion and vertical drains reduces 

the risk of soil liquefaction. This is particularly important because the 

use of a permeable material (tire chips) as a substitute for most of the 

soil material minimizes excess pore water pressure build-up. 
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CHAPTER 3 

SHALLOW FOUNDATION WITH HORIZONTAL 

REINFORCING INCLUSION (STATIC ANALYSIS) 

3.1  Introduction 

During the 2011 off the Pacific Coast of Tohoku earthquake, many 

private housing were reported damage due to widespread liquefaction 

(Tokimatsu and Katsumata, 2012; Yasuda et al, 2011). However, the damage 

was only limited to the area which the soil did not undergo proper treatment. 

Area where the soil was treated properly did not experience liquefaction. 

Therefore, it is important to adopt proper ground improvement technique to 

prevent soil liquefaction. Low cost ground improvement technique which 

utilizes waste material such as scrap tires should be in the priority.  

 

Due to the improvements gained by the vertical reinforcing inclusion 

made of tire chips placed within the quay wall’s backfill, a similar idea of 

placing such inclusion beneath shallow foundation was made. However, 

because of the compressibility of tire materials when subjected to compressive 

load, more settlement of the inclusion is expected to occur beneath the 

foundation. Therefore, geosynthetics material (geogrid) as additional 

reinforcing material was used together with the horizontal inclusion as shown 

in Figure 3.1 (Niiya et al., 2012a). The horizontal inclusion consists of a layer 

of tire chips mixed with gravel. The purpose of the mixture of stiffer material 

such as gravel with tire chips is to increase the bearing capacity of the 

inclusion.  The horizontal inclusion layer was placed in between geogrid layer 

in a sandwich-style like. 
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Figure 3.1 Tire chips isolation layer beneath shallow foundation (Niiya et al., 

2012a) 

Niiya et al. (2012a) studied the frictional characteristics and behavior 

of tire chips, and tire chips mixed gravel subjected to cyclic loading. Direct 

shear test under cyclic loading was performed on specimens of tire chips 

mixed with different gravel fraction (30%, 50% and 70%). In this study, 

average size of the tire chips and gravel were found to be 11.6mm and 

14.2mm respectively. Through this study, it was also found that, the bearing 

capacity of tire chips was better when it mix with gravel at least 50% in the 

volume. 

 

In order to further extend the knowledge regarding the placement of 

horizontal reinforcing inclusion layer made of tire chips and gravel mixture, 

parametric studies need to be conducted. Parametric studies were conducted in 

order to propose an optimum configuration (in term of inclusion’s breadth, 

thickness and embedded depth). This chapter reported the works regarding the 

numerical studies on shallow foundation resting on reinforced sand beds as 

shown in Figure 3.1. 

 

The primary objective of this study is to investigate the effects of 

different parameters (i.e. effects of the addition of gravel, presence of the 

geogrid, width of the footing, clearance distance from the base of the footing 

to the first layer of the reinforcement, thickness of the reinforcement, presence 

of the intermediate layer of geogrid within the reinforcement and the stiffness 
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of the geogrid) in reducing the settlement of the shallow foundation upon 

subjected to static load. 

3.2  Numerical modeling  

Numerical studies were conducted upon the cases of shallow 

foundation underlain by unreinforced and reinforced foundation bed. The 

purpose of the studies was to proposed optimum configuration of placing the 

horizontal reinforcing inclusion layer in terms of the inclusion’s breadth, 

thickness and embedded depth. Moreover, the effects of other parameters such 

as the presence of gravel and geogrid within the inclusion and stiffness of the 

geogrid were also discussed. The numerical studies were conducted using 

Plaxis and only static load are considered during the analysis. 

3.2.1  Model geometries 

The model of a shallow foundation reinforced with tire chips was 

simulated in numerical models using the commercial software, Plaxis. The 

finite element domain size was 3B x 5B, in which B is the width of the 

foundation. This domain size was assumed to be wide enough to eliminate the 

effect of the boundary location in order to obtain representative results. Figure 

3.2 shows the layout and configuration of the shallow foundation model used 

in the study. The reinforcement inclusion (tire chips and gravel mixed layer), 

with a thickness of H, was placed at the depth of D below the foundation. The 

reinforcement layer was placed in a sandwich-like configuration, where the 

geogrids were laid at the top and the bottom of the tire chips layer. A 

uniformly distributed load was applied on top of the foundation. In this study, 

the width of the foundation, the thickness of the reinforcement layer and the 

uniformly distributed load were kept constant in all the study cases. All the 

constant and variable parameters considered in this study are summarized in 

Table 3.1 and Table 3.2, respectively.  
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Figure 3.2 General layout of the shallow foundation model with reinforced 

bearing soil 

Table 3.1 Constant parameters of the study 

Property Value 

Width of the footing, B (m) 2 

Thickness of the inclusion, H (m) 0.2 

Uniformly distributed load (kN/m
2
) 100 

Table 3.2 Variables parameters of the study 

Property Value 

Width of the inclusion, W (m) B, 2B, 3B 

Ratio of the clearance distance, D/B 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 

1.5, 2.0, 2.5 

Stiffness of the geogrid, EA (kN/m) 100, 500, 1000, 2000, 5000, 

10000, 20000, 30000, 50000 

Number of the inclusion layer, N 1H, 2H, 3H, 4H, 5H, 6H 

Presence of gravel in the mixture Tire chips only, tire chips and 

gravel mixture  

Presence of the geogrid intermediate layer With intermediate layer of 

geogrid, without intermediate 

layer of geogrid 
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In order to study the effects of the inclusion’s breadth, the dimension 

of the breadth varies from W=B, W=2B and W=3B as shown in Figure 3.3. 

While, Figure 3.4 illustrates the difference between the case with D/B=0 and 

case with D/B=0.5. Moreover, the effect of using stiffer geogrid also has been 

studied. Figure 3.5 shows the difference between number of the inclusion 

layer, N=1 and N=2. The effects of the geogrid intermediate layer placed 

within the inclusion also shown in Figure 3.6. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.3 Variations of the inclusion’s breadth (a) W=B (b) W=2B and (c) 

W=3B 
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(a) 

 

(b) 

Figure 3.4 Variations of the D/B ratio (a) D/B=0 (b) D/B=0.5 

 

(a) 
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(b) 

Figure 3.5 Variations of number of inclusion (a) N=1H (b) N=2H 

 

(a) 

 

(b) 

Figure 3.6 Presence of geogrid within the inclusion (a) with intermediate 

geogrid (b) without intermediate geogrid 
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3.2.2  Material models and properties 

The geogrid was modeled using the elastic-isotropic structural 

elements available in Plaxis. The input parameter needed for the geogrid 

element in Plaxis is the axial stiffness value (EA). As mentioned previously, 

several analyses were performed using different geogrid stiffness values. The 

Hardening-Soil model was used for modeling the behavior of the compacted 

sandy soil. The properties of the sand were adopted from Abdullah and 

Hazarika (2016). The properties of the tire chips and tire chips-gravel mixtures 

were based on experiments conducted by Niiya et al. (2012b) and Chu et al. 

(2015). However, some of the parameters which were unavailable from the 

experimental tests were assumed. The properties of the tire chips and soil used 

in this study are summarized in Table 3.3. Furthermore, the footing was 

modeled using the elastic plate element with EA=5000MN/m and EI=8500 

kNm
2
/m. 

Table 3.3 Material properties use in the study 

Material Sand Tire chips 
Tire chips-

gravel mixture 

Material model Hardening 

soil 

Hardening 

soil 

Hardening soil 

Unit weight,  (kN/m
3
) 13.6 6.6 15.0 

Secant stiffness, E50 (MN/m
2
) 27.56 1.44 30 

Tangent stiffness, Eoed 

(MN/m
2
) 

27.56 1.44 30 

Unloading / reloading stiffness, 

Eur (MN/m
2
) 

82.69 4.32 90 

Cohesion, c (kN/m
2
) 1 9.2 1 

Angle of internal friction,  () 25 23.4 30 

Interface parameters, Rinter - 0.8 0.8 

3.2.3  Boundary conditions 

As for the boundary, standard fixed conditions which constrained the 

bottom boundary horizontally and vertically were assumed. Meanwhile, the 
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boundary at both sides of the model were only constrained horizontally. The 

numerical model and the finite element mesh generated in Plaxis for the 

geogrid-reinforced case are shown in Figure 3.7 and Figure 3.8, respectively. 

 

Figure 3.7 Numerical model of the geogrid reinforced case 

 

(a) 

 

(b) 

Figure 3.8 Finite element mesh of the geogrid reinforced case (a) overall 

mesh (b) enlarged mesh 
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3.3  Comparisons of models  

In this section, the comparisons of the studied models were made in 

order to observe the effects of such placements and further to select the 

optimum configuration of the model. The comparisons were made based on 

several indicating parameters which are the displacement contours and 

vectors; effects of using single material for soil reinforcement; effects of 

additional gravel in the mixture; effects of intermediate layer of geogrid; 

effects of inclusion’s width, thickness and the clearance distance to the base of 

the footing; effects of the geogrid’s stiffness; stress distribution and strain 

distribution. 

3.3.1  Displacement contours and vectors 

Figure 3.9 shows the displacement contour patterns and vectors of an 

unreinforced soil foundation which has been scaled up 10 times. In order to 

make the comparison between the unreinforced and the reinforced cases, the 

same contour patterns and vectors were also captured for various 

reinforcement techniques, as pictured in Figures 3.10 through 3.12. The 

displacement contour pattern in the case of the unreinforced soil foundation 

indicates the occurrence of a general shear mode of failure. Besides this, 

displacements are found to be significant around the top region. However, in 

the reinforced soil foundation cases (except for the one which has been 

reinforced with tire chips only), there is a considerable reduction in the 

amount of settlement. The pressure has been spread over a wider area, 

subsequently increasing the bearing capacity of the shallow foundation. When 

using only tire chips as the reinforcement material, a larger displacement has 

been observed, due to the fact that, compared to soil, tire chips compress 

more. 
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(a) 

 

(b) 

 

(c) 

Figure 3.9 Displacement of the unreinforced foundation (a) contour (b) vectors 

(c) enlarged vectors 
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(a) 

 

(b) 

 

(c) 

Figure 3.10 Displacement of the tire chips reinforced foundation (a) contour 

(b) vectors (c) enlarged vectors 
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(a) 

 

(b) 

 

(c) 

Figure 3.11 Displacement of the geogrid reinforced foundation (a) contour (b) 

vectors (c) enlarged vectors 
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(a) 

 

(b) 

 

(c) 

Figure 3.12 Displacement of the TCG and geogrid reinforced foundation (a) 

contour (b) vectors (c) enlarged vectors 
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3.3.2  The effects of using singular material for the soil reinforcement 

Figure 3.13 shows the effects of using a single material, such as a 

geogrid or tire chips, as the reinforcement element below the foundation. As 

the figure shows, tire chips are not suitable as a single material for 

reinforcement because they settled more compared to the unreinforced case. 

Its greater settlement is due to the high compressibility of the tire chips when 

subjected to any kind of loading. This finding matched with the results 

obtained by Niiya et al. (2012a) and Hazarika (2013). Hence, the mixture of 

the material with gravel is proposed. On the other hand, a geogrid provides 

better reinforcement and with its ability to withstand the imposed load, further 

reduces the settlement of the foundation. 

 

Figure 3.13 Effect of singular material for the soil reinforcement 

3.3.3  The effects of the additional gravel in the mixture 

As mentioned previously, because tire chips are unsuitable to be used 

as a single material, it was proposed that they be mixed with gravel. In this 

study, a mixture of 50% gravel was simulated. As shown in Figure 3.14, the 

results indicate that tire chips, when mixed with gravel, is able to enhance the 

soil's bearing capacity, further reducing the settlement of the foundation. The 

stiffness of the gravel is able to counteract the disadvantage of the 

compressibility of the tire chips. 
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Figure 3.14 Effect of the additional gravel in the mixture 

3.3.4  The effects of the intermediate layer of geogrid 

Figures 3.15 to 3.20 picture the effects of the intermediate layer of the 

geogrid on the settlement of the foundation. We compared the settlement of 

two identical configurations (i.e., a reinforced foundation with two and three 

layers of tire chips-gravel with geogrid) only differing in the presence of the 

intermediate geogrid layers. The results show that the presence of the 

intermediate layer did not significantly affect the reduction of foundation’s 

settlement. Approximately similar amount of settlement is recorded in the case 

where there are geogrid layers within the horizontal inclusion compared to the 

case where the geogrid is placed at the top and bottom of the inclusion layer. 

Therefore, the use of intermediate layer can be avoided in order to reduce the 

cost of materials in the actual project. 
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Figure 3.15 Effect of the geogrid intermediate layer for D/B=0 

 

Figure 3.16 Effect of the geogrid intermediate layer for D/B=0.1 

 

Figure 3.17 Effect of the geogrid intermediate layer for D/B=0.2 
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Figure 3.18 Effect of the geogrid intermediate layer for D/B=0.3 

 

Figure 3.19 Effect of the geogrid intermediate layer for D/B=0.4 

 

Figure 3.20 Effect of the geogrid intermediate layer for D/B=0.5 
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3.3.5  The effects of the inclusion’s width (W), thickness (H) and the 

clearance distance (D) 

Figures 3.21 to 3.26 show the effects of the inclusion’s thickness, 

corresponding to several variable parameters, such as the width of the 

reinforcement layer, the number of layers and the clearance distance ratio. It is 

clear that the improvements brought about by the reinforcement layer which 

lay just below the base of the foundation (D/B=0) provide less significant 

reduction in the foundation settlement compared to the other cases with larger 

D/B ratios. In other words, the original soil beneath the shallow foundation 

plays a significant role in enhancing the bearing capacity of the foundation. 

Figure 3.27 shows a simplified distribution plot designed to correlate the 

relationship between the reinforcement width, the reinforcement thickness, 

and the clearance distance. The points within the plot were selected according 

to the cases resulting in the largest improvements in reducing the settlement of 

the foundation. Each of the cases was plotted against the corresponding 

reinforcement area. Based on the results presented in the figure, it can be 

generalized that, if the reinforced area is less than 3.2m
2
, it is more suitable for 

the reinforcement layer to be placed nearer to the base of the footing (i.e. 

D/B=0.2 and D/B=0.3). However, when a larger reinforcement area is 

involved, it is best for the first layer of the reinforcement to be laid deeper 

with a greater ratio of the clearance distance to the width of the foundation 

(D/B=0.5).  

 

Figure 3.21 The effects of the TCG thickness for N=1H 
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Figure 3.22 The effects of the TCG thickness for N=2H 

 

Figure 3.23 The effects of the TCG thickness for N=3H 

 

Figure 3.24 The effects of the TCG thickness for N=4H 
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Figure 3.25 The effects of the TCG thickness for N=5H 

 

Figure 3.26 The effects of the TCG thickness for N=8H 
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Figure 3.27 The relationship between reinforcement width (W), thickness (H) 

and clearance distance (D) 

3.3.6  The effects of the stiffness of the geogrid 

From Figure 3.28, showing the effects of geogrid stiffness on 

foundation settlement in the cases of different foundation width, it can be seen 

that a stiffer geogrid is more suitable, helping to reduce the settlement of the 

foundation. However, the axial stiffness of geogrids beyond 30000kPa is 

found to be less significant. In terms of the width of the footing, W=2B and 

W=3B provide equal improvements in enhancing the soil bearing capacity, as 

summarized in Figure 3.29. 
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(a) 

 

(b) 

 

(c) 

Figure 3.28 Effect of the geogrid stiffness (a) W=B (b) W=2B (c) W=3B  
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Figure 3.29 Effect of the geogrid stiffness for EA=30000kN/m  

3.3.7  Stress distribution 

Figure 3.30 and Figure 3.31 show the plots the vertical stress 

distribution plots below the footing, comparing the unreinforced footing and 

the tire chip-gravel with geogrid reinforced footing. It can be observed that the 

footing pressures in the unreinforced case, as shown in Figure 3.30, are 

transmitted to the soil underneath within a limited depth. However, in the case 

of  reinforced footing, as can be seen in Figure 3.31, the pressure is distributed 

over a relatively wider area. These results prove that the combination of tire 

chips and gravel with geogrid as the reinforcement technique are able to 

spread the load from the footing, thereby reducing vertical stress below the 

footing.  
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Figure 3.30 Vertical stress distribution below the footing for the case of 

unreinforced soil 

 

 

Figure 3.31 Vertical stress distribution below the footing for the case of soil 

reinforced with tire chips-gravel mixed and geogrid 
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3.3.8  Strain distribution 

Figure 3.32 and Figure 3.33 compares the strain distribution plots 

between the unreinforced footing and the tire chip-gravel with geogrid 

reinforced footing. It can be observed that the shear strain in the unreinforced 

case as shown in Figure 3.32 is maximized below the footing. Reinforcing the 

soil foundation with the tire chips and gravel as well as the geogrid caused 

reduction in the strain, especially within the reinforcement area, as can be seen 

in Figure 3.33. The presence of the reinforcement layer causes the load to 

distribute more evenly.  

 

 

Figure 3.32 Strain distribution below the footing for unreinforced case model 
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Figure 3.33 Strain distribution below the footing for reinforced case model 

with tire chips-gravel mixed and geogrid 

3.4  Summary and conclusion  

As lesson learned from the damage resulted from soil liquefaction of 

some residential area during the 2011 off the Pacific Coast of Tohoku 

earthquake, the need to develop a low cost yet effective liquefaction 

prevention method has becoming high priorities. The technique consists of the 

utilization of tire chips placed horizontally beneath shallow foundation. 

However, due to the compressibility of tire materials which is more compared 

to soil, the mixture of tire chips with stiffer material (such as gravel) is 

proposed. The mixture was placed beneath shallow foundation in between 

geogrid layer. 

 

This chapter presents the results of parametric studies conducted upon 

shallow foundation model underlain by a horizontal reinforcing inclusion 

made from the mixture of tire chips and gravel. The parametric studies cover 

various aspects in order to propose an optimum breadth, thickness and 



 

79 

embedded depth of the reinforcement layer. Based on the findings of this 

research, the following conclusions were drawn: 

 

1) Tire chips as stand-alone reinforcing material is inferior to the other 

types of reinforcing material (gravel and geogrid). Tire chips 

compressed more when subjected to vertical load hence resulted in 

more settlement of the shallow foundation. Since gravel and geogrid 

functioned as better reinforcement material, the combination of these 

materials with tire chips is proposed.  

 

2) The width of the reinforcing layer of W=2B and W=3B provide equal 

improvement and functioned better than W=B in reducing the 

settlement of the shallow foundation. 

 

3) Two layers of tire chips and gravel mixture forming as an inclusion 

layer placed in sandwich-style like between stiffer geogrid is found to 

be the most beneficial configuration to reinforce the bearing layer. The 

existences of the intermediate geogrid layers within the horizontal 

reinforcing inclusion do not have significant impact in reducing the 

settlement of the shallow foundation. 

 

4) The horizontal reinforcing inclusion should not be placed directly 

beneath the foundation. Some thickness of the original bearing soil 

layer needs to be kept. The distance between the reinforcement layer to 

the base of the foundation is highly depends on the reinforcement area. 

 

5) The improving mechanism of the horizontal reinforcing inclusion 

made from the combination of tire chips, gravel and geogrid is possible 

due to the distribution of load to wider area. It is found that in 

reinforced case, the load from the shallow foundation is transferred and 

distributed to wider area compared to the unreinforced case. It spreads 

to the side of the shallow foundation and hence reduces the strains 

underneath the foundation. 
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CHAPTER 4 

VALIDATION OF NUMERICAL ANALYSES WITH 

LABORATORY TESTING 

4.1  Introduction 

 In order to confirm the method adopted in numerical analyses, 

validation against establish data is essential. For this study, the validation of 

the numerical analyses has been conducted against data obtained from 

laboratory testing. The laboratory test of a shallow foundation rested on soil 

reinforced with horizontal inclusion made from tire chips and gravel mixture 

has been conducted by some other researcher. The comparisons of the 

establish data with results from numerical analyses have been made through 

several parameters which are mesh deformation, maximum settlement at the 

center of the shallow foundation and pore water pressure ratio. 

4.2  Laboratory test model 

Laboratory testing of house model underlain with horizontal 

reinforcing inclusion made from tire chips and gravel mixture has been 

conducted by Chu et al. (2015) by using shaking table test facilities belonging 

to the Geo-disaster prevention laboratory of Kyushu University, Japan. In this 

study, house model of 180mm long by 300mm wide and 100mm tall was 

placed inside a soil box of 570mm by 300mm wide and 500mm tall. The 

house model was made from aluminum box filled with granulated steel 

materials weighs 2.72kg. The bearing layers were basically consist of gravel 

layer (relative density of 70%), horizontal reinforcing layer made from tire 

chips and gravel mixture (relative density of 50%) and Toyoura sand with 
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relative density of 50%. The laboratory model cases of house underlain with 

various types of bearing layers are shown in Figures 4.1 to 4.4.  

 

For the first model (Case A), the bearing layers were consist of 50mm 

thickness of gravel and 250mm thickness of Toyoura sand. In the second 

model (Case B), horizontal reinforcing inclusion layer made from tire chips 

and gravel mixture (relative density of 50% and thickness of 100mm) was 

placed in between the gravel and Toyoura sand. The thickness of the 

reinforcing layer was reduced by 50% in the third model (Case C). While in 

the last model (Case D), the reinforcing inclusion made from the mixture of 

tire chips and gravel was placed in between two sand layers with different 

densities. Above the reinforcing layer was 50mm thickness of denser sand 

(relative density of 75%) while 200mm of lesser dense sand (relative density 

of 50%) at the bottom. Figure 4.5 and Figure 4.6 show the photo of the 

laboratory model of Case A and Case C respectively. The water level was 

elevated up to the soil surface to ensure fully saturated condition of the soil. 

These models were subjected to seismic loading of 300Gal (3Hz) lasted for 

45second. It is found that, at the end of the shaking time, all models cases 

were liquefied except in the case where thick horizontal inclusion were placed 

in between the gravel and sand layer (case B). 
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Figure 4.1 Laboratory model of Case A (shallow foundation with no soil 

reinforcement) 

 

Figure 4.2 Laboratory model of Case B (shallow foundation with thick layer 

of tire chips-gravel mixture as soil reinforcement)  
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Figure 4.3 Laboratory model of Case C (shallow foundation with thin layer of 

tire chips-gravel mixture as soil reinforcement) 

 

Figure 4.4 Laboratory model of Case D (shallow foundation with layer of tire 

chips-gravel mixture in between sand layers of different densities) 
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Figure 4.5 Photograph of soil box for Case A (shallow foundation with no soil 

reinforcement) 

 

Figure 4.6 Photograph of soil box for Case C (shallow foundation with thin 

layer of tire chips-gravel mixture as soil reinforcement) 

4.3  Numerical modeling  

Numerical studies were conducted upon the cases of house model with 

reinforced soil foundation. The aim of the study is to capture the liquefaction 

behavior of the bearing soil by using the user-defined soil model available in 

Plaxis. Moreover, this study was also to compare the results from the 

numerical simulation with the data obtained through laboratory testing. Other 

than that, by conducting numerical analyses upon house model with reinforced 

Gravel 

Sand 

Gravel 

Sand 

Tire chips-gravel mixture 
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soil using tire chips and gravel mixture, the improvement mechanism of this 

technique is able to explore.  

 

The size of the finite element domain was selected as 0.57m x 0.3m for 

the numerical analysis. The house was modeled as a rigid element using non 

porous material model (with the width of 180mm). The house was embedded 

20mm into the gravel layer. Interface layer was applied in between the house 

and the underneath gravel to simulate the soil-structure interaction. The 

bearing strata beneath the house model consist of different materials as 

illustrated in Figures 4.1 to 4.4. Photograph of the soil box during the 

laboratory test for Case A and Case B are shown in Figure 4.5 and 4.6 

respectively. 

 

The types of material and its thickness can also be referred in Table 

4.1. Figures 4.7 to 4.10 show the model geometry of the study cases. All the 

bearing materials in this study were modeled using Hardening-Soil model 

(drained condition). However, during undrained condition, liquefaction model 

offered in Plaxis was used to simulate the liquefaction behavior of Toyoura 

sand. Input parameters for the Hardening soil model and liquefaction model 

were determine using Equation 2.1 until Equation 2.11. All the constant 

parameters and various properties of drained and undrained materials 

considered in this study were summarized in Tables 4.2 to 4.4. 
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Table 4.1 Types of bearing layers for numerical analysis 

Depth 

(mm) 
Case A Case B Case C Case D 

50 Gravel Gravel Gravel Gravel 

100 

Toyoura 

sand 

(Dr=50%) 

Tire chips-

gravel mixture 

(Dr=50%) 

Tire chips-

gravel mixture 

(Dr=50%) 

Toyoura sand 

(Dr=75%) 

150 

Toyoura sand 

(Dr=50%) 

Tire chips-

gravel mixture 

(Dr=50%) 

200 
Toyoura sand 

(Dr=50%) 

Toyoura sand 

(Dr=50%) 
250 

300 
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Figure 4.7 Numerical model of Case A (shallow foundation with no soil 

reinforcement) 

 

Figure 4.8 Numerical model of Case B (shallow foundation with thick layer of 

tire chips-gravel mixture as soil reinforcement)  
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Figure 4.9 Numerical model of Case C (shallow foundation with thin layer of 

tire chips-gravel mixture as soil reinforcement) 

 

Figure 4.10 Numerical model of Case D (shallow foundation with layer of tire 

chips-gravel mixture in between sand layers of different densities) 
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Table 4.2 Constant parameters of the study 

Property Value 

Unit weight of the house,  (kN/m
3
) 4.94 

Width of the footing, B (m) 0.18 

Table 4.3 Material properties use in the study (drained condition) 

Material Gravel 

Toyoura 

sand 

(Dr=50%) 

Tire chips-

gravel 

mixture 

Toyoura 

sand 

(Dr=75%) 

Material model 
Hardening 

soil 

Hardening 

soil 

Hardening 

soil 

Hardening 

soil 

Unit weight,  

(kN/m
3
) 

19.75 
 

18.8 15.01 20 

Secant stiffness, 

E50 (MN/m
2
) 

42 30 30 45 

Tangent 

stiffness, Eoed 

(MN/m
2
) 

42 30 30 45 

Unloading / 

reloading 

stiffness, Eur 

(MN/m
2
) 

126 90 90 135 

Cohesion, c 

(kN/m
2
) 

0 0  5 0 

Angle of internal 

friction,  () 
40 30 35 35 

Interface 

parameters, Rinter 
0.7 - - - 
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Table 4.4 Material properties use in the study (undrained condition) 

Parameters 
Toyoura sand 

(Dr=50%) 

Toyoura sand 

(Dr=75%) 

Unit weight,  (kN/m
3
) 18.8 20 

Cohesion, c (kN/m
2
) 0 0 

Corrected SPT value for soil, (N1)60 11.11 25 

Constant volume friction angle, cv () 31.87 30.80 

Peak friction angle, p () 32.98 35.30 

Elastic shear modulus number, kG
e 

967.6 1268 

Elastic bulk modulus number, kB
e
 677.3 887.4 

Plastic shear modulus number, kG
p
 458.3 2477 

Failure ratio, Rf 0.7670 0.6790 

Elastic shear modulus index, ne 0.5 0.5 

Elastic bulk modulus index, me 0.5 0.5 

Plastic shear modulus index, np 0.4 0.4 

Atmospheric pressure, PA (kN/m
2
) 100 100 

Tension cut off, t (kN/m
2
) 0 0 

Densification factor, fachard 0.45 0.45 

Post liquefaction factor, facpost 0.02 0.02 

Standard fixities which constrained the bottom boundary horizontally 

and vertically were used as the boundary condition while, the boundary at both 

sides of the model was only constrained horizontally. Standard earthquake 

boundary also has been placed at the bottom of the model so that the dynamic 

loading able to be imposed. The input acceleration of 300 Gal (3 Hz) for 45 

seconds was imposed at the base of the numerical models. Medium coarse 

mesh was chosen in the study and the finite element mesh in all of the study 

cases are as shown in Figures 4.11 to 4.14. 
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Figure 4.11 Finite element mesh of Case A (shallow foundation with no soil 

reinforcement) 

 

Figure 4.12 Finite element mesh of Case B (shallow foundation with thick 

layer of tire chips-gravel mixture as soil reinforcement)  
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Figure 4.13 Finite element mesh of Case C (shallow foundation with thin layer 

of tire chips-gravel mixture as soil reinforcement) 

 

Figure 4.14 Finite element mesh of Case D (shallow foundation with layer of 

tire chips-gravel mixture in between sand layers of different densities) 

4.4  Comparisons of models  

In this section, the comparisons of the results were made between the 

experimental and numerical analysis. The comparisons were made based on 

several indicating parameters which are deformed mesh, maximum soil 

settlement and pore water pressure ratio. 
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4.4.1  Deformed mesh   

Figures 4.15 to 4.18 show the deformed mesh captured at the end of 

the simulation time (45 second). These deformed meshes has been enlarged 5 

times so that the difference between each material can be observed. Based on 

these figures, Toyoura sand with relative density of 50% will experienced 

some horizontal spreading. Similar trend is also observed in Case D where, 

denser Toyoura sand (RD=75%) is placed above the horizontal inclusion 

layer. The significant horizontal spreading indicates that these sandy materials 

experienced complete liquefaction when subjected to dynamic load. Unlike the 

sandy material, the horizontal inclusion made from tire chips and gravel 

mixture did not experience significant deformation. Therefore, it is found that 

the horizontal inclusion layer is safe from earthquake-induced liquefaction. 

 

Figure 4.15 Deformed mesh of Case A (shallow foundation with no soil 

reinforcement) 
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Figure 4.16 Deformed mesh of Case B (shallow foundation with thick layer of 

tire chips-gravel mixture as soil reinforcement) 

 

Figure 4.17 Deformed mesh of Case C (shallow foundation with thin layer of 

tire chips-gravel mixture as soil reinforcement) 
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Figure 4.18 Deformed mesh of Case D (shallow foundation with layer of tire 

chips-gravel mixture in between sand layers of different densities) 

4.4.2  Maximum soil settlement 

The comparison of maximum settlement between experimental and 

numerical analysis at middle of the house is plotted in Figure 4.19. From this 

figure, the maximum soil settlement obtained through numerical analysis is 

found to be approximately the same in all of the cases. These values were 

almost the same to those obtained from laboratory model test except for Case 

D. 

 

As for Case D, in which the reinforcement layer was placed in between 

2 layers of sand with different relative density, according to Chu et al. (2015), 

during the experimental testing, it was difficult to compact the upper sand 

layer to the desired relative density. In other words, during the laboratory 

testing, the relative density of the upper sand layer in Case D might have been 

below that the target relative density value (75%). The poorly compacted sand 

layer resulted to larger settlement as shown in figure. However, this problem 

did not happen during numerical analysis where the effort and energy 

generated from the compaction works did not consider during the analysis. 

Figure 4.20 shows the settlement of the foundation at different relative density 

of sand. From the figure, it is suggested that the upper layer sand was in loose 

condition where the relative density is probably lower than 30% (instead of 

75% in the initial plan). 
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Figure 4.19 Comparisons of settlement at center of the house model 

 

Figure 4.20 Settlement of the foundation at different relative density of sand 

The mechanism of settlement in all the studied cases can be explained 

by referring to the settlement distribution plot shown in Figures 4.21 to 4.24. 

Distribution plot of Case A shows that the settlement of the house model is 

found to occurs directly beneath the house model within limited area and 

involve quite a thickness of the underneath sand layer. In Case B as shown in 

Figure 4.22, it is found that the settlement spread more evenly in horizontal 

direction within the reinforced area (tire chips and gravel layer) therefore 

limiting the maximum load imposed to the underneath sand layer.  

 

The same trend of load spreading can be observed in Case C where 

lesser thickness of reinforced layer was used as shown in Figure 4.23. 

However, in this case, due to lesser thickness of the reinforced area, larger 

area of sand is found to be affected with the load distribution. Hence, the 
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magnitude of settlement of case C is found to be slightly greater than those 

obtained in case B. In Case D as shown in Figure 4.24, the combination of 

denser sand on top of tire chips and gravel mixture layer, also resulted to the 

distribution of the load laterally to the side of the shallow foundation. 

However, due to the thin layer of reinforcement layer applied in this case, the 

settlement of the foundation is found to be greater compared to case B. 

 

 

Figure 4.21 Distribution of soil settlement of Case A (shallow foundation with 

no soil reinforcement) 

 

 

 

 

 

 

 

 

 

 

  

Gravel 

Sand 
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Figure 4.22 Distribution of soil settlement of Case B (shallow foundation with 

thick layer of tire chips-gravel mixture as soil reinforcement) 

 

 

Figure 4.23 Distribution of soil settlement of Case C (shallow foundation with 

thin layer of tire chips-gravel mixture as soil reinforcement) 

Gravel 

Tire chips-gravel mixture 

Sand 

Gravel 

Tire chips-gravel mixture 

Sand 
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Figure 4.24 Distribution of soil settlement of Case D (shallow foundation with 

layer of tire chips-gravel mixture in between sand layers of different densities) 

4.4.3  Pore water pressure ratio 

In order to study the accumulation and dissipation trends of the excess 

pore water pressure, all the numerical models have been subjected to harmonic 

load equivalent to 300Gal (3Hz) with longer duration (110s). The variations of 

pore water pressure ratio throughout the simulation time at the depth of 0.25m 

from the ground surface for all numerical models are plotted in Figure 4.25. 

Based on the figure, we can see that the underneath sand layer experienced 

complete liquefaction (pore water pressure ratio reach 1.0) in all cases except 

in Case B where the pore water pressure ratio rises only until 0.3. The 

variations of pore water pressure ratio for numerical models are also compared 

with the pore water pressure ratios obtained from laboratory models (Figures 

4.26 to 4.29). The results show that there are good agreements between the 

numerical analyses and experimental results. However, it is found that the 

dissipation of excess pore water pressure in numerical models requires longer 

time.  

Sand 

Sand 

Gravel 

Tire chips-gravel mixture 
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Figure 4.25 Variations of pore water pressure ratio for all cases 

 

Figure 4.26 Variations of pore water pressure ratio for Case A (shallow 

foundation with no soil reinforcement) 

 

Figure 4.27 Variations of pore water pressure ratio for Case B (shallow 

foundation with thick layer of tire chips-gravel mixture as soil reinforcement) 
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Figure 4.28 Variations of pore water pressure ratio for Case C (shallow 

foundation with thin layer of tire chips-gravel mixture as soil reinforcement) 

 

Figure 4.29 Variations of pore water pressure ratio for Case D (shallow 

foundation with layer of tire chips-gravel mixture in between sand layers of 

different densities) 

4.5  Summary and conclusion  

In this chapter, the results of numerical analyses were validated and 

compared with data obtained from shaking table test conducted by other 

researcher. The purpose of the validation is to confirm the suitability of the 

method adopted in the numerical analyses. The shaking table test was 

performed on a house model underlain by various types of materials. This 

material consists of the tire chips and gravel mixture which functioned as the 

reinforcing inclusion. This layer was laid on top of Toyoura sand which was 

predicted to liquefy during the dynamic loading. Dynamic loading of 300Gal 

(3Hz) lasted for 45 seconds was imposed to all models. The purpose of the 
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tests was to determine the effectiveness of the technique to protect the house 

model from liquefaction.  

 

On the other hand, numerical analyses were conducted using similar 

dimension and material properties for all the experimental models. The results 

obtained from the numerical analyses were compared with the data obtained 

from experimental models. Two indicating parameters are chosen to be 

validated which is the maximum settlement at the center of the house model as 

well as the pore water pressure ratio located at the depth of 0.25m from the 

ground surface. Based on the results of the numerical study, the following 

conclusions can be drawn: 

 

1) According to the results, approximately similar magnitude of 

settlement recorded generally from both types of analysis. Huge 

difference in settlement may occur due to the compaction work 

conducted during the experimental testing. The numerical analyses 

suggested that the relative density of the upper sand layer in Case D is 

much lower (probably as low as 30%) compared to the initial plan 

which is supposed to be 75%. 

 

2) In terms of pore water pressure ratio, numerical studies validated that 

all the cases experienced complete liquefaction except for Case B 

which consistent with the findings from experimental testing. 

 

3) It is also found that in numerical analyses, the excess pore water 

pressure requires longer time to dissipate. 
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CHAPTER 5 

SHALLOW FOUNDATION WITH HORIZONTAL 

REINFORCING LAYER (DYNAMIC ANALYSIS) 

5.1  Introduction 

a) Prediction of earthquake in near future 

 Large earthquake and tsunami originating from the Nankai Trough is 

predicted to occur in Japan in the near future. The fault under the Nankai 

Trough was formed by the subduction of Philippine Sea Plate over Eurasian 

Plate. Figure 5.1 shows the location of the world’s tectonic plates and the 

distribution of earthquakes occurred within the plates (Japanese Government 

Disaster Prevention White Paper (2004)).  

 

Figure 5.1 World’s tectonic plates and the distribution of earthquakes within 

the plates (Japanese Government Disaster Prevention White Paper, 2004) 
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Specifically, the fault under Nankai Through is further divided into 

three zones and earthquakes occurred within this area can be divided by zone 

located from west to east which are Nankai earthquakes, Tonankai 

earthquakes and Tokai earthquakes. The earthquakes within this zone occur 

within a return period of about 90 to 200 years. Figure 5.2 shows the history of 

earthquakes occurred in Nankai Trough area since year 1600 (Disaster 

Management Bureau, Cabinet Office, Government of Japan). 

 

Figure 5.2 History of earthquakes occurred in Nankai Trough area 

since year 1600 (Disaster Management Bureau, Cabinet Office, Government 

of Japan). 

Based on the figure, earthquake within the Nankai Trough are often 

occurred in pairs where a rupture along any part of the fault is followed by a 

rupture elsewhere. In addition, there is no recent earthquake recorded within 

the Tokai zone. It has been 158 years gap from the last earthquake in Tokai 

zone. According to previous earthquake history, high seismic intensity 

earthquakes of at least M7.9 occurred within the Nankai Trough. Therefore, 

massive earthquakes of at least M7.9 are anticipated to occur anytime in the 

future. The earthquakes may trigger after one and another which will results in 

severe damage of coastal area as shown in Figure 5.3 (The Japan Times). 

Multilevel destruction of buildings and infrastructures, fires, high tsunami 

waves and soil liquefaction are example of the damage predicted from the 
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predicted earthquake. Preparation to strengthen and upgrade facilities such as 

housing, public buildings and transportation networks in order to be 

earthquake resistant has extensively been carried out. For decades Japan has 

tightened its construction code and supported other innovations in quake-

proofing construction method as well as mitigation measures for earthquake-

induced damage. 

 

Figure 5.3 Estimated deaths and damage from the Nankai Trough earthquake 

(The Japan Times) 

b) Effectiveness of horizontal reinforcing inclusion to withstand 

earthquake 

The damage of some residential houses during the 2011 off the Pacific 

Coast of Tohoku earthquake was an eye-opener on the importance of 

conducting proper ground improvement technique prior to construction. 

Various methods to mitigate liquefaction can be adopted. However, low cost 

preventive method which using scraps material is the priority to be given. 

Moreover, this low cost technique is also able to preserve the environment by 

contributing to the material recycling instead of thermal recycling. 

 

 In this chapter the effectiveness of this technique to sustain dynamic 

load from actual earthquake is simulated. Shallow foundation model with tire 

chips and gravel mixture as reinforcement which give the best results 

simulated in previous chapter (Case B) was chosen to be scaled up by 10 times 
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as shown in Figure 5.4 and compared with model without the horizontal 

inclusion (Figure 5.5). The scaled up model was subjected to actual seismic 

loading which was recorded in Port Island during the 1995 Hyogo-ken Nanbu 

earthquake. The purpose of this chapter is to evaluate the effectiveness of the 

reinforcement technique to mitigate liquefaction of soil which may occur due 

to the actual earthquake. 

 

Figure 5.4 Magnified model of shallow foundation with reinforced bearing 

layer 

 

Figure 5.5 Magnified model of shallow foundation with unprotected bearing 

layer 
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5.2  Numerical modeling  

Numerical models of shallow foundation with conventional bearing 

layer and reinforced bearing layer were created. In order to simulate a 

magnified model of the unprotected and protected model of shallow 

foundation with horizontal reinforcing inclusion, scaling factor shown in Table 

5.1 is used in this study. Standard fixities were applied as the boundary 

condition for the numerical models. The standard fixities restrained the 

horizontal and vertical movement at the bottom while at both sides, only 

horizontal movement was restrained. In addition to that, standard earthquake 

boundary was also applied at the bottom of the model to impose the 

earthquake loading of the 1995 Hyogo-ken Nanbu earthquake. Medium coarse 

mesh was chosen in the study. Properties of the materials used during drained 

and undrained condition can be referred to the previous chapter (Chapter 4: 

Table 4.4 and Table 4.5). Figure 5.6 and Figure 5.7 show the prototype of the 

conventional and reinforced case respectively.  

Table 5.1 Scale factor of the magnified model 

Items Scale factor 

Length 10 

Stress 10 

Time 1 

Acceleration 1 
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Figure 5.6 Magnified model of shallow foundation with conventional bearing 

layer 

 

 

Figure 5.7 Magnified model of shallow foundation with reinforced bearing 

layer 

5.3  Comparisons of models  

In this section, the comparisons of the results were made between the 

conventional and reinforced case. The comparisons were made based on 

several indicating parameters which are deformed mesh, maximum soil 

settlement, pore water pressure ratio and effect of higher intensity seismic 

loading. 
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5.3.1  Deformed mesh   

Figure 5.8 shows the deformed mesh for both conventional and 

reinforced soil case (after 0.5 time enlargement). As can be seen from the 

figure, mesh for conventional case is found bulging more compared to the 

reinforced case. This proved that there has been greater soil movements within 

the conventional case and by placing the horizontal reinforcing layer, the soil 

movements somehow able to be reduced. 

  

                           (a)                       (b) 

Figure 5.8 Deformed mesh of (a) conventional and (b) reinforced case 

5.3.2  Maximum soil settlement 

The settlement distribution plot of both conventional and reinforced 

bearing layer is shown in Figure 5.9 and Figure 5.10 respectively. For the case 

of shallow foundation underlain by conventional bearing layer as shown in 

Figure 5.9, we can observe that the maximum settlement occurred within 

beneath the footing. Unlike the conventional case, the reinforced bearing layer 

case showed that the maximum settlement occurred within the edge of the 

foundation and it covers wide area (refers to Figure 5.10). The distributions of 

the load over wider area ensure the reduction in foundation’s settlement as 

shown in Figure 5.11. This figure shows the variations of the settlement 

experienced at the center of the foundation. The final settlement achieved at 

the end of the simulation time for the case of reinforced bearing layer may 

reduce up to 50% compared to the conventional case.  
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Figure 5.9 Vertical displacement of shallow foundation with conventional 

bearing layer 

 

 

Figure 5.10 Vertical displacement of shallow foundation with reinforced 

bearing layer 
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Figure 5.11 Comparisons of settlement variations between conventional and 

reinforced case  

5.3.3  Pore water pressure ratio 

In order to observe the effectiveness of the horizontal reinforcing layer 

in reducing the risk of liquefaction in soil, the pore water pressure distribution 

plot at the end of the simulation time are shown in Figure 5.12 and Figure 

5.13. As can be seen in the figure, there is no soil liquefaction occurred when 

the reinforcing layer installed as part of the bearing layer. Compared to the 

conventional case where there is no reinforcement layer (refer to Figure 5.12), 

soil liquefaction are expected to occurred. 
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Figure 5.12 Distribution of pore water pressure ratio for conventional case 

 

 

Figure 5.13 Distribution of pore water pressure ratio for reinforced case 

Figure 5.14 and Figure 5.15 show the graph of the pore water pressure 

fluctuations throughout the simulation time. These graphs compared the 

fluctuations between the conventional and the reinforced case for two points 

which located at the depth of 0.25m and 1m below the center of the footing. 
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As can be seen in these graphs, the present of reinforcing layer made of tire 

chips and gravel mixtures able to mitigate soil liquefaction. 

 

Figure 5.14 Variations of pore water pressure ratio at point (0,-0.25) 

 

Figure 5.15 Variations of pore water pressure ratio at point (0,-1) 

5.3.4  Effects of higher intensity seismic loading 

The numerical model also has been subjected to higher magnitude of 

seismic loading, which is 1.5 times higher than the original earthquake loading 

recorded in Port Island, Kobe during the 1995 Hyogo-ken Nanbu earthquake. 

The new seismic loading is shown in Figure 5.16.   

 

Although that the model has been subjected to higher magnitude of 

seismic loading, soil liquefaction are not predicted in this case. This can be 

proved by the pore water pressure distribution plot and variations as shown in 

Figures 5.17 to 5.19. The settlement variations of the foundation throughout 
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the simulation time are plotted in Figure 5.20. It is found to be slightly higher 

than the one recorded by the original intensity but less than the one recorded 

by the conventional case (refer to Figure 5.11). Therefore, it is worthwhile to 

state that the horizontal reinforcing layer made of tire chips and gravel mixture 

able to mitigate liquefaction when subjected to higher intensity of dynamic 

loading than the one experienced in the port of Kobe. 

 

Figure 5.16 The earthquake motion record of 1.5PI 

 

 

Figure 5.17 Distribution of pore water pressure ratio for reinforced case 

subjected to higher magnitude of seismic load 
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Figure 5.18 Variations of pore water pressure ratio at point (0,-0.25) 

 

Figure 5.19 Variations of pore water pressure ratio at point (0,-1) 

 

Figure 5.20 Comparisons of settlement variations of reinforced case subjected 

to seismic loading of PI and 1.5PI 
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5.4  Contribution to scrap tire material recycling  

One of the objectives of this project which utilizing tire derived 

materials in the construction of bearing layer of shallow foundation is to 

contribute towards material recycling. The contribution towards material 

recycling seems to be significant to protect the environment since most of the 

recycling efforts of this material come from thermal recycling which generates 

excessive amount of carbon dioxide that may harm the environment through 

global warming effects. Therefore, the utilization of tire chips in construction 

projects provides alternative way of recycling this material. 

 

Practically, the amount of tire chips needed in this project can be 

estimated by using Equation 5.1.  

Dry density, ρd =
−ρdmax X ρdmin

ρdmax(Dr−1)−ρdmin(Dr)
                               (5.1) 

Where dmax is the maximum dry density of tire chips, dmin is the 

minimum dry density of tire chips and Dr is the relative density of tire chips. 

According to Hyodo et al. (2008), the maximum and minimum dry density of 

pure tire chips was 442kg/m
3
 and 347kg/m

3
. Therefore, if tire chips were 

mixed with gravel fraction of 50% in volume, the amount of tire chips 

required to execute this project is estimated to be approximately 3324kg. The 

amount of tire chips needed in a project varies depending on the relative 

density of the material. The relationship between the relative density and the 

tire chips mass is illustrated in Figure 5.21. Therefore, by using this technique, 

we are not only able to protect structure from earthquake induced damage but 

also able to protect the environment by promoting material recycling instead 

of thermal recycling. 
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Figure 5.21 Contribution to scrap tire material recycling (shallow foundation) 

5.5  Summary and conclusion  

Massive earthquakes are anticipated to occur in Japan in the near 

future. The earthquakes are predicted to be very strong and powerful which 

originating from the fault located under the Nankai Trough. Damages and 

losses due to this earthquake are predicted to be equal or greater than the 2011 

off the Pacific Coast of Tohoku earthquake. In preparation for the Nankai 

Trough earthquakes, extensive works have been carried out to strengthen the 

structures and infrastructure facilities located within the affected zone. Private 

buildings as well as public buildings and infrastructures are expected to 

experience multilevel of destruction as the results from the ground shaking. 

Other than that, fire hazard and high tsunami waves are also expected to 

trigger from the earthquakes.  

 

During the 2011 off the Pacific Coast earthquakes, some of the 

residential housing areas were severely affected by the liquefaction of soil 

underneath the building. Similar to the 2011 off the Pacific Coast of Tohoku 

earthquake, widespread of soil liquefaction may also occur due to the 

anticipated earthquake. Therefore, there is the need to simulate the 

effectiveness of the horizontal reinforcing inclusion placed beneath shallow 

foundation to withstand impacts from actual earthquake. 

 

The numerical model which gives the best results validated in Chapter 

4 is chosen to be scaled up by 10 times. This prototype model is subjected to 

the real earthquake loading recorded during the 1995 Hyogo-ken Nanbu 
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earthquake. The results show that the proposed horizontal reinforcing layer 

made of tire chips and gravel mixture successfully eliminate the risk of 

liquefaction in soil even during higher magnitude of seismic loading. The 

reduction in final settlement of the foundation also can be achieved by load 

distributing mechanism which distributing loads to wider area. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

Huge number of failed quay walls has been reported due to the 1995 

Hyogo-ken Nanbu earthquake. Severe tiltation of walls and subsidence of 

wall’s backfill resulted from soil liquefaction were the main reason of the 

failure. Similar cases of soil liquefaction were also reported in residence 

houses which were built on top of sea reclaimed area in Urayasu City of Chiba 

Prefecture, Japan due to the 2011 off the Pacific Coast of Tohoku earthquake. 

Therefore, the need to develop a low cost technique to prevent earthquake 

induced damage is essential. This study evaluates the use of scrap tire derived 

material (tire chips) to protect quay walls and houses from earthquake induced 

damage. Tire chips were chosen due to its characteristic such as permeability, 

compressibility and flexibility which can be exploited to be an excellent 

earthquake resistant material. Besides that, the selection of tire chips was also 

to fulfill the community responsibilities to encourage material recycling 

instead of thermal recycling. Therefore, by using tire chips as part of 

reinforcement material, we will not only able to protect structures from further 

damage due to earthquake but also able to preserve the environment. 

 

The primary objective of this research is to make clear the 

improvement mechanism of tire chips when being installed as either vertical 

inclusion behind quay wall or horizontal inclusion beneath shallow foundation 

to mitigate liquefaction and to increase deformation resistance of soil. In order 

to achieve the primary objective, numerical analyses were conducted upon 



 

123 

quay wall and shallow foundation models with reinforcement. The specific 

conclusions which can be drawn from the entire research are as follows; 

6.1.1 Vertical reinforcing inclusion 

1) The failure of the unprotected quay wall model was due to the severe 

tiltation and subsequent soil subsidence due to soil liquefaction. The 

failure trend of the unprotected quay wall is found similar with studies 

conducted by other researchers. Installation of vertical reinforcing 

inclusion made of tire chips behind quay wall has dual functions which 

are as protection to reduce wall tiltation and as liquefaction prevention. 

The tiltation of the quay wall is found to be reduced in the case of 

vertical inclusion of tire chips cushion placed next to quay wall. The 

flexibility of the tire chips ensures that the wall did not experience 

excessive tiltation when been subjected to earthquake motion unlike in 

the case of unprotected quay wall. 

 

2) Installation of cushion made of tire chips behind quay wall, may 

reduce the risk of liquefaction within backfill. However, the cushion is 

only able to mitigate soil liquefaction within limited area only. In the 

case where liquefied of far filled backfilled, only cushion as the 

reinforcing technique was insufficient. Therefore, the additional 

vertical drains made of tire chips placed behind the retaining wall 

reduced the risk of soil liquefaction within this area.  

 

3) The presence of vertical drains made from highly permeable material 

such as tire chips within the backfill ensures that the pore water 

pressure did not increase rapidly during the maximum acceleration of 

the earthquake. Instead, the excess pore water pressure increased 

gradually throughout the simulation time. 

6.1.2 Horizontal reinforcing inclusion 

1) Although that the utilization of tire chips as vertical inclusion behind 

retaining wall gained improvements in reducing earthquake-induced 
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damage, such a contradict result obtained when only tire chips were 

use as horizontal inclusion beneath foundation. Due to the highly 

compressible characteristic of this material under compression load, 

the utilization of this material inside soil beneath shallow foundation is 

unsuitable. Therefore, the mixture of tire chips and gravel which used 

together with geogrid is proposed. This study also found that some 

distance between the reinforcement layer and the base of the shallow 

foundation should be kept and it depends on the area of the 

reinforcement involved. The width of the reinforcement area of 2B and 

3B gives approximately same effects in order to minimize the 

settlement of the foundation under static load. 

 

2) The mechanism of the settlement reduction achieved by the proposed 

horizontal reinforcement layer made from tire chips can be explained 

through numerical simulation. The horizontal reinforcement layer is 

able to transfer and distribute the foundation load over a wider area and 

thus reducing the stresses and strains beneath the shallow foundation. 

 

3) The results obtained from numerical analyses were found to be 

approximately similar to the results gathered from the experimental 

testing except for the case which the inclusion layer was placed in 

between sand layers with different relative densities.  

 

4) More settlement was recorded during the laboratory testing due to the 

insufficient of compaction of the upper sand layer. From the numerical 

analyses, it is found that the upper sand layer is probably in loose 

condition (with relative density of 30%). 

 

5) In addition, the horizontal inclusion layer is also able to mitigate soil 

liquefaction which is expected to occur in the case without the 

presence of the inclusion layer. Moreover, this reinforcing technique is 

also found to be safe from liquefaction when subjected to seismic 

motion which 1.5 times greater than one recorded during the 1995 

Hyogo-ken Nanbu earthquake. The reduction in final settlement of the 
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foundation is also can be achieved by load distributing mechanism 

which distributing loads to wider area. 

 

6) The amount of scrap tires needed in the execution of the projects (quay 

walls and shallow foundation reinforced with tire chips) also has been 

estimated in this study. It shows that the utilization of tire chips in such 

projects is able to give significant impact in contributing to material 

recycling. 

6.2 Future work 

 The study presented in this dissertation has proved the deformation 

mechanism of vertical and horizontal tire chips reinforced inclusion subjected 

to static and dynamic loads. The application of an advanced material model to 

simulate liquefaction behavior also has been verified. However, there are still 

many areas to be explore within the subject matter. The following suggestions 

are therefore, made for future research on vertical and horizontal reinforced 

inclusion by using waste materials. 

1) The effectiveness of the proposed reinforcing configuration has been 

discussed in terms of deformation reduction and pore water pressure. 

Several other parameters which is also very important but not been 

highlighted such as the reduction in earth pressure and accelerations 

response should be considered so that the knowledge on the 

mechanism can be further understood. 

 

2) Mega earthquake is predicted to occur in Japan in the near future. In 

some area, preparations were made in order to strengthen structures 

especially the one which located near the coastline which are predicted 

to be affected due to the earthquake. Therefore, numerical models of 

quay wall and shallow foundation may be subjected to other artificial 

earthquake which varies in frequencies to know the maximum ability 

of the technique in sustaining the impacts. 
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3) Failure mechanism of shallow foundation during the 2011 off the 

Pacific Coast of Tohoku earthquake may be more precise and 

reflective if conducted by using in-situ data. Collection of data which 

involve the geotechnical properties of in-situ soil as well as the 

geometries of the affected house should be gathered if possible to 

further understand the failure mechanism. 

 

4) The utilization of low cost and easily available material (scrap tires) in 

construction has a lot of advantages. Tire chips which were used in the 

experimental evaluation have no steel fibers. Steel fibers have been 

removed from the scrap tires prior to the testing. Lack of research has 

been conducted using tire derived material with the presence of the 

steel fibers. Therefore, in the future, tire derived material with steel 

fibers might be used to study the possibility effects of this element. 


