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Abstract 

   Utilization of waste materials and creating innovative methods to reduce the adverse effects 

of soft soils minimizes the cost of over design building foundations and also reduces their 

influence on the ecosystem. The low shear strength of soft soil causes uneven settlement of 

structures like road pavements and embankments built on such kind of soils. This study 

describes how a combination of cement and finely shredded paper is used to stabilize soft soils 

especially with high water content. As the number of research that evaluate the effect of finely 

shredded paper on soft soil improvement was limited, a comprehensive attempt has been made 

on soft soils reinforcement using finely shredded paper to enhance their engineering properties 

and minimize the consumption of stabilizers like cement and lime. A series of tests were 

conducted to quantify the improved consistency characteristics, shear strength of treated soils 

and hydraulic conductivity of reinforced soft soil. 

   Finely shredded paper has been preferred as a new ground-improvement material for high 

water-content clay. This material is effective for reducing fluidity and for enhancing the shear 

strength of treated clay. In this study, not only the changes in the physical, mechanical, and 

hydraulic properties of clay treated with different amounts of FSP, but also the basic properties 

of the FSP itself, are experimentally examined. FSP shows an intertwisted structure caused by 

the fibers having various lengths and thicknesses. FSP also shows low bulk density, a rich water-

absorption capacity, and shear resistance even under wet conditions. Due to these characteristics 

of FSP, clay treated with larger amounts of FSP exhibits a more aggregated structure, resulting 

in the maintenance of a solidly built structure even under low bulk-density and high water-

content conditions. In addition to the low bulk density of the treated clay, the creation of 

concentrated seepage paths, related to the rich water-absorption capacity of FSP, leads to the 

higher hydraulic conductivity of the treated clay. Clay treated with FSP exhibits a greater 

amount of consolidation than pure clay, whereas the void ratio converges to a similar value 

between the treated clay and the pure clay as the normal stress is increased. The shear resistance 

of clay treated with FSP is enhanced because FSP retains its shear resistance even at high water 

contents. 

   However, when the water content of the clay soil is extremely high, it is difficult to reuse the 

dredged soil as a geomaterial only by treating it with FSP. Therefore, this study aims to 

investigate the applicability of treated dredged clay soil with FSP and cement as a geomaterial. 

The mechanical properties of the treated soil were investigated by uniaxial compression tests 

and cone penetration tests. The results showed that the combination of FSP and cement not only 

increased the uniaxial compressive strength and the cone index of the treated mud, but also 

improved its brittleness. This is thought to be due to the reinforcement effect of the FSP fibers 

in addition to the reduction of apparent free water in the mud which is affected by its high-water 

absorbing capacity. The free water also facilitates the dissociation of hydration process during 

chemical reaction with cement which form binding gel that binds clay particles and clay 
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particles with FSP fibers. So, reducing the cement amount and adding more FSP is a good 

method to improve ground with low impact on the environment as reduction of cement content 

due to the inclusion of natural fibers can lead to a lower carbon footprint associated with cement 

production. 

The numerical modelling of a soft ground modification technique utilizing combined finely 

shredded paper and cement to reinforce embankment constructed on top of multilayer soil that 

consists soft soil was simulated. To investigate the influences of the treatment thickness on the 

embankment characteristics, a series of finite element analyses (FEA) was conducted on the 

full geometry of a finely shredded paper, and cement treated embankment. The treated soil 

section thickness varied in a range of 0.25 m to 1.0 m which is that integrated into the 

embankment and modelled into 1.0m width (i.e., longitudinal) road cross section. The 

numerical results reveal that an increase in the treated soil thickness significantly improved the 

vertical deformation of the subgrade soil, which clearly improved the stability of the 

embankment system. 

  This research gives a promising technique of utilizing as an environmentally friendly additive 

for treating soft soils, specifically in combination with cement for treatment of low shear 

strength and problematic soft ground sub surface of road structure. 
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Chapter 1  

Introduction 

 

1.1 Background 

   Soft soil poses a significant challenge to infrastructure development and maintenance. 

Infrastructure, including buildings, roads, bridges, railways and other essential facilities, is 

the backbone of modern society. However, when these structures are built on or near soft 

soils, several problems can occur. One of the most critical issues is the potential for uneven 

settlement and subsidence of the structure. Soft soils have a low shear strength and high 

compressibility, meaning that they are more likely to undergo significant vertical 

deformation and failure under the weight of a given infrastructure (Liu et al., 2023).This 

uneven settlement can result in structural damage, tilting, and misalignment, compromising 

the safety and functionality of the structure and built environment (Zaini et al., 2021). 

Soft soils also exert lateral earth pressure on retaining walls and foundations, increasing 

the risk of structural instability and failure. The challenges extend to environmental 

concerns as well, as construction on soft soils can disrupt sensitive ecosystems like 

wetlands and marshes, necessitating careful environmental assessments and mitigation 

measures. In addition, the poor drainage characteristics of soft soils can lead to 

waterlogging and increased pore water pressure, further weakening the soil and affecting 

the stability of infrastructure where appropriate stabilization measures are essential to 

counterbalance these advert effect. 

Soft soil stabilization with cement and fibers is a widely studied topic in the current 

geotechnical engineering research outlets. The use of binders, such as cement, in soft soil 

stabilization is a common method to increase the interfacial bonds between soil particles 

(Ghadir & Ranjbar, 2018)  However, the addition of fibers to cement-stabilized soil has 

been found to further enhance its mechanical properties. Research has shown that the 

inclusion of fibers in cement-stabilized clay soil can increase the engineering properties 

like unconfined compressive strength and axial strain at failure, transforming the brittle 

behavior of the soil to a more ductile one (Estabragh et al., 2012). 

Different types of fibers, such as nylon and polypropylene, have been investigated for 

their effectiveness in improving the strength of fiber-reinforced and cement-stabilized soft 

clay (Mu et al., 2015). The interfacial shear strength between the fibers and the soil matrix 

has been found to play a crucial role in the overall performance of the stabilized soil (Tang 

et al., 2010). In addition to improving the mechanical properties of cement-stabilized soil, 

the addition of fibers can also affect the microstructure of the soil. Studies have shown that 
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the inclusion of basalt fibers in cement-stabilized soil can lead to the formation of a stable 

space structure inside the soil, resulting in a remarkable improvement in unconfined 

compressive strength (Cao et al., 2019). The combination of cement and fibers has also 

been investigated for its effectiveness in stabilizing other types of soils. For example, the 

use of cement and fibers in stabilizing sand has been proposed as a method to increase the 

bearing capacity of spread foundations when placed on a layer of fiber-reinforced cemented 

sand built over a weak residual soil stratum (Consoli et al., 2009). Utilization of natural 

fibers like rice straw, corn silk, rice husk on cemented sludge by carrying out strength, 

hydraulic conductivity and durability test shows that fiber inclusion significantly improves 

the cemented sludge soil (T. N. Duong et al., 2019). The field application of fiber treated 

soft soil in some projects in Japan are shown in Figure 1.1 (Phan Thanh Chien, 2019a) . In 

Kyoto University the treatment of soft soil with finely shredded (FSP) natural fiber started 

back in 2016 (Sawamura et al., 2017) discovered that, the high-water absorption capacity 

of this additive desaturates the muddy soil with excess free water between clay particles 

which increased the transportability of muddy soil. 
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Construction of Sewerage Pipe in Obanazawa City in Yamagata Prefecture

Construction of River Bank in Hamao Area in Fukushima Prefecture

Construction of Public Utility Conduit in Sendai City in Miyagi Prefecture
 

Figure 1.1: Projects which applying Fiber-cement-stabilized soil method (Phan Thanh 

Chien, 2019) 

 

In Overall, the research on the stabilization of soft soil with cement and natural fibers 

has demonstrated the potential to significantly improve the mechanical properties of the 

soil. The inclusion of natural fibers in cement-stabilized soil can enhance a promising 

technique for geotechnical applications. Moreover, as the waste papers is a huge burden on 

the environment and safe disposal is mandatory to protect the ecosystem from pollution, 

finely shredded paper is a helpful fiber for treatment. Very useful characteristics of finely 

shredded paper like treatment mechanism and applicability at soft ground as an additive 

with and without cement is not clearly investigated. 
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1.2 Objectives 

   As the high-water content clay soil from construction sites in metropolitan area is a major 

challenge, our research team conducts and evaluate the influence of finely shredded paper 

(FSP) on transportability and the shear strength properties of high-water content clay soil 

constitutes another pivotal aspect of this research. Through a systematic investigation 

involving varying proportions of FSP (ranging from 0% to 20%), the study aims to properly 

show impact of FSP inclusion on the clay soil's shear strength characteristics. In addition, 

these parameters are clearly evaluated when FSP combined with cement at different water 

cement ratio. This investigation holds paramount significance in advancing our 

understanding of sustainable high water content clay soil stabilization techniques and 

facilitating the development of environmentally friendly and makes the waste reusable. 

One of the study’s aims is intricately unraveling the mechanism underpinning the effect 

of water content and density on fine shredded paper (FSP) constitutes a critical 

understanding of this study. Employing direct shear box tests that span a spectrum of void 

ratios and moisture contents of (ranging from 3.3 and 5.1) and (ranging from 0% to 200%) 

respectively, the research endeavors to decipher the intricate interaction between FSP 

specimen’s void ratios, normal stress, and moisture levels. The result of this investigation 

clarifies the potential mechanism of FSP treatment during the stabilization process. 

Soft soils, challenging for their problematic behavior, undergo a comprehensive analysis 

through a multifaceted approach involving treatment with both finely shredded paper (FSP) 

and cement. This study makes a detailed examination of both physical and mechanical 

properties of the treated soft soils. By determining parameters like linear consistency, 

hydraulic conductivity and unconfined compressive strength characteristics aims to unlock 

the potential of FSP and cement as stabilizing agents for these kind soils. The outcomes of 

this investigation are ready to clarify the viability of these treatments and gives methods 

for sustainable and effective soil stabilization strategies, thus mitigating the challenges 

posed by extensive soft soils in different infrastructure construction projects. 

In this study after determination of the properties of treated soil on laboratory scale a 

practical application of the findings, the study shifts its focus to the performance evaluation 

of soil treated with finely shredded paper (FSP) and cement as subgrade soil for road 

construction. By utilization of finite element method within the PLAXIS 3D program, the 

research simulates field conditions by taking a case study of roads connecting small villages 

near Addis Ababa, Ethiopia. This phase of the research holds the promise of translating 

theoretical insights into tangible benefits for infrastructure development. By assessing the 

deformation and settlement characteristics of the untreated and treated soil, by considering 

the effect of thickness of the stabilized subgrade soil with incorporating FSP and hydrated 

cement treatments into actual road construction projects. Overall, the specific objectives of 

this study are shown as follows: 
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❖ . To evaluate the effects of water cement ratio, additive amount and water content 

of specimen on the strength properties of soil treated with cement and finely 

shredded paper (FSP).  

❖ To investigate the effect of finely shredded paper (FSP) on the shear strength 

properties of high-water content soil water with varying amount of FSP 

(0%,5%,10% and 20% FSP). 

❖ To evaluate the mechanism of FSP treatment for high water content specimens. 

Where using direct shear box tests at varying void ratio and moisture content of 0, 

50, 100 and 200%. 

❖ To study the behaviors of soft soils treated with FSP and cement which includes 

physical and mechanical property analysis. 

❖ To evaluate the performance of soil treated with FSP and cement as subgrade soil 

using finite element method of PLAXIS 3D program. The case study which focuses 

roads on the vicinity of Addis Ababa city in Ethiopia. 

1.3 Outline of thesis 

This research consists of 6 chapters. The outline of the thesis is described as follows: 

❖ Chapter 1 is the introduction, which consists of the background of this study which 

is the problematic soil sources, definitions, problems associated with these soils and 

techniques to treat such type soils. In addition, it illustrates the objective of the study 

and research organizations. 

❖ Chapter 2 is a literature review, which provides a comprehensive literature survey 

on the problematic soil effect on the infrastructure, properties of treated and 

untreated problematic soil with cement, lime with combination of natural fibers. 

Where physical and mechanical properties are extensively evaluated. It also reflects 

the research gap in the previous studies. 

❖ Chapter 3 is treatment of high-water content soil; explain the experimental result 

used to evaluate the influence of fine shredded paper on clay slurry. The soil 

specimen prepared at varying fine shredded paper and series of experiments 

conducted to evaluate the physical (i, e, liquid limit, plasticity index, water 

absorption capacity) and mechanical properties like shear strength, one dimensional 

consolidation and hydraulic conductivity. 

❖ Chapter 4 is the mechanical properties of high-water clay soil treated with finely 

shredded paper and cement. The specimen is prepared by mixing high water content 

clay with different amounts of standard finely shredded paper and different water 

cement ratios. Cone index and uniaxial compressive strength test were conducted 
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to evaluate the performance of the treatment method and strength achieved. 

❖ Chapter 5 is the evaluation of the performance of treated subgrade soil layer; 

mainly to numerically analyze for predicting the settlement and deformation of road 

embankment constructed on different thickness untreated and treated soft soils 

using PLAXIS 3D finite element program. Parameters obtained in the previous 

chapter are used for PLAXIS 3D program simulation. 

❖ Chapter 6 is conclusion and recommendations. Presents the summary of results in 

previous chapters and conclusions with certain recommendations for future study. 
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Chapter 2 

Literature Review 

 

2.1 High water content clay 

   In metropolitan cities, coastal areas and port cities, high water content (dredged clay soils) 

are a consequence of maintaining and expanding maritime transportation networks and 

additional reclaimed land, dam, tunnels and other substructures constructions (Shi et al., 

2017).The accumulation of fine-grained sediments in navigation channels necessitates 

regular dredging operations and adjusting the subsoil profile for reclaimed land subsoil 

profile, leading to the creation of large amounts of dredged clay soil usually ended up as 

waste (Lang, Chen, & Chen, 2021; Y. Zhang et al., 2022). 

  The management, disposal and reuse of these materials are critical concerns, prompting 

researchers and practitioners to explore sustainable methods for their beneficial use. 

Similarly, inland water bodies, such as rivers and lakes, are subject to sedimentation, 

leading to the formation of dredged clay soils. Addressing the adverse effect of these soils 

is essential for maintaining waterway infrastructure, flood control, landfills problem and 

sustainable urban development. 

 

Figure 2.1: Dredging operation high water clay soil from seabed (Rinkai Nissan 

construction, 2023). 

 

The geotechnical properties of dredged clay soils pose obstacles to construction and 

development projects. The high-water content and plasticity, swelling, shrinkage, low 

strength, high compressibility and excessive settlement of these soils can lead to instability, 

high compressibility, excessive settlement, and low load-bearing capacity, making them 
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unsuitable for direct use as construction materials (Lang, Chen, & Duan, 2021; Onyekwena 

et al., 2023). 

However, the application of innovative geotechnical techniques, such as cement soil 

stabilization and other soil improvement methods, offers promising solutions to transform 

these problematic soils into suitable construction geomaterials. By introducing 

cementitious binders and reinforcing fibers, the physical and mechanical properties of 

dredged clay soils can be significantly enhanced, rendering them suitable for foundation 

support, embankment construction, and other infrastructure applications that reduce burden 

on the scarcity of landfills in major cities due to population growth (Chan & Abdul Jalil, 

2014; Wu et al., 2022). 

2.1 Reutilization of high-water content clay 

   When the population increases in major metro polytan cities nowadays damping sites are 

scarce (Çevikbilen et al., 2020)  Where the reutilization of dredged soils presents a 

significant opportunity for sustainable land management and environmental stewardship in 

such kinds of cities. Dredging activities often yield large volumes of sediment and soil, 

which can be repurposed for different useful applications. By treating and reusing these 

materials, we can reduce the need for conventional disposal methods, such as landfilling or 

open water disposal, which can have negative ecological impacts on the environment. 

Reutilization options encompass a wide range of possibilities, including habitat restoration, 

shoreline stabilization, wetland creation, land reclamation as shown in Figure 2.2 and even 

agricultural or landscaping uses. As (Sugimura et al., 2022) reported that among the 

159,500,00m3 dredged soils produced in Japan in 2019 majority of this waste reused for 

land reclamation as shown in Table 2.1. In addition, 5.9% used for backfilling of borrow 

pits and 12.9% goes to seagrass meadows, macroalgal beds and tidal flats. 

  Careful assessment of the sediment's composition, contamination levels, and potential 

applications is essential to ensure that reutilization efforts are carried out in an 

environmentally friendly manner (MLIT, 2017). Embracing the reutilization of dredged 

soils not only minimizes waste and conserves valuable resources but also contributes to the 

enhancement of ecosystems and the promotion of sustainable development practices. 

 

Table 2.1: Amount of dredged soil and its utilization in Japan (Sugimura et al., 2022) 

Parameters Value 

Annual amount of dredged soil 159,500,000 m3 

Utilization rate for backfilling borrow pits 5.9% 

Utilization rate for seagrass meadows, 

macroalgal beds, and tidal flats 
12.9% 

Utilization rate for land development 53.2% 
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(a) (b)

 

(a) Aerial photo of Tokyo Haneda airport (b) Aerial photo of Kansai airport 

Figure 2.2: Man made Island by stabilizing dredged soils for airport in Japan (Watabe & 

Sassa, 2015). 

 

2.2 Mechanism of treatment of dredged marine clay 

2.2.1. Cement treated dredged soil 

   The Many solidification techniques for mixing dredged soil with cement have been 

developed in order to successfully utilize the dredged soil (Shinsha & Kumagai, 2018). 

When cement is combined with clay, a series of intricate chemical reactions unfold, playing 

a pivotal role in changing the properties of the resulting mixture. These reactions, explained 

in equations (2.1) to (2.3), can be categorized into two major significant processes. Initially, 

cement experiences a primary hydration reaction (John & Lothenbach, 2023) at an early 

stage. During this early phase, the cement reacts with water to initiate the formation of 

primary cementitious compounds. This reaction leads to an initial increase in strength and 

is accompanied by the drying out of the soil-cement amalgamation processes. Consequently, 

the mixture begins to solidify as primary cementitious products form, contributing to the 

overall robustness of the resulting matrix. 

Subsequently, a secondary pozzolanic reaction takes place, also named solidification 

(Phan Thanh Chien, 2019b).This intricate chemical transformation transpires between the 

cement and the clay minerals, fostering a more intricate bond in the composite as shown in 

equation (2.1) to (2.6). This reaction is particularly essential between the cement and the 

silica and alumina components present in the clay. The outcome of this reaction is the 

generation of cementitious materials hydrate compounds in the form of calcium-silicate-

hydrates and calcium-aluminate-hydrates (Rachman et al., 2021). These newly formed 

compounds further enhance the binding properties of the mixture, contributing to its overall 

strength and durability of the soil matrix in general. 
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❖ Hydration of Portland cement is given in the following equation (Rachman et al., 2021). 

 

2(3CaO. SiO2)  + 6H2O → 3CaO. 2 SiO2. 3H2O + 3Ca(OH)2 (2.1) 

2(2CaO. SiO2)  + 4H2O → 3CaO. 2 SiO2. 3H2O + Ca(OH)2 (2.2) 

3CaO. Al2O3   + 12H2O + Ca(OH)2  →  3CaO. Al2O3 . Ca(OH)2. 12H2O (2.3) 

Where, 2(3 CaO.SiO2) is tricalcium silicate, H2O is water,  

           3CaO.2SiO2.3H2O is calcium silicate hydrate (CSH),  

            3Ca (OH)2 is calcium hydroxide and  

            3CaO.Al2O3.Ca(OH)2.12H2O is. Calcium aluminate hydrate (CAH). 

❖ Pozzolanic reaction of Portland cement and clay minerals (Chian & Bi, 2021; Jing et 

al., 2022; Kitazume, 2013; Xiaoyuan et al., 2019; Zhu et al., 2009) 

Ca(OH)2      →     Ca2+ + 2OH− (2.4) 

Ca2+ + 2OH− +   SiO2(clay silica)    →        CSH (2.5) 

Ca2+ + 2OH− +   Al2O3(clay almunia)    →     CAH (2.6) 

   The main act however, of hydration and pozzolanic reaction process contributes 

solidification of the dredged clay soils, however the stabilization process affected by 

different factors like the properties of soils mixed with cement, cement content, water-

cement ratio, curing conditions, and environmental conditions (Chian & Bi, 2021; Hoang 

et al., 2020; Kitazume, 2013). One of the most fundamental factors influencing the strength 

of cement-stabilized soil is the amount and type of cement used in the mixture (Ho et al., 

2020; Vinoth et al., 2018). Higher cement content generally results in greater strength, as it 

provides more binding agents for solid soil particles. The type of pozzolanic materials 

chosen also matters; Portland cement and other different cementitious materials like 

hydrated lime can impact the rate of hydration and the resulting strength. Properly selecting 

and evaluating the right type and amount of cement is essential for achieving the desired 

strength and durability. 

The water-cement ratio plays a critical role in cement hydration and strength 

development during hydration and solidification process. Previously water content used for 

mixing cement-treated soils and the water/cement ratio in cement-treated soils studied by 

(Y. Liu et al., 2019). Too much water can lead to excessive dilution of the cement paste, 

weakening the binding effect and has unsuitable workability. Conversely, too little water 

can hinder proper hydration process. Finding the optimal water-cement ratio is essential to 

ensure complete cement particle activation and efficient bonding between cement and solid 

soil particles. Adequate curing is indispensable for developing optimal compressive 
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strength in cement-stabilized soil. Proper curing involves maintaining controlled moisture 

and temperature levels over a specified time period (Chaiyaput et al., 2022; Kampala et al., 

2021) that insufficient curing may result in incomplete hydration and reduced pozzolanic 

effect. Adequate curing enables the cement particles to form strong bonds and crystalline 

structures, enhancing the matrix composite’s overall strength and durability. 

The inherent properties of the soil greatly influence the strength of cement-stabilized 

mixtures soils (Chian et al., 2017; Chian & Bi, 2021; Kitazume, 2013; Nadeem et al., 2023; 

N. B. Vu et al., 2022). Clay-rich soils tend to respond well to cement stabilization due to 

their fine particle size, which offers increased surface area to volume ratio for bonding. In 

contrast, sandy soils might require adjustments, such as modifying particle size distribution 

or adding pozzolanic additive materials, to achieve comparable strength enhancements. 

Similarly adequate compaction is essential for optimizing the density and strength of 

cement-stabilized soil. This ensures that cement particles are evenly distributed throughout 

the soil matrix, increases strong interlocking tendencies and reduces voids. 

T. B. Vu et al. (2023) evaluated the curing condition, soils under sealed conditions, 

drying conditions greatly increased the UCS of soils treated with cement, regardless of the 

cement type, cement content, soil type, or age. Generally speaking, the UCS of specimens 

dried under different conditions was 1.3–2.5 times more than it was under sealed curing 

conditions. Considering the amount cement content, an increase in cement content shows 

the unconfined compressive strength and elastic modulus of the soil specimens treated with 

cement were clearly increased. In his study the three different cement Vissai Cement, 

Chinfon Cement, and Nghi Son Cement all performed differently when it came to 

enhancing soft soils. Vissai Cement outperforms others as shown in figure 7. When the 

sealed setting considered for failure mode, the cement-treated soil samples displayed a 

ductile failure mode, whereas when dried, they displayed a brittle failure mode. Regardless 

of cement amount and curing circumstances, the cement-treated black sandy clay 

specimens had lower unconfined compressive strength and elasticity than the cement-

treated yellow clay specimens due to its fine clay particles as shown in Figure 2.3. The 

Dredged soils which are treated with cement are commonly used across the world, 

especially in offshore areas. Back in 2000 In Japan 8.6 million m3 of construction fill 

material to build Chubu International airport as report by (Yamashita et al., 2020). 
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Figure 2.3: Effect of curing condition on UCS of cemented soils at 28 days (T. B. Vu et al., 

2023). 

 

2.2.2. Natural fiber stabilized dredged soils 

   The utilization of a high amount of pure cement for soil improvement, while offering 

increased strength and stiffness due to cementing caused by pozzolanic reactions, presents 

certain drawbacks. The manufacture of cement emits greenhouse gases, especially carbon 

dioxide, which increases the rise of environmental pollution concerns (Flatt et al., 2012; D. 

Wang et al., 2019) resulting from high cement usage. Furthermore, the high energy 

consumption and depletion of resources are associated with cement production. In addition, 

the cost implications of using high amounts of cement, especially in the context of 

escalating prices of cement and other binders, have contributed to increased construction, 

restoration, and maintenance costs for infrastructure development. As a result, it is 

important to investigate ecologically sound alternative green binders that can substitute for 

cement in the context of soil solidification (Feng et al., 2023). This pursuit is crucial for 

advancing a low-carbon economy and fostering sustainable societal progress. Treating 

dredged clay soils by addition of fibers has gained significant attention in recent years. 

      However, soil improvement by incorporating random inclusions of fiber, such as straw 

and hay, into mud blocks to create reinforced building blocks was started during ancient 

civilization. For instance, the Great Wall of China, where branches of trees were used as 

tensile elements, and the ziggurats of Babylon also showcased the use of woven mats made 

from reeds to strengthen the soil stands as one of the earliest examples of reinforced earth.  
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These ancient constructions demonstrate the recognition of the concept of fiber 

reinforcement over 5000 years ago (Hejazi et al., 2012). However, the idea and principles 

of soil reinforcement were initially established by  (Vidal, 1969), who demonstrated that 

incorporating reinforcing elements into a soil mass enhances its shearing strength. 

Subsequently, the use of fibrous materials for enhancing the engineering properties of soils 

has seen an uptick, imitating past practices (Hejazi et al., 2012). These fibers can be 

synthetic fibers, such as nylon, polypropylene, polyester, and glass fibers (Gao & Zhao, 

2013) or natural fibers, such as coir, jute, sisal, and wheat straw fibers, have been proven 

to be effective for soil reinforcement used for soil stabilization (Arifin, 2022).   Natural 

fibers are organic materials derived from various plant sources and possess inherent 

mechanical, physical, and chemical properties that make them suitable options for soil 

stabilization applications for construction projects. Some of the natural fibers utilized 

previously are coconut fibers, jute fibers, straw, hemp fiber, sisal fibers, kenaf fiber, 

bamboo, and others. While modern alternatives like concrete, glass-fiber/resin composites, 

steel, and plastics are available, there continues to be a significant demand for naturally 

occurring materials in various applications because of their affordability along with 

desirable attributes such as durability, strength, heat resistance capabilities, and fire-

resistance characteristics (Nazir et al., 2023). Natural fibers can be categorized into three 

main groups based on their origin: (i) plant-based fibers like bamboo, jute, coir, hemp, etc., 

(ii) animal-derived fibers containing protein such as silk, hair, wool, etc., and (iii) mineral-

based fibers. Among these categories, there is a growing interest in utilizing plant-based 

fibers for geotechnical purposes due to their availability and suitability for large-scale 

applications (Gowthaman et al., 2018).  

 

Figure 2.4: Natural fiber incorporated in soil reinforcement (Gowthaman et al., 2018) 
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Table 2.2: Amount Summery of plant additive effect for soil improvement 

▪ Fiber type 
Amount 

used (%) 
▪ Advantage References 

▪ Bamboo 0-5 

▪ Enhance thermal stability, weather 

resistance prevention of water 

ingress, Prevention of microbial 

degradation. 

(Fard et al., 2022; 

Javadian et al., 2016; 

X. Wang et al., 2020) 

▪ Jute fiber 5-20 

▪ Increase surface roughness of fiber. 

▪ Increase strength, decrease water 

absorption. 

▪ Prevention of water ingress, 

prevention of microbial degradation. 

 (Lee et al., 2017; J. 

Zhang et al., 2021) 

 

Sisal fiber 

 

 

10-40 

▪ Modification of fiber cell wall as 

hydrophobic, increase rigidity and 

roughness of fiber.  

▪ Reduce hydrophilic tendency. 

(Asim et al., 2018; 

Ibrahim et al., 2016; 

Y. Wu et al., 2014) 

Waste 

coffee 

beans 

1-20 

▪ Increased tensile strength and 

young’s modulus 

▪ Improved compressive strength. 

▪ Increased porosity, water absorption 

capacity & firing temperature. 

(Sarasini et al., 2018; 

Sena Da Fonseca et 

al., 2014) 

 

 

 

2.2.2.1. Bamboo fibers 

   Bamboo fibers have emerged as a sustainable and innovative solution for soil stabilization, 

especially in areas prone to erosion, slope failures, and other forms of land degradation. 

The use of bamboo fibers in soil stabilization processes presents exceptional advantages, 

primarily rooted in their exceptional mechanical properties and environmentally friendly 

nature. When mixed with soil, bamboo fibers create a reinforced matrix that enhances the 

soil's cohesion, shear strength, and load-bearing capacity by interlocking the fine clay soil 

particles (Koga et al., 2016) reported that addition of bamboo fibers for high water content 

clay soils increases the cone index properties of the mix by adding 5% to 90% fiber amount 

as shown in Figure 2.5. 
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Figure 2.5: Relationships between bamboo content and cone index qc of treated soil (Koga 

et al., 2016) 

 

 

Utilization of bamboo fibers for stabilization is their remarkable tensile strength and it 

also possesses impressive strength-to-weight ratios, which allows them to effectively 

distribute and resist imposed loads within the treated soil matrix. This reinforcement 

significantly reduces soil erosion and helps to prevent slope instability, making bamboo 

fiber-treated soils particularly suitable for road embankments, retaining walls backfills, and 

other construction infrastructure projects. This is shown from the study of (Kanayama & 

Kawamura, 2019) results of the unconfined compression test showed that the compressive 

stresses in all samples tended to rise as the proportion of bamboo fiber increased. Where 

the highest compressive stresses recorded for varying bamboo fiber contents (0%, 1%, 3%, 

and 5%) were 115, 108, 130, and 152 kN/m2, respectively in his report. It also shows that 

in arid conditions, the soil containing fibers exhibited reduced rigidity, but greater 

durability compared to the fiber less soil. This indicates that the addition of fiber enhanced 

the soil's ability to undergo deformation. 

Additionally, the water absorption characteristics of bamboo fibers contribute to their 

ability to form a stable bond with the clay particles. The fine powder fiber particles absorb 

water at a very high rate of 742.8% to 775.4% which shown in Table 2.2 by evaluating at 

different initial water content and absorption time using 1g of dry bamboo fiber using 

equation 2.7 (Kanayama & Kawamura, 2019). As the fibers absorb moisture from the 

surrounding soil, the swell characteristics are reduced and make intimate contact with the 

clay particles. This bonding effect helps to create a reinforced network within the soil 
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matrix, contributing to enhancing its mechanical properties and overall stability. When the 

soil dries out, the bamboo fibers release the absorbed water, but they still maintain a degree 

of interlocking with the clay particles, contributing to a stiffer, resilient and cohesive soil 

structure of treated clay soil. In general, the addition of bamboo fibers increases the ultimate 

load bearing capacity of soft soils up to sixfold compared to conventional soil (Nazir et al., 

2023). 

C𝐴𝑟 =
𝑚𝑤

𝑚𝑏
∗ 100 (2.7) 

Where Ar is the water absorption rate, mw is the mass of absorbed water in the bamboo fiber, 

mb is the dry mass of the bamboo fiber used in the experiment in this study which is 1g. 

 

Table 2.3: Water absorption test of bamboo fiber (Kanayama & Kawamura, 2019) 

Initial Water Content 

in Bamboo Fiber (%) 

Absorption Time 

(min) 
Water Absorption Rate, Ar (%) 

0 
1 775.4 

1440 772.3 

10 
1 751.5 

1440 742.8 

 

2.2.2.2. Jute fibers 

   Jute fibers are another promising material that can be utilized as dredged soil reinforcing 

materials by researchers and engineers which is widely grown, cost-effective, 

commercially available. In the research conducted by (Ghosh et al., 2017), jute fibers were 

found to offer several advantages. For instance, the weft yarns of jute create successive 

obstacles along the sheet flow's route down the slope, leading to a decrease in flow velocity 

at each crossing point. Additionally, the fabric's pores facilitate improved water absorption, 

by its temporary pooling of water within these pore spaces which mainly desaturate the 

high-water content clay soils during treatment process. 

In addition, as (Nazir et al., 2023) reported the exceptional surface texture and impressive 

tensile strength have found practical employment in diverse scenarios. For instance, they 

have been employed in tasks such as enhancing the solidity of loose soil, crafting roads in 

less-developed regions, safeguarding riverbanks, strengthening embankments, controlling 

erosion, and slope stability management. It also shows incorporating jute fibers leads to 

enhancements in the structural and fracture characteristics of clay modified starch 

composites. Moreover, the introduction of 15% optimum jute fibers content results in a 

notable 20% increase in tensile strength and a remarkable 37% boost in modulus for 

composites composed of polyethylene and nano-clay additives (Hossen et al., 2015). 
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2.3. Cement and natural fibers stabilized dredged soils 

   Separately both cement and natural fibers can reinforce the dredged clay soils 

significantly as discussed, the above sections. But the effect of the combined utilization of 

cement and natural fibers makes the balance for efficient treatment, cost effective and 

environmentally friendly. (J. S. Li et al., 2023a) studied the usage of straw fiber (SF) as 

natural reinforcements for cement-stabilized DS (CDS) in their research. They performed 

a range of unconfined compressive strength (UCS) experiments to investigate how factors 

such as cement amount, fiber quantity, fiber size, water content, and curing time influence 

the enhancement of strength and the stress-strain behavior in the context of fiber-reinforced 

cement-stabilized dredged soils (CSFDS) which explained as follows: 

 

(a)
(c)

(b) (d)

 

Figure 2.6: The effect of (a) water content (b) PC cement amount (c) fiber length (d) fiber 

amount on cement (CDS) and fiber (CSFDS) treated dredged soil (J. S. Li et al., 2023). 

 

The first is the effect of water content, that the impact of varying water levels on the 

unconfined compressive strength (UCS) of CSFDS is shown in Figure 2.5 (a), while the 

UCS of CDS is provided for comparison. It is observed that the UCS values for both 

CSFDS and CDS declined as the water content increased. If we considered the 28-day UCS, 
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when the water content increased from 50% to 90%, the UCS of CSFDS and CDS 

decreased by 80.2% and 74.4% respectively where UCS of CDS was generally higher than 

that of CSFDS. Three main reasons were responsible for the strength decrease with 

increasing water content. The reduction in strength with elevated water content was 

attributed to three primary factors. As (J. S. Li et al., 2023a; Yang & Du, 2021)  studied the 

first one is the augmentation in water content weakened the capacity of cementitious 

materials to create and solidify, thereby leading to a reduction in the adhesive strength 

among cemented soil particles. The other is the gap between soil particles widened as water 

content increased, reducing the compactness of cementation within the specimen (L. Liu et 

al., 2019; Yin et al., 2019) The third reason which is studied by (J. Li et al., 2014), water 

acted as a lubricant, causing a decrease in matric suction between soil particles as water 

content increases, consequently weakening the inter-particle cohesion. The other is the 

cement PC content as shown in Figure 2.6 (b) as strain continued to increase, the stress of 

CSFDS rose until reaching a peak value, then declined to residual stress levels. In contrast, 

following the attainment of its peak value, the stress of CDS reduced as strain increased, 

without residual stress levels being present. These observations show that when subjected 

to compressive forces, CSFDS demonstrated greater ductility and higher residual stress in 

comparison to CDS, affirming the role of fiber reinforcement in enhancing ductility 

properties. Additionally, as the PC content increased, the stress-strain behavior at the peak 

became progressively sharper, indicating an increasingly brittle characteristic of the treated 

soil. As shown Figure 2.6 (c) the effect of fiber length on the stress strain curves of CSFDS 

shows that the stress increased firstly until reaching the peak stress and then decreased to a 

residual stress level with the continuous reduction of strain. With the increase of fiber length, 

the steep drop after peak stress tended to be flat, indicating that long fiber was conducive 

to improving the ductile behavior of CSFDS soil matrix. Furthermore, residual stress of 

CSFDS increased firstly and then decreased with increasing fiber length, which is slightly 

different from the corresponding UCS evolutions with natural fiber length. By utilizing the 

SF length range of 2–5 mm, 5–10 mm and 10–30 mm, the εf of CSFDS is 2.76%, 4.62% 

and 3.15% respectively and the corresponding σmax is 452.65 kPa, 414.16 kPa. Another 

crucial aspect of fiber is the amount of fiber included in the mixture. As shown in Figure 

2.6 (d), the stress of CSFDS climbed as strain increased, reaching a peak stress before re to 

residual stress levels (J. S. Li et al., 2023a). In contrast, the stress-strain pattern of CDS did 

not imply residual stress levels, showing that the addition of fiber contributed to the 

development of a continuous load-bearing capacity after failure. As fiber content increased, 

the stress-strain behavior at the peak transitioned towards a more gradual pattern, 

suggesting that a greater amount of added fiber led to a more pronounced ductile 

characteristic. Moreover, the residual stress of CSFDS exhibited minimal change as the SF 

content increased in the treated soil matrix. 

     As Phan Thanh et al., (2018) studied the effect of incorporating rice husk and cement on 
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unconfined strength of modified sludge with different cement and water content. As shown 

in Figure 2.7 with same rice husk fiber content the failure strength increased with 

increasing the cement content and making the modified sludge more brittle. Regarding the 

combined rice husk fiber and cement inclusion were added more than the upper limit, the 

failure strength will decrease. In the comprehensive study conducted by (Phan Thanh et al., 

2018), a profound exploration was undertaken to elucidate the impact of integrating rice 

husk and cement   into the composition of modified sludge, considering variations in 

cement, rice husk fiber and water content. As shown in Figure 2.7, a noteworthy trend 

emerged where, under the same rice husk fiber content, the failure strength of the modified 

sludge exhibited a significant increament with the progressive increment of cement content. 

This intriguing finding suggested that the heightened cement presence rendered the 

modified sludge more susceptible to brittleness, potentially altering its mechanical 

properties. 

 

 

 

Figure 2.7: Failure strength and strain of rice husk and cement treated soft soil (Phan 

Thanh et al., 2018). 

 

 

Remarkably, the investigation also digs into the combined effect of both rice husk fiber 

and cement combined incorporation. It was ascertained that while the initial addition of 

these components led to an enhancement in the failure strength, surpassing a certain 

threshold of inclusion for either rice husk fiber or cement resulted in a counterintuitive 

decrease in the failure strength of in most of test cases. This phenomenon emphasized the 
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critical importance of meticulous optimization when designing composite materials, 

emphasizing that an excessive concentration of reinforcing agents could compromise the 

overall structural integrity of the modified sludge which is found for each water content. 

Thus, the study not only shed light on the intricate interplay between rice husk, cement, 

and water content but also highlighted the significance of balance and precision in tailoring 

composite formulations to achieve desired mechanical characteristics. 

Sawamura et al. (2017) discovered variations in water absorption characteristics based 

on the proportion of paper fiber-derived FSP to shredder shavings-derived FSP. 

Additionally, they observed that the shear strength of clay treated with FSP was greater 

than that of pure clay. Kida et al. (2018) determined, through flow tests and cone index 

tests, that the transportation of FSP-treated clay remained viable as long as the flowability 

had decreased to a measurable extent, even if the strength fell below the typical 200 kN/m2 

during the interparticle reinforcement process. 

 

Untreated soil Treated with FSP

 

Figure 2.8: Effect of FSP additive on flowability of highwater content clay soil (Kida et al., 

2018). 

 

However, based on the above comprehensive review, the effect of the finely shredded 

paper treatment on the different engineering properties of soft soil is not sufficiently studied. 

Moreover, the advantage of utilization of combined finely shredded paper and cement for 

the treatment of soft soil needs more detailed study. Therefore, further investigations on the 

behavior of soft soil treated with finely shredded paper or finely shredded paper with 

cement combination are carried out and presented the following chapters which aims to 

search for a practical possible solution of utilizing this ecofriendly waste in the field of 

infrastructure construction for sustainable development. 
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Chapter 3 

Effect of Finely Shredded Paper on Improving Geotechnical Properties of High 

Water-Content Clay 

 

3.1 Introduction 

   The rapid growth of the economy and population in metropolitan cities has increased the 

need for advanced infrastructure projects (Zeng et al., 2019b; Losini et al., 2021; Mei et al., 

2021; Xie et al., 2021; Silva et al., 2022) (i.e., railways, expressways, viaducts, tunnels, 

and skyscrapers) which require deep excavations (Pujades et al., 2015; Xu et al., 2018; Lyu 

et al., 2019; Zeng, et al., 2019a). These construction projects generate large quantities of 

high water-content clay due to the excavations of foundations and other underground 

structures (Anagnostopoulos, 2015; Rahgozar et al., 2018; Pongsivasathit et al., 2019; Lv 

et al., 2020; Ni et al., 2020; Abbey et al., 2021; Mei et al., 2021; Xie et al., 2021). According 

to the Japanese Ministry of Land, Infrastructure, Transport and Tourism (MLIT, 2020), it 

was estimated that around 132.63 million cubic meters of these clay soils were produced at 

construction sites in Japan in 2018. The reclamation of high water-content clay is a 

worldwide challenge due to the shortage of landfill space (Katsumi et al., 2008; Wong, 

2022). Considering the transport and reuse of the high water-content clay generated at 

construction sites, ground-improvement measures are required. 

    The traditional methods of ground improvement are dehydration, drying, and cement 

solidification. Cement solidification has been widely adopted, although a large amount of 

cement is needed for this method and the value of the pH in the improved soil increases 

during the solidification process (Japan Cement Association, 2017). In addition to 

environmental concerns, cement solidification can be costly and time-consuming 

(Khodabandeh et al., 2023). It has additional disadvantages, including decreased 

mechanical strength due to water loss, incomplete hydration during the initial stages, and 

significant plastic shrinkage. These drawbacks are especially crucial in geotechnical 

engineering applications, particularly in hot regions, as noted by Miraki et al. (2022). 

    In recent years, there has been growing interest in the use of alternative materials, such 

as plant additives and agricultural waste, due to their abundance and eco-friendliness, as 

potential alternatives for soil stabilization (Moayedi et al., 2019; Adeyanju et al., 2020; 

Bozyigit et al., 2021; Adeboje et al., 2022; Fadmoro et al., 2022; Ojuri et al., 2022; 

Khandelwal et al., 2023; Khayat and Nasiri, 2023). These materials can modify the 

properties of soil, such as the strength, stability, and water-adsorption capacity, and 
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enhance the biological activity of soil (Yang et al., 2018). Numerous studies have been 

conducted on the use of agricultural waste and plant additives for soil stabilization, and 

their effectiveness has been demonstrated in various applications. In a study conducted by 

Li et al. (2012), the use of plant-based wheat straw for stabilizing saline soil was 

investigated. It was found that the addition of plant-based wheat straw improved the 

corrosion resistance, tensile force, and elongation of the soil. In a study conducted by 

Nethravathi et al. (2018), the use of sugarcane bagasse ash (SCBA) and sawdust ash (SDA) 

for stabilizing expansive soil was examined. It was found that the addition of SCBA and 

SDA improved the strength, stability, and durability of the soil and reduced its shrinkage 

potential. Similarly, in a study conducted by Yifru et al. (2022), the use of corn straw 

biochar (CSB) for stabilizing coastal soil was examined. It was found that the addition of 

CSB improved the strength, stability, and water-adsorption capacity of the soil and reduced 

its erodibility. 

      A new ground-improving material for soil, using finely shredded paper (hereinafter, 

referred to as FSP), has been developed by a Japanese company (Growth Partners, Ltd). 

FSP can be produced from any kind of wastepaper and shows a high water-absorption 

capacity due to the cellulose component in the paper. One of the advantages of this 

technique is the immediate reduction in the fluidity of soft soil just after adding FSP to the 

soil; this result has been confirmed in some field applications, as shown in Figure 3.1 

(Sawamura et al., 2017). In addition, FSP has a low environmental impact during the 

process of improving the soft soil, because no chemical reactions occur, and it can improve 

any kind of soft soil regardless of its chemical composition. Our research group has 

examined the properties of FSP and its effectiveness in improving clay materials. 

Sawamura et al. (2017) found that there is a difference in the water-absorption 

characteristics depending on the ratio of FSP made from paper fiber to that made from 

shredder shavings. The shear strength of clay treated with FSP was higher than that of pure 

clay. Kida et al. (2018) found from flow tests and cone index tests that the transport of clay 

treated with FSP was possible as long as the flowability had decreased to where the flow 

value could be measured, even if the strength was less than the 200 kN/m2 cone index that 

is generally used for cementitious solidification treatment. Asai et al. (2022) conducted 

some uniaxial compressive strength tests, using clay specimens improved with both FSP 

and cement, in order to examine the possibility of reusing treated clay as construction 

material. 
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Before After

Add & Mix

Finely shredded 

paper (FSP)

 

Figure 3.1: Treatment of high water-content clayey soil using finely shredded paper. 

Original photos are shown in (Sawamura et al., 2017). 

 

As mentioned above, changes in the physical and mechanical properties of high water-

content clay, brought about by adding FSP, have been examined. However, the effect of 

FSP on improving the geotechnical properties of clay and the specific mechanism of the 

improvement using FSP have not been sufficiently clarified. It is important to investigate 

not only the changes in the geotechnical engineering properties of clay treated with FSP, 

but also the fundamental properties of the FSP itself, in order to confirm the specific roles 

of FSP and the mechanism of the ground improvement using FSP. This paper presents 

experimental results for FSP itself and those for high water-content clay treated with FSP, 

respectively. The former results mainly focus on the shear strength of FSP with different 

values for the water content and void ratio. The latter results focus on the changes in 

consistency, shear strength, consolidation characteristics, and hydraulic conductivity of 

clay treated with different amounts of FSP. The role of FSP in changing the geotechnical 

properties of high water-content clay is analyzed based on the experimental data, and then 

the possible mechanism of the ground improvement using FSP is discussed. 
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3.2. Materials 

    The soils used for this study are Fujinomori clay sampled from Kyoto Prefecture and 

Kasaoka clay sampled from Okayama Prefecture, Japan. These clay soils were air-dried 

and powdered before the experiment. The physical properties of the soils are shown in 

Table 3.1. It is found from this table and the Unified Soil Classification System that 

Fujinomori clay is medium plastic and Kasaoka clay is highly plastic. The other material 

used in this study is finely shredded paper (FSP), which is made from wastepaper milled in 

a grinding factory. 

(a) (b)

 

 

Figure 3.2: Finely shredded paper (FSP) used in this study: (a) picture and (b) SEM image. 

 

 

Figure 3.2 shows a picture and a SEM image of the FSP used in this study. The SEM 

image indicates that the FSP has fibers of various lengths and thicknesses, and the non-

uniformity of the fibers within the matrix is caused during the manufacturing process. 

Figure 3.3 provides particle size distribution curves for the clay materials and the FSP. As 

FSP is a material that is not typically spherical in shape, a certain method and special 

equipment are required to measure its size accurately. In this study, the particle size of the 

FSP was evaluated by the particle size test of JIS A 1204 (Japanese Industrial Standard). 

 

Table 3.1: Physical properties of clay soils 

 Fujinomori clay Kasaoka clay 

Specific gravity of soil particle 

Gs 
2.68 2.70 

Liquid limit wL [%] 48.5 54.6 

Plastic limit wp [%] 28.0 26.8 

Plasticity index Ip = wL – wp 20.5 27.8 
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Figure 3.3: Particle size distribution curves of materials used in this study. 

3.3. Experimental conditions 

   In this study, two stages of experimental work were conducted. In the first one, the 

properties of FSP, such as the water-absorption capacity and shear stress under different 

amounts of water, which probably contribute to the treatment’s effectiveness, were 

evaluated. In the second stage, changes in the consistency, shear strength, consolidation 

characteristics, and hydraulic conductivity of the clay treated with FSP were assessed. It 

should be noted that, in the second stage, Fujinomori clay was used for the experiments to 

examine the consistency, shear strength, and consolidation, whereas Kasaoka clay was used 

for the permeability tests. The experimental procedures and test conditions are presented in 

this chapter. 

The FSP treatment of high water-content clay is based on three fundamental principles. 

Firstly, it involves the water-absorption capacity of the FSP, which allows it to effectively 

absorb excess moisture from the clay, thereby reducing its water content. Secondly, FSP 

provides fiber reinforcement to clay, enhancing its mechanical properties and stability. The 

fibers interlock within the clay matrix, increasing its strength and preventing excessive 

deformation. Thirdly, FSP treatment aids in lowering the level of soil saturation in the 

ground which increases the effective strength of the soil. In the context of these particular 

experiments, saturated soil was chosen as the testing medium for the clay treated with FSP 

to simplify the experimental conditions. 
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3.3.1. Water absorption tests on FSP 

   An evaluation of the water-absorption capacity of the additive materials is important for 

estimating their application as building materials, particularly for materials with higher 

water contents, as it helps to improve their quality. Phan et al. (2021) efficiently evaluated 

the water-absorption capacity of paper sludge ash (PS ash) using a 53-μm sieve (i.e., the 

smallest sieve for which the effects of surface tension do not prevent extra water from going 

through the sieve) and a sieve shaker. The specimens were prepared by mixing PS ash and 

distilled water, using a PS ash/water ratio of 0.25, and curing them in sealed plastic zipper 

storage bags at room temperature (20±1). Curing periods were from 10 minutes to 72 hours 

based on the test cases, then transferred to a sieve (three sieves having 53 μm at the top, 

4.75 mm in the middle, and a pan at the bottom) and shaken for 10 minutes. This sieve 

arrangement was used to minimize the excess water sticking to the underside of the sieve 

and reducing the actual amount of absorbed water. Using a similar methodology, the water-

absorption capacity of FSP can be measured. However, the finer powders migrate beyond 

the sieve and the measurement of the water-absorption capacity is not precise. Therefore, 

the typical design of a suitable technique for measuring the water-absorption capacity of 

the FSP is needed. 

In this study, water-absorption tests for FSP were conducted using a non-woven polyester 

fabric bag. Figure 3.4 shows a schematic illustration and pictures of the water-absorption 

test conducted by Sawamura et al. (2017). A 500-ml beaker, a 95-mm × 70-mm bag of non-

woven polyester fabric, degassed water, and a magnetic stirrer for stirring were used for 

the water-absorption tests.  Firstly, 3 g of FSP was placed in the non-woven fabric bag, and 

the top of the bag was folded over several times and stapled. The test specimens were then 

placed in a 500-ml beaker filled with degassed water and stirred at 300 rpm using a 20-mm 

stirrer to absorb water for 24 hours. After the water absorption was complete, the specimens 

were removed from the beaker, left out at room temperature for 10 minutes, and then 

weighed. The water absorption of the FSP was calculated by subtracting the water 

absorption of the non-woven fabric from the measured value. All the water-absorption tests 

were conducted in a room with a constant temperature of 20°C, and the temperature of the 

degassed water was kept constant at 19°C. The gas that dissolved in the tap water probably 

affected the measurement accuracy of the water absorption of the FSP; and hence, degassed 

water was used in each test to maintain uniform conditions. The bulk density of the FSP 

was measured by gently pouring the FSP into a 2000-ml measuring cylinder and weighing 

it. 
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Figure 3.4: Schematic illustration and pictures of water-absorption test. 

 

3.3.2. Direct shear box test on FSP 

    To evaluate the shear stress properties of FSP at different water contents and void ratios, 

direct shear box tests were conducted. The procedure for the specimen preparation and the 

situation after shearing are shown in Figure 3.5. The air-dried FSP was mixed with 

degassed water to attain the target water content. The wet FSP was placed in a shear box, 

layer by layer, and proper compaction was applied to each layer to obtain the target density 

of the specimen. The consolidation process was conducted by applying normal stress. 

Shearing load was applied to the specimen at a constant shear rate of 1 mm per minute. The 

shear stress and dilatancy were measured during each test. Table 3.2 lists the cases of the 

FSP specimens prepared in this study. 

      The specimens were prepared with four values for the initial void ratio and four values 

for the target water content, of either 0%, 50%, 100% or 200%, after the consolidation 

process. Since the only way to measure the amount of water drainage from the FSP was to 

remove each specimen from the direct shear box, it was not only difficult to measure the 

water content of each specimen after consolidation, but also difficult to then perform the 

shear tests. In this study, two specimens, made to have the same weight as the dry FSP and 

water, were prepared for every case. One specimen was used as a reference specimen, 

namely, to estimate the exact water content after consolidation of the specimen that was 

adjusted to a target water content. The other specimen was used as a tested specimen for 

the direct shear box tests, assuming that the water content after consolidation would be 

identical between the reference specimen and the tested specimen. 
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Table 3.2: Cases of FSP specimens used for direct shear box tests 

 

Mixing FSP and water Placing FSP in a shear box Specimen after shearing
 

Figure 3.5: Specimen preparation and shearing process. 

 

3.3.3. Vane shear tests on clay treated with FSP 

   In this study, vane shear tests were conducted on Fujimori clay, in a saturated over 

consolidated state, and on Fujimori clay with FSP, under conditions in which the water 

content (void ratio) was varied in many ways. One specimen of pure Fujimori clay and four 

specimens of Fujimori clay mixed with degassed FSP were prepared. For the latter, the 

weight of the FSP was 5%, 10%, 20%, and 30% of that of the dry weight of Fujimori clay. 

In order to prepare specimens at various values of water content (void ratio) for saturated 

clay, it is necessary to consolidate each specimen by applying a load to it.    However, the 

preparation of specimens with a low water content ratio requires a long period of 

consolidation under a very large load, which means a great amount of time for the specimen 

preparation. In this study, a geotechnical centrifuge device, installed at the Disaster 

Prevention Research Institute (DPRI), Kyoto University, was used to prepare specimens 

with different water contents by consolidation under different centrifugal force fields. 

Table 3.3 shows the scaling law at the centrifugal field (Kutter, 1992). In a model 

experiment using the centrifugal device, a centrifugal force of N times gravity is applied to 

a model, 1/N in size, which can reproduce the stress condition of the ground due to its self-

Cases 

Normal 

stress 

[kPa] 

e for tested 

specimen 

w [%] after 

consolidation 

for reference 

specimen 

w [%] after 

shearing 

for tested 

specimen 

1 39.2 5.10 0, 48, 97, 198 0, 47, 94, 196 

2 39.2 3.40 0, 48, 97, 198 0, 47, 96, 191 

3 78.5 4.50 0, 47, 94 0, 45, 91 

4 78.5 3.90 0, 46, 95 0, 44, 93 
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weight. As the consolidation of soil is dominated by the flow of porewater, the 

consolidation time is reduced to 1/N2 of the actual field. In this study, therefore, the 

specimen can be consolidated using the centrifugal device with large stress and over a short 

time. 

     The standard specifies that the diameter of the sample or the internal mold must be large 

enough to provide a gap having twice the blade diameter of the vane between the shearing 

surface circumference and the external perimeter of the sample. The test procedure for the 

pure Fujinomori clay is described below. Figure 3.6 shows the specimen preparation 

procedure. 

 

Table 3.3: Scaling law at centrifugal field (after Kutter, 1992) 

 

 

 

 

 

 

 

 

 

 

 

 

 

*The diffusion time scale factor depends on whether the diffusion coefficient (e.g., 

coefficient of consolidation) is scaled. If the same soil is used in model and prototype, tdif* 

= N-2 

 

1) Add water to dry Fujimori clay to produce a clay slurry with a water content of 1.5 

times the liquid limit (Figure 3. 6a).  

2) Fully saturate the clay slurry over a period of 2 hours using a suction pump and mixer 

(Figure 3. 6b and 6c). 

3) Gently pour the saturated slurry into a PVC pipe with an inner diameter of 195.4 mm 

and a height of 300 mm (Figure 3. 6d). 

Quantity Symbol Unit Scale factor 

Length L L N-1 

Volume v L3 N-3 

Mass M M N-3 

Gravity g LT-2 N 

Force F MLT-2 N-2 

Stress s ML-1T-2 1 

Modulus E ML-1T-2 1 

Strength s ML-1 T-2 1 

Acceleration a LT-2 N 

Time (dynamic) tdyn T N-1 

Frequency f T-1 N 

Time (diffusion)* tdif T N-1 or N-2 
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4) Subject five specimens to centrifugal forces of 10 G, 20 G, 30 G, 40 G, and 50 G, 

respectively. In this way, the self-weight consolidation progresses (Figure 3.7). 

5) Prepare specimens with different values for the void ratio by consolidation in each 

centrifugal force field. 

6) Place the specimens in a room at a constant temperature of 20℃ for at least 24 hours, 

and then conduct vane shear tests (Figure 3. 7). The temperature of the specimen at the 

time of the experiment was 19℃. 

7) Measure the water content of each specimen after every test. 

 

On the other hand, the test procedure for treating the clay with FSP is described below. 

a) Add FSP of 5%, 10%, 20%, and 30% by weight to the dry Fujimori clay and mix it well 

in the dry state. 

b) Add water to the mixture of Fujimori clay and FSP to make a clay slurry containing 

FSP. The amount of water to be added and the initial water content of the clay slurry 

vary depending on the amount of FSP added due to the torque of the agitator used when 

degassing and stirring the clay slurry. Therefore, the amounts of water added were 

92.4%, 110.1%, 147.7%, and 188.4% for the initial water content in order of the smaller 

additive amounts of the FSP. 

c) After step b), make each specimen according to steps 2) to 7). 
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(d)(c)

Pouring slurry into PVC pipe

Making slurryMixing materials

 

Figure 3.6: Specimen preparation and testing procedure of vane shear test: (a) mixing 

materials, (b) making slurry, (c) degassing slurry, (d) pouring slurry into PVC pipe. 
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Figure 3.7: consolidating specimen and test locations. 

 

3.3.4. Consolidation tests on clay treated with FSP 

   Consolidation tests were conducted on Fujimori clay with different amounts of FSP 

additive to investigate the changes in the consolidation properties when FSP was added to 
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the clay. The experimental cases were pure Fujimori clay (no FSP) and a total of 10% and 

30% FSP in an air-dried state added to the dry weight of the Fujimori clay. 

..Three different cases were examined and, as in the previous section 3.3, the test specimens 

were prepared by consolidating clay slurry that had been thoroughly degassed and stirred 

in a centrifuge field. However, the consolidation was carried out at a centrifugal force of 

35 G, based on the results of section 3.3, with the goal of achieving the minimum strength 

that would allow the sampling of specimens from the consolidated clay using a thin wall 

sampler, as shown in Figure 3.8. The procedures for setting the initial water content and 

preparing the specimens are the same as those in section 3.3. Consolidation tests were 

conducted in accordance with “JIS A 1217 Consolidation test by loading in stage”, and the 

consolidation time for one stage was 24 hours. One cycle of consolidation and one cycle of 

swelling were conducted to investigate the swelling characteristics. 

 

 

Figure 3.8: Sampling saturated specimen using thin wall sampler. 

 

 

3.3.5. Permeability tests on clay treated with FSP 

   To assess the hydraulic conductivity of the clay specimens, falling head permeability tests 

were carried out following ASTM D 5084, which is a standard test method for measuring 

the hydraulic conductivity of saturated porous materials using a flexible wall permeameter. 

Figure 3.9 provides views of the procedure for the specimen preparation and the 

permeability tests. Figure 3.10 shows an overview of the setup of the permeability test 

apparatus. 

   Regarding the specimen preparation, the air-dried Kasaoka clay and air-dried FSP were 

blended thoroughly. Subsequently, the blended material and degassed water were mixed 

together for 30 minutes under suction to achieve a fully water-saturated slurry. This study 
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investigates three cases: Case-1, involving pure Kasaoka clay without any FSP additive; 

Case-2, with 10% FSP added to the treated clay; and Case-3, with 20% FSP added to the 

treated clay. The amount of water added to the blended material corresponded to 1.5 times 

the liquid limit of each case, specifically 81.3% for Case-1, 97.1% for Case-2, and 124.7% 

for Case-3. 

 

 

Consolidation

Prepared specimen

Assembly of specimen Permeability test
 

Figure 3. 9: Procedure for specimen preparation of falling head permeability test. 
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Figure 3.10: Overview of setup of permeability test apparatus. 

 

    The slurry was then placed in an odometer consolidation device with a diameter of 60.0 

mm and a height of 20.0 mm. One stage of consolidation was conducted under a normal 

stress of 60 kPa. Once the specimen was consolidated, it was positioned on the permeability 

test apparatus for the hydraulic conductivity tests. To ensure water distribution over the 

specimen, a woven geotextile was equipped at both the top and bottom surfaces of the 

specimen. Additionally, filter paper was placed on each woven geotextile. The specimen 

was covered with a rubber membrane and an acrylic cell was installed. Water was poured 
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into the cell, and 30 kPa of air pressure was applied, resulting in the exertion of confining 

pressure on the specimen immersed in water. The confining pressure of 30 kPa, which 

corresponds to an over consolidation ratio (OCR) of 2, enabled the measurement of the 

water flow related solely to the water percolation inside the specimen, excluding any 

drainage due to consolidation. All tests were conducted at room temperature, specifically 

24±1°C.  

 

3.4 Result and discussion 

3.4.1 Water absorption characteristics of FSP 

   Figure 3.11 shows the test results for the water absorption of the FSP fiber with various 

minimum bulk densities for which the lower bulk densities retain higher amounts of water, 

as obtained by Sawamura et al. (2017). The FSP used in this study shows 5.5 g of water 

absorption per 1 g of dry finely shredded paper. It is found from this figure that the lower 

bulk densities of the FSP provide a higher water-absorption capacity. This linear relation 

indicates that the water-absorption capacity can be approximately evaluated by measuring 

the bulk density of the FSP at the time of its production. 
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Figure 3.11: Water-absorption test results for FSP Sawamura et al. (2017). 

 

   One of the possible reasons why FSP shows such a high water-absorption capacity is that 

the large surface area of the fibers has various lengths and widths. Paper shredded into 

smaller pieces has a large total surface area with fibers having various thicknesses and 

lengths, as shown in Figure 3.2. It is thought that the larger the specific surface area, the 

smaller the bulk density, and the more opportunities there are for water molecules to come 

into contact with the paper fibers that are made from cellulose. The increased contact area 
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between the water and the paper allows for more efficient absorption. The capillary effect 

probably also plays a role in such high-water absorption of the FSP. The FSP shows a high 

hydrophilic property because of the cellulose molecules, and the fibers with various lengths 

and thicknesses lead to the creation of small bulk spaces. Hence, water can easily be 

retained in the bulk spaces due to the capillary effect. The combination of the increased 

surface area and the capillary effect leads to a larger amount of water absorption for FSP. 

The water-retention characteristics of FSP will be studied in the future from a microscopic 

viewpoint to confirm the above discussion. 

 

3.4.2 Shear stress characteristics of FSP 

   Figure 3.12 shows the shear stress-shear displacement relationship under different levels 

of normal stress. It is found from this figure that the shear stress of the FSP specimen made 

with a 50% water content is larger than that of the dry FSP specimen, and that the shear 

stress decreases when the water content of the specimen is increased from 50% to 100%. 
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Figure 3.12: Shear stress-shear displacement relationship of FSP for a) Case-1, b) Case-2, c) 

Case-3, and d) Case-4. 

 

    These tendencies can be observed in all cases. At a normal stress of 39.2 kPa, as shown 

in Figure 3.12a, the shear stress is the lowest at 200% water content. Case-2, for which the 
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normal stress is the same as Case-1 and the void ratio is lower than Case-1, shows larger 

shear stress than Case-1 at each value of water content, except for the 100% water content. 

As a comparison between Figure 3.12c and 12d, the dependency of the void ratio on the 

shear resistance is clearly observed. These results indicate that the void ratio plays a crucial 

role in the shear resistance under a similar water content and normal stress. It is also clear 

from comparisons between Figure 3.12a and 12c and between Figure 3.12b and 12d, that 

the shear stress increases when the normal stress is larger under a similar void ratio and 

water content. Therefore, FSP shows a clear density dependence and a confining stress 

dependence on the shear stress, which are consistent with the shear characteristics of soil 

materials. For the 200% water content in Figure 3.12a and 12b, the shear stress curves 

become gentle slopes. This indicates that the stiffness of the specimen matrix decreases 

during the shearing process. Although the shear stress of FSP decreases above a certain 

level of water content, it is certain that the FSP can resist shear deformation even at the 

high-water content of 200%. It is clear from Figure 3.12 that the shear stress tends to keep 

increasing as the shear displacement increases. This tendency suggests that the FSP 

specimens used in this study are in relatively loose conditions, which may change if higher 

density specimens are examined. It is also possible that the FSP specimens used in the 

present study are in dense conditions, whereas the FSP fibers are more easily deformed 

compared to the soil particles; and hence, the behavior of dense FSP may be different from 

that of typical dense soils that exhibit a peak strength followed by a reduction in strength. 

An evaluation of relative density Dr would be important for discussing the shear strength 

properties of FSP in more detail. Currently, there is no suitable method for obtaining the 

maximum and minimum densities of FSP itself since FSP fibers are intertwisted with each 

other. The density dependence of FSP will be investigated in further detail in future works. 

   One of the possible reasons why the shear strength of FSP changes with the different 

amounts of water content is the suction effect. The FSP with a 50% water content is in an 

unsaturated condition and still has more capacity to absorb water, so that a certain level of 

suction contributes to bonding and confining among the FSP fibers with various lengths 

and thicknesses. The dry FSP can resist shear deformation due to its intertwisted structure, 

while such a suction effect probably enhances the shear resistance of the FSP. Similar to 

the soil compaction characteristic, there is most likely an optimum water content at which 

the highest shear strength of the FSP is obtained. This point will be studied in detail in the 

future. 

 

3.4.3 Consistency of clay treated with FSP 

   The consistency characteristics of the treated specimens play a crucial role in predicting 

and understanding the fundamental behavior of the soil and the additive. Therefore, 

consistency tests were conducted on the untreated and treated clays based on the ASTM D 
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4318 (2018) standard. The storage of the materials and the experiments were done at a 

constant temperature of 20°C. 

   Figure 3.13 presents a plasticity chart for both the pure clay and the treated clay with 

different amounts of FSP. It should be noted that, as shown in Figure 3.13a, the water 

content for the treated clay is defined as the ratio of the mass of the water to the total mass 

of the FSP and the clay. It is observed from Figure 3.13b that both the plasticity index and 

the liquid limit increase as the amount of added FSP increases. The tendency for an 

increment not only in the liquid limit, but also in the plastic limit for the treated clay, is 

consistent with the results reported by several researchers. (e.g., Taha and Taha, 2012).The 

results for the specimens with FSP are located below the A-line, and the distance between 

the plot and the A-line becomes larger as the amount of FSP increases. In addition, the 

results for the specimens with FSP move from low liquid limit clay (CL) to high liquid 

limit silt (MH) as the amount of FSP increases. These results indicate that the tendency for 

aggregation and compressibility is more significant for the treated clay with FSP than for 

the pure clay. Such a change in consistency as that obtained in this study was also reported 

in Locat al. (1996), where it was explained that the water trapped in the inter-particle spaces 

increases the apparent water content without affecting the original particle size. 
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Figure 3.13: Plasticity chart for both pure and FSP treated clay (a) definition of water 

content in this study and (b) test results. 

 

 

3.4.4 Vane shear tests on clay treated with FSP 

   Figure 3. 14 shows the results of the vane shear tests. The figure shows that there is a 

good correlation between the water content ratio and the shear strength in all cases; namely, 

the shear strength tends to decrease as the water content increases in all cases. At the same 

shear strength, the water content increases as the amount of FSP increases. This indicates 

that the shear strength of the clay treated with FSP is enhanced even at high water contents. 

On the other hand, the specimens with FSP show higher shear strength at the same water 

content, confirming the reinforcing effect due to the fibrous additive material. In the 

evaluation of the shear properties by the vane shear tests, the reinforcement effect of the 

fibers was remarkable. This situation was also reported by Kwon et al. (2019), whereby the 
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undrained strength increases with the addition of Xanthan gum (0% to 2%) and the water 

content decreases in the range of 80% to 30%. 
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Figure 3. 14: Vane shear strength test (a) shear strength value (b) shear strength increament  

 

3.4.5 Consolidation of clay treated with FSP 

   Figure 3.15 shows the e-logP curves obtained from the consolidation tests. The void ratio 

for each sample containing FSP is defined as the volume of pore spaces to the volume of 

soil particles and FSP, as was the case for the water content ratio. For the treated clay, the 

density of the soil particles, Gs, was calculated based on the densities of Fujimori clay and 

FSP (Fujimori clay: 2.68 and FSP: 1.75), depending on the mixing ratio of the two materials. 
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Figure 3.15: e-log P curves obtained from consolidation tests. 

 

    It can be confirmed from Figure 3.15 that the void ratio of the specimens containing FSP 

is large in the initial stage, and that the change in void ratio is more significant with 

subsequent loading. However, as the load is increased, the void ratio converges to a similar 

value regardless of the amount of FSP additive, indicating that the volume of treated clay 

can be reduced by pressurization, and that the increase in volume of the treated clay due to 

FSP addition is slight.  
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Figure 3.16: Relationship between compression index and swelling index. 
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Figure 3.17: k-log P curves obtained from consolidation tests. 

 

   To reuse FSP-treated clay, it is important to reduce the compressibility of the treated clay 

by prior application of compaction on the specimen. Figure 3.16 shows the compression 

index and swelling index for specimens with different amounts of FSP, calculated from the 

slopes of the consolidation curves during the compressive and swelling processes, as shown 

in Figure 3.15, respectively. It is clear from this figure that both the compressive index and 

the swelling index increase with an increase in the amount of FSP, and that there is a nearly 

linear relationship between each index and the amount of FSP. It is possible, therefore, to 

estimate the e-logP curve for clay treated with any amount of FSP, if the base clay is the 

same. This estimation will be useful for developing measures to reduce the volume of 

treated clay. 

   At the end of each loading sequence, the hydraulic conductivity was calculated using 

Terzaghi’s consolidation theory (Keramatikerman et al., 2017). Figure 3.17 shows the k-

logP relationship obtained from the consolidation tests. The hydraulic conductivity 

calculated indirectly for all the samples is seen to decrease with an increase in vertical stress. 

The hydraulic conductivity of the clay treated with 30% FSP is the highest for low vertical 

loading up to 80 kPa. However, the hydraulic conductivity of the clay treated with 10% 

FSP is almost identical to that of the pure clay, and the hydraulic conductivity in all cases 

becomes similar with vertical stress levels higher than 200 kPa. These results confirm that 

the FSP treatment enhances the permeability of clay, while its magnitude is limited, and 

that such an improvement may be effective under lower confining stress conditions. 
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3.4.6 Hydraulic conductivity of clay treated with FSP 

   Figure 3.18 shows the change in specimen height during the consolidation process before 

the permeability tests for each case. Table 3-4 provides the values of the void ratio for each 

case before and after consolidation. Figure 3.19 indicates that the amount of consolidation 

is larger when adding a larger amount of FSP, which is a similar tendency to that seen in 

the consolidation test results given in the previous section. The FSP is composed of tiny 

fibers of various lengths and thicknesses that are more flexible than clay particles, so that 

the structure of the FSP can be bulky and largely compressed under a certain level of normal 

stress compared to pure clay. FSP fibers, especially short fibers, can act as filler materials 

within the soil structure, occupying the spaces between the clay particles. This may result 

in an increase in the void ratio of the overall mixture, as shown in Table 3.4, and in a 

decrease in the effective stress of the soil. Therefore, the compressibility of the clay treated 

with FSP is increased, leading to a larger amount of consolidation. It is also found from 

Figure 3.19 that the specimen height tends to change more rapidly when clay soil is mixed 

with FSP. This is probably because the drainage of water occurs, not only from the FSP that 

contains some amount of water, but also from the pore spaces of the treated clay. Hence, a 

larger amount of water can be drained at the same time. 

 

Table 3.4: Void ratio before and after consolidation 

 Before consolidation After consolidation 

Case-1 (pure clay) 1.42 0.83 

Case-2 (clay with 10% FSP) 1.85 1.39 

Case-3 (clay with 20% FSP) 2.40 1.87 

 

   Figure 3.19 presents a time profile of the hydraulic conductivity of the treated clay 

specimens measured during the falling head permeability tests. At the beginning of the 

permeability tests, the distribution of water flow in each specimen may be inhomogeneous, 

so a large fluctuation in hydraulic conductivity is observed. After that, for Case-2 and Case-

3, the hydraulic conductivity tends to increase over the first 50 hours and then decrease, 

while for Case-1, the hydraulic conductivity tends to decrease at the same stage. This 

difference in tendencies may be due to the presence of FSP. The water flowing through the 

section of the specimen occupied by FSP fibers percolates faster than that flowing through 

the section fully occupied by clay particles, leading to the temporal increase in hydraulic 

conductivity. On the other hand, the clay particles may get clogged in the matrix of the FSP 

and the soil during the water percolation, leading to a decrease in hydraulic conductivity 

with time. The change in hydraulic conductivity over time tends to be small for each case, 

showing an almost stable value. Finally, larger hydraulic conductivity is observed when a 
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larger amount of FSP is added to the clay. This is probably because the FSP fibers create 

concentrated seepage paths. 
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Figure 3.18: Consolidation of specimen before Permeability test. 
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Figure 3.19: Hydraulic conductivity of FSP-treated soil. 

 

3.4.7 Mechanism of improving clay with FSP 

   The mechanism of the changes in the physical and strength properties of the clay treated 

with FSP is mainly discussed based on the results shown in the previous sections 4.1 to 4.4. 

Firstly, the mechanism of the changes in the physical properties of the clay treated with 

FSP is discussed. It was found from the changes in consistency, mentioned in section 4.2 

and shown in Figure 3.13, that the treated clay tends to have a more aggregated and 

compressible structure than the pure clay when a larger amount of FSP is added. Figure 

3.20 shows the changes in the state of the Kasaoka clay with a water content twice its liquid 
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limit by adding different amounts of FSP, which clearly indicates the aggregation of the 

clay by adding larger amounts of FSP. The reason is considered to be as follows: FSP shows 

an intertwined structure due to fibers with various lengths and thicknesses (Figure 3.2), 

shear resistance (Figure 3.12), low bulk density, and a rich water-absorption capacity 

(Figure 3.11). Clay particles are easily caught in the intertwined structure of the FSP fibers, 

even in the high water-content clay. With an increase in the FSP in the clay, the clay 

particles are more easily caught in the FSP and a larger amount of water in the treated clay 

is absorbed by the FSP due to the rich water-absorption capacity of the FSP. In this case, 

the fluidity of the treated clay is significantly reduced and the FSP still maintains a certain 

level of shear resistance. Therefore, the treated clay can retain its solidly built structure 

even under both low bulk density and high water-content conditions. It is certain that the 

higher hydraulic conductivity of the clay treated with larger amounts of FSP, discussed in 

section 4.4, is attributed not only to the creation of concentrated seepage paths, but also to 

the lower bulk density of the FSP fibers. It is also possible that the larger amount of water 

absorption by the FSP leads to an unsaturated condition of the treated clay. In this case, a 

certain level of suction enhances the bonding and confining effects among the clay particles 

and the FSP; and hence, the tendency of the aggregation and compressibility may become 

more significant. There are no data to support this idea, so it will be important to study how 

the water distributes around FSP in treated clays in the future. 

FSP = 0% FSP = 10% FSP = 20% FSP = 30%

 

Figure 3.20: Changes in state of high water-content clay by adding FSP. The initial content 

of the clay is twice the liquid limit. 

 

   Secondly, the mechanism of the changes in the strength properties of the clay treated with 

FSP is discussed. As shown in Figure 3.14, a larger amount of FSP leads to higher shear 

strength of the treated clay compared at any values of water content. The FSP can resist the 

shear deformation, and the shear strength of the FSP itself tends to keep increasing as the 

shear displacement increases, independent of all levels of water content, as confirmed by 

Figure 3.12. These results support the idea that the shear resistance of fully cohesive clay, 

at any levels of water content, is significantly improved by increasing the shear resistance 

for the fiber reinforcement by FSP. According to the discussion on the consistency and 
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changes in the state of the clay by adding FSP, shown in Figures 3.13 and 20, a larger 

amount of FSP in clay leads to more significant aggregation of the treated clay. This 

probably means that, in treated clay, a larger amount of FSP fibers with various lengths and 

thicknesses extends the reinforcing structures where the shear resistance is higher than 

when there are only clay particles. It is also probable that the suction generated by the water 

absorption of FSP enhances the bonding and confining effects on the soil-FSP mixture. 

Therefore, the reinforcing effect on the shear property and the desaturation effect on the 

increase in suction, produced by the addition of the FSP, allows the treated clay to be more 

resistant to shear deformation than pure clay. 

3.5 Conclusions 

   In this study, high water-content soft clay was treated by finely shredded paper (FSP), 

and the changes in the geotechnical properties, such as the consistency, shear strength, 

consolidation property, and hydraulic conductivity property, were experimentally 

investigated. The water-absorption capacity and shear strength characteristics of the FSP 

itself were also examined. Based on the test results, the mechanism for improving the 

geotechnical properties of the clay treated with FSP was discussed. The main findings of 

this study are as follows: 

1) FSP has a high water-absorption capacity, and its capacity tends to be higher when the 

bulk density of the FSP is lower. Accordingly, the water-absorption capacity of FSP can 

be approximately evaluated by measuring the bulk density of the FSP at the time of its 

production. 

2) There is certainly an optimum water content at which FSP exhibits the highest shear 

stress. Although the shear stress of FSP decreases above the optimum water content, 

FSP can resist shear deformation until the water content is 200%. Similar to the shear 

characteristics of soil materials, FSP shows a clear density dependence and a confining 

stress dependence on the shear stress.  

3) Both the plasticity index and liquid limit increase when the amount of FSP added to the 

mixture is increased, leading to a change in the consistency characteristics of the treated 

soil. The test results confirm that the tendency for aggregation and compressibility is 

more significant for the clay treated with FSP than for the pure clay. This is because of 

the FSP characteristics, such as the intertwisted structure, shear resistance, low bulk 

density, and rich water-absorption capacity. Clay particles are more easily caught in the 

FSP fibers, even at high levels of water content, as the FSP in the clay is increased. In 

this case, the fluidity of the treated clay is significantly reduced, and the FSP fibers still 

maintain a certain level of shear resistance. Therefore, the treated clay is stable even 

under both lower bulk-density and high water-content conditions.  
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4) The hydraulic conductivity of the clay is increased by adding a larger amount of FSP. 

This is probably attributed not only to the creation of concentrated seepage paths, 

related to the rich water-absorption capacity of FSP, but also to the lower bulk density 

of the treated clay. 

5) The treated clay exhibits a larger amount of consolidation than the pure clay at a given 

normal stress, whereas the void ratio converges to a similar value between the pure clay 

and the clay treated with different amounts of FSP, as the normal stress is increased. 

These results confirm that the volume of treated clay can be reduced by pressurization, 

and that the increase in the volume of the treated clay, due to the addition of FSP, is 

slight. 

6) The shear resistance of pure clay, at any levels of water content, is significantly 

improved when different amounts of FSP fiber reinforcement are utilized. 
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Chapter 4 

Mechanical properties of high-water content clay soils treated with finely shredded 

paper and cement 

 

4.1 Introduction 

   Due to increase in population and rapid urbanization rapid development of complex 

infrastructure with large underground structures excavation of these mega cities generates 

large amounts of dredged soils (Guo et al., 2022; Hu et al., 2023; M. Zhang et al., 2022) 

that is usually associated with poor engineering properties like high water content, low 

strength, high compressibility (He et al., 2020). The Japanese Ministry of Land, 

Infrastructure, Transport and Tourism (MLIT, 2020) estimated that approximately 132.63 

million cubic meters of these soils were generated from construction sites in Japan in 2018 

where several hundred million tons are annually produced worldwide (Amar et al., 2021; 

Chu & Yao, 2020; Lirer et al., 2017; Y. Liu et al., 2022; Zeng et al., 2021) that accounts 

more than 20% of all industrial waste. Disposal and reuse of these soils often poses 

challenges due to their high-water content, low strength, and potential environmental risks. 

Soil exhibiting these properties is incapable of sustaining construction machinery, to 

transport to landfill, serving as a subsoil of foundation for erecting superstructures 

(Huayang et al., 2019; Wang et al., 2018) .In recent years, researchers have explored various 

treatment techniques to mitigate these challenges and utilize dredged soils effectively. One 

of the stabilization methods was traditional stabilizer like cement (R. Wang et al., 2023). 

Jan & Mir (2018) studied that the addition of cement to the dredged soil changes the 

structural arrangement of the clay particles where developed cementitious products which 

increases inter particle bonding that form flocculated specimen matrix. 

When cement stabilizes the marine sediments, the presence of soil particles causes the 

restrained shrinkage of cement hydration products, leading to the formation of substantial 

new macropores because of the cracking phenomenon (Paula Furlan et al., 2018). In spite 

of stiffer soil matrix and higher strength, cement treated soil will increase brittleness, reduce 

sorption capacity and at some point, ductility of construction during static and cyclic 

loading (Kasama et al., 2007; Ma et al., 2018; Medvey & Dobszay, 2020; Wassermann et 

al., 2022).Due to excessive amount of cement, shrinkage cracks tend to flourish as 

(American Concrete Institute (ACI), 2009) reported on expansive soil. 

To mitigate this adverse effect fibers were introduced for reinforcement in combination 

with cement. Recently several research has been studied to evaluate the mechanical 
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properties of soils treated by the utilization of combined fiber and cement additive (Xu et 

al., 2023). To reinforce and improve the soil engineering properties numerous fibers 

including. synthetic fibers (i.e., polyester fiber, polyethylene fiber, polypropylene fiber, 

nylon fiber, etc.) (Abo El-Naga et al., 2020; Hassan et al., 2021; Kumar et al., 2006; Tiwari 

et al., 2020). The polypropylene fiber addition to the stabilized soft soil matrix significantly 

increased the ductility and energy absorption of the specimens, and durability significantly 

improved. 

 Akbari et al. (2021) in other hand fiber bridge exhibited that prevent evolution of tensile 

cracks and deformation by utilization of polypropylene fiber with cement to treated dredged 

sediment (J. S. Li et al., 2023b). However, the natural fibers were preferable for the 

economical, sustainable, and ecofriendly treatment process that reduce environmental 

burdens (N. T. Duong et al., 2021). The natural fibers (i.e., coconut fiber, sisal fiber, palm 

fiber, jute fiber, coir fiber, bamboo fiber, etc.) (Ahmad et al., 2010; Gupta & Kumar, 2021; 

Kamaruddin et al., 2020; Kodicherla & Nandyala, 2019; Yohanna et al., 2022) have been 

used in combination with cement. When ordinary Portland cement was combined with 

kenaf and coconut fibers (Abedi et al., 2023) to sandy soil, the monotonic compression 

showed 96% and 77% improvement by utilization of 1.5% and 1% fiber amount 

respectively.in addition the tensile strength increased by 18 to 2.3 times approximately. The 

corn husk fiber used to reinforce by Duong et al. (2021) cemented soil with high water 

content that the fiber inclusion improves compressive strength and tensile strength of 

cemented soil, and the higher amount of fiber content leads to higher the increase in energy 

absorption. The study shows that with 100% water content, at the same strain, stiffness 

increases with increasing fiber content for a given strain value. Khodabandeh et al. (2023) 

studied the effect of different percentages of mixing rice straw fibers on the unconfined 

compressive strength of collapsible soils treated with different amounts of cement, where. 

strength is increased by 172.8% and decreases the failure strain by 68.10% just by 

increasing the percentage of fiber by 1%. The shrinkage and cracking behavior of the 

expansive soil is controlled due to addition of fiber and cement. 

In this study finely shredded paper (here in after called FSP) fibers incorporated into 

mixture of clay soil and cement at high water content (i, e. slurry) where the treatment 

method is economical and ecofriendly. The improved soil can be utilized for subsoil of 

foundation which also reduces the west on the environmental. Sawamura et al. (2017) 

discovered variations in water absorption characteristics based on the proportion of paper 

fiber-derived FSP to shredder shavings-derived FSP. Additionally, they observed that the 

shear strength of clay treated with FSP was greater than that of pure clay. Kida et al. (2018) 

determined, through flow tests and cone index tests, that the transportation of FSP-treated 

clay remained viable as long as the flowability had decreased to a measurable extent, even 

if the strength fell below the typical 200 kN/m2 during the interparticle reinforcement 

process. Asai et al. (2022) conducted uniaxial compressive strength tests on clay specimens 
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enhanced with both FSP and cement after curing to explore the potential for reusing treated 

clay as construction material. However, the strength development during cementitious 

treatment of high-water content clay with different amounts of FSP additive and cement is 

not clearly understood. A series of unconfined compressive strength (UCS) tests and cone 

index test were conducted to investigate the effects of cement water ratio, FSP fiber amount 

and water content of the mix on the strength development and stress–strain evolutions of 

FSP fiber- cement reinforced high water content muddy soil is investigated in this study. 

From the experimental results, the cementation and reinforcement mechanisms inside fiber-

cement reinforced high water content clay soil were explored and analyzed via the macro 

failure characteristics and interfacial morphology. The key findings of this study could 

provide the understanding and reference for improving the mechanical properties of high-

water content clay soil by incorporating natural fibers in combination with traditional 

stabilizers like cement. 

 

4.2 Materials 

4.2.1 Physical properties of Finely shredded paper (FSP) and Kasaoka clay 

   The raw materials of the FSP made from used papers can be divided into two types: paper 

powders, which are generated by cutting and grinding in printing companies, and shredder 

dusts, which are the general cutting dusts generated during the processing of confidential 

documents in offices and other places. It is known that shredder dust absorbs more amounts 

of water than paper powders. Therefore, in our research group, the FSP made from the 

shredder dusts has been used (e.g., Asai et al., 2021; Kida et al., 2018; Sawamura et al., 

2017). On the other hand, it is difficult to identify the uniform performance of the FSP 

because the FSP is made from any kind of used papers such as office papers, magazines 

and so on, each probably exhibiting different properties. In other words, a usage of the FSP 

made from only one kind of paper allows us to unify the test conditions, and to evaluate 

not only the standard performance of water absorption of the FSP itself, but also the 

standard performance of the FSP for improving characteristics of the treated soil. Therefore, 

the FSP made from an office paper (hereinafter referred to as standard FSP) is generated 

and is used in this study. The FSP which has been used in our research group is referred to 

as the original FSP. 
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Figure 4.1: Pictures and SEM images: (a) original FSP and (b) standard FSP used in this 

study. 

 

   Figure 4.1 shows pictures and SEM image for original FSP and standard FSP used in this 

study. The original FSP and standard FSP are made from shredded paper using a special 

machine. The shredded papers are first shredded into pieces and then pressed into a 

millstone mill, where they are processed into powder by impact, centrifugal force, and shear 

force generated when they pass through the gap between the two grinding stones. The SEM 

images show that both types of the FSP have complex fiber entangled structures, and the 

standard FSP shows more fine fiber entanglements. 

   The density of the FSP was measured by the density tests of soil particles (JIS A 1202). 

A pycnometer with a capacity of 100 mL was used in the test. When a 100 mL pycnometer 

is used in the density test of soil particles, a sample with a dry mass of 10.0 g or more is 

used. On the other hand, the volume of FSP is much larger than that of soil particles at a 

given mass, and it was difficult to put 10.0 g of FSP into the pycnometer. Therefore, a 

sample of 2.0 g was used for the test. The density of the original FSP was 1.74 g/cm3 (Asai 

et al., 2021) and that of the standard FSP was 1.78 g/cm3, respectively. Figure 4.2 shows 

the particle size additive curves for FSP and standard FSP, which were obtained by soil 

particle size tests (JIS A 1204). It is clearly seen from Figure 4. 2 that the standard FSP 

shows larger particle size than the original FSP. 

Original FSP

Standard FSP SEM at low magnification

SEM at low magnification SEM at high magnification

SEM at low magnification

a

b
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Figure 4. 2: Particle size distribution curves. 

 

   The other material used in this study is Kasaoka clay, sampled in Okayama prefecture, 

Japan. This clay is air dried and powdered before the experiment. The physical properties 

of this soil include specific gravity (Gs) 2.70, liquid limit of 54.6% and plasticity index of 

27.8% which indicate that the soil categorized as high plastic clay soil using Unified Soil 

Classification System. 

 

4.2.2. Water absorption characteristics for FSP 

   The water absorption characteristic for the FSP is characterized by a bulk density test and 

a water absorption test. The bulk density test method is described below as a similar method 

studied by (Sawamura et al., 2017). 

(1) Gently place the standard FSP into a 2000-mL graduated cylinder, avoiding vibrations 

as much as possible. 

(2) Weigh the sample after the top surface has reached the 2000-mL mark. 

 

The water absorption test method is described below where Figure 4.3 shows a schematic 

diagram of the test. 

(1) Place 3.0 g of the sample onto a 100 mm × 100 mm nylon mesh. Fold over the top of 

the mesh and stitch it closed with a sewing machine. 

(2) Lace the sample in a 500-mL beaker filled with degassed water, stir at 300 rpm using 

a 20 mm stirrer, and allow it to absorb water for 24 hours in a room with a constant 

temperature of 20°C. 

(3) After the water absorption is complete, air dry the sample for 10 minutes, weigh it, 

and subtract the amount of water absorbed by the nylon mesh to determine the water 

absorption of the sample. 
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Figure 4. 3: Schematic diagram of water absorption test. 

 

    Figure 4.4 shows the relationship between bulk density and water absorption, in which 

test results for the original FSP obtained in Sawamura et al. (2017) and the test result for 

the standard FSP obtained in this study are displayed. There is a correlation between water 

absorption and bulk density, that is, lower bulk densities give a higher amount of water 

absorption. The results for the standard FSP show a good agreement with the correlation. 

It is obvious from Figure 4.4 that the standard FSP has a higher water absorption than the 

original FSP. Figure 4.1 confirms that the standard FSP has a more porous structure due to 

the entanglement of fine fibers than the original FSP. It is considered that the pores between 

the fibers result in a small bulk density and that the capillary action caused by this porous 

structure results in a large amount of water absorption. 

 

Figure 4. 4: Bulk density – water absorption relationship 
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     The water absorption characteristic of the FSP is probably determined by microstructure 

of fibers and fiber lengths. Therefore, the water-absorption capability of the standard FSP 

of different particle sizes was investigated. The standard FSP was sieved according to JIS 

A 1204, and water-absorption tests were conducted using the standard FSP particles that 

remained in each sieve. The test method is the same as that described above, and a 100 mm 

× 100 mm bag made of a nylon mesh sheet, with a mesh size of 50.8 μm, was used to 

prevent the outflow of fine particles from the bag. Figure. 5 shows the water absorption of 

the standard FSP with different particle sizes. The particle size of the standard FSP was 

determined as the average size of the opening of the sieve on which the standard FSP 

particles remained and the sieve into which the sample had been placed. The standard FSP 

with a particle size of 178 μm, which remained at 106 μm, had the highest water absorption. 

The water-absorption capacity tends to increase with the decreasing particle size up to 178 

μm, while the water-absorption capacity of samples smaller than 178 μm decreases with 

the decreasing particle size. Figure. 6 shows SEM images and photographs of the original 

FSP and the standard FSP with each particle size. The shapes of the FSP can be roughly 

classified into two types: fibrous fragments and paper fragments. The paper fragments 

decrease as the particle size increases. The standard FSP with a particle size of 178 μm that 

remained at 106 μm, with the highest water absorption, and the standard FSP with a particle 

size of 90.5 μm that remained at 75 μm, with the second highest water absorption, were 

sieved through the 75 μm sieve. They both showed large proportions of long and thin fiber 

entanglements. This indicates that the entanglement of the fibers contributed greatly to the 

water-absorption capacity of the standard FSP. 
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Figure 4. 5: Effect of particle size and water absorption of standard FSP 



70 

 

Figure 4. 6: SEM images and photographs of (a) original FSP and (b) standard FSP  

with various particle sizes. 
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4.3 Experiment methods 

In this study experiments are conducted for treated soil with only FSP and treated soils with 

FSP and cement. The preparation methods and test conditions are described below. 

4.3.1 Preparation method of specimens of clay treated with FSP 

   To investigate the possibility of reusing treated clays with FSP as a geomaterial, cone 

index tests and uniaxial compression tests were conducted using clays with different initial 

water contents and the standard FSP with different amounts of addition rate. Table 4.1 

shows the experimental cases. This study focuses on treating high water content mud, such 

as dredged soils, using FSP. According to data of construction sites obtained in previous 

studies (Fukushima et al., 2000; Koike et al., 2004; Miyazaki et al., 2003; Takahashi et al., 

2006; Takeyama et al., 2017) , the range of water contents for dredged soils is roughly 

between 50% and 120%. Considering the data, the target water contents of the clays in this 

study were determined as 40%, 60%, 80%, and 100%. 100% of water content is almost two 

times the liquid limit of the Kasaoka clay. The target amounts of the standard FSP were 0%, 

10%, 30%, and 50% by weight relative to the dry weight of the clay. The preparation 

method of the specimens is shown below. 

(1) Standard FSP was added to and mixed with the dry clay at the prescribed ratio, and 

then degassed water was added and mixed to prepare a uniform specimen. In the field, 

FSP is added to high-water-content clay. This is different from the sample preparation 

methods used in this study, for the sake of obtaining uniformity of the specimens in 

the laboratory. 

(2) In accordance with the compaction test method A (JIS A 1210:2009), the specimen 

was placed in a mold with the specified dimensions using a rammer and then 

compacted in three layers so that the compaction energy was 550 kJ/ m3. 

(3) Once the specimen had been compacted, it was weighed. 

(4) Specimens that were difficult to compact with a rammer, due to their high fluidity, 

were placed in a mold while removing air bubbles with a rammer (ϕ = 4.0 mm). For 

samples that were difficult to compact with a rammer and had relatively low fluidity, 

a pestle (ϕ = 50. 7 mm) was used for dense filling. 

 

  

      For the cone index tests, the samples in molds, having a diameter of 100 mm and a 

height of 127 mm, were tamped with a 2.5 kg rammer 25 times in three layers, each layer 

starting at a height of 300 mm. In the uniaxial compression tests, molds with a diameter of 

50 mm and a height of 100 mm were used along with a 1.5-kg rammer. The 1.5-kg rammer 

was used to compact the soil into three equal layers with 12 blows per layer in molds having 

a diameter of 50 mm and a height of 100 mm. For the samples that were difficult to compact 
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with a rammer, due to their high fluidity, the samples were placed in molds, the bubbles 

were removed using the rammer ( = 4.0 mm), and then the molds were filled. The samples 

that were difficult to compact with a rammer, due to low fluidity, were packed densely with 

a pestle ( = 50.7 mm). The specimens, in their initial condition, were mixed with 0, 10, 

30, and 50% FSP and with water contents of 60% and 100% as shown in Figure 4:11. 

Uniaxial compression tests on standard FSP and cemented high-water-content muddy clay 

soil were also conducted to investigate the mechanical properties of the cement in addition 

to the FSP. The test conditions and specimen preparation methods are described below. 

 

Table 4. 1: Test cases for cone index test and uniaxial compression test 

 

C a s e 
w [%] 

Amount of FSP 

[%] 

w after FSP 

additive [%] 

w 40 - FSP_0 

40 

0 40.0 

w 40 - FSP_10 10 36.4 

w 40 - FSP_30 30 30.8 

w 60 - FSP_0* 

60 

0 60.0 

w 60 - FSP_10* 10 54.5 

w 60 - FSP_30* 30 46.2 

w 60 - FSP_50* 50 40.0 

w 80 - FSP_30 

80 
30 61.5 

w 80 - FSP_50 50 53.3 

w 100 - FSP_0* 

100 

0 100.0 

w 100 - FSP_10* 10 90.9 

w 100 - FSP_30* 30 76.9 

w 100 - FSP_50* 50 66.7 

                 *Conducted cone index test 

4.3.2 Method of specimen preparation of clay treated with FSP and cement additive 

   It is considered that there is a limit in improving the strength of high-water content muds 

exceeding 100% when treated with FSP alone. Therefore, in this study, cement is used in 

combination with FSP to further improve the strength of the treated soil, and the uniaxial 

compressive strength of the treated soil is investigated. 

    Table 4.2 shows the test cases considered for the study. The moisture content of the clay 

was set at 100 %. Standard FSP and ordinary Portland cement were used as samples for the 

experiments. The amounts of standard FSP added were 0%, 5%, and 10 % by weight 
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relative to the dry weight of the clay. The amount of cement added was 5 %, 8 %, and 10 % 

by weight relative to the dry weight of the clay. 

 

 

Table 4. 2: Uniaxial compression test cases with standard FSP and cement 

 

Case w [%] 

Amount of 

cement added 

[%] 

Standard FSP 

amount [%] 

w 100 - C5 - FSP_0 

100 

5 

0 

w 100 - C5 - FSP_5 5 

w 100 - C5 - FSP_10 1 0 

w 100 - C8 - FSP_0 

8 

0 

w 100 - C8 - FSP_2 2 

w 100 - C8 - FSP_ 5 5 

w 100 - C8 - FSP_10 1 0 

w 100 - C10 - FSP_0 

2 00 

1 0 

0 

w 100 - C10 - FSP_ 5 5 

w 100 - C10 - FSP_10 1 0 

w 2 00 - C20 - FSP_0 

2 0 

0 

w 2 00 - C20 - FSP_10 1 0 

w 2 00 - C20 - FSP_20 2 0 

 

     In addition, to examine the properties of muds with extremely higher water content, 

cases with a water content of 200 %, standard FSP additions of 0 %, 10 %, and 20 %, and 

cement addition of 20 % were also conducted. The following methods were used to prepare 

the specimens: 

(1) Add the prescribed amounts of standard FSP and cement to dry clay and mix well. 

(2) After adding distilled and degassed water, prepare a homogeneous slurry using a 

vibrator. 

(3) Pour the slurry into a uniaxial compression test mold (diameter of 50 mm and height 

of 100 mm) and cover the surface with plastic film to prevent drying. 

(4) Wet cure the slurry in a container lined with paper and soaked in water in a 

thermostatic chamber at a temperature of 20°C for 7 days to allow it to solidify 

(Figure 4. 7). 
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Specimen

Polyethylene sheet

Container cover

Water

 

Figure 4. 7: Wet curing process 

 

4.3.3 Cone index tests 

   The cone index test is used to classify the quality of treated construction sludge when it 

is used as soil material in the "Technical Standard for Utilization of Treated Construction 

Sludge “, which is established by MLIT, Japan, for the proper recycling of construction 

sludge. In this study, cone index tests were conducted using an automatic penetration device 

in accordance with JIS A 1228 to investigate the mechanical properties of mud with 

standard FSP. A schematic diagram of the apparatus is shown in Figure 4.8. The cone index, 

which is the index obtained in the cone index test, is defined by the following equation 

(4.1). 

 

𝑞𝑐 = [
𝑄𝑐

𝐴
] × 103 Eq. (4.1) 

 

Where, 𝑞𝑐: Cone index [kN/m2]. 

           𝑄𝑐: Mean penetration resistance [N]. 

             𝐴: Base area of cone tip [mm2]. 
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Figure 4. 8: Cone index test machine for setup 

 

     The average penetration resistance Qc [N] is the average penetration resistance for 

penetrations of 50 mm, 75 mm, and 100 mm. The basal area of cone tip A [mm2] is 324 

mm2. The experimental procedure is described below. 

(1) Place the mold on the test apparatus so that the cone tip is aligned with the center of 

the specimen. 

(2) Penetrate the tip cone by the automatic penetration device at a rate of 10 mm/s and 

place the tip cone on the specimen at a depth of 50 mm, 75 mm, or 75 mm from the 

top of the specimen. Calculate the cone index by determining the penetration 

resistance when the cone has penetrated 50 mm, 75 mm, and 100 mm from the top 

surface of the specimen. 

(3) After the test, take samples from the upper, middle, and lower layers of the specimen, 

and measure the water content. 

 

4.3.4 Uniaxial compressive strength tests 

   In this study, uniaxial compression tests were conducted in accordance with JIS A 

1216:2009 to investigate the compressive strength properties of treated soil with standard 

FSP. The tests were conducted using a load capacity of up to 2.5 kN. MTS loading 

equipment with a load capacity of up to 2.5 kN was used in the tests. 

The compressive stress obtained in the uniaxial compression test is calculated by the 

following equations. 

𝜎 =
𝑃

𝐴𝑜
× (1 −

𝜀

100
) × 106 Eq. (4.2) 
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𝐴𝑜 =
𝜋𝐷𝑜

2

4
 Eq. (4.3) 

𝜀 =
𝛥𝐻

𝐻𝑜
× 100 Eq. (4.4) 

 

Where, 

              𝜎: compressive stress [kN/m2]. 

              𝑃: compressive force applied to the specimen when the compressive strain is  [N].  

              𝐴0: cross-sectional area of the specimen before compression [mm2]. 

              𝐷0: Diameter of the specimen before compression [mm]. 

              𝜀: Compressive strain of the specimen. 

            ∆𝐻: Amount of compression [mm]. 

              𝐻0: height of the specimen before compression [mm].  

The compression rate is 1% of the initial height of the specimen per minute. The maximum 

compressive stress until the compressive strain reaches 15% is determined from the stress-

strain curve as the uniaxial compressive strength 𝑞𝑢 [kN/m2] and the strain at that point is 

the failure strain 𝜀𝑓 [%]. 

The experimental procedure for this experiment is described below. 

(1) Measure the weight, diameter, and height of the specimen. 

(2) Compress the specimen at a compression rate of 1%/min. 

(3) After the test, take samples from the upper, middle, and lower layers of the specimen, 

and measure the water content ratio of each part. 

 

    To investigate the stiffness of the mud with FSP, the variation of the deformation constant 

𝐸50 with the amount of standard FSP added in the uniaxial compression test is investigated 

in this study. This deformation coefficient 𝐸50 is expressed as the slope of a line connecting 

a point at half the uniaxial compressive stress and the origin. The method for calculating 

the deformation coefficient 𝐸50 is shown in the following equation (4.5). 

𝐸50 =

𝑞𝑢
2

𝜀50
×

1

100
 Eq. (4.5) 

 

Where,  

             𝐸50: Coefficient of deformation [MPa] 

             𝑞𝑢: Uniaxial compressive strength [kN/m2] 

             𝜀50: Compressive strain at compressive stress 𝜎 = 𝑞𝑢/2 [%]. 
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4.4 Results and Discussions 

4.4.1 Clay treated with FSP 

4.4.1.1 Cone index tests 

   Figure 4.9a shows the relationship between the amount of penetration and penetration 

resistance at an initial water content of 60% (w60), and Figure 4.9b shows that at an initial 

water content of 100% (w100). At least three tests were conducted for each amount of 

addition of standard FSP. It can be seen from these figures that the penetration resistance 

increases as the amount of standard FSP increases. Figure 4.9a shows that for w60, the 

maximum penetration resistance is 334.4 N at 30% addition of standard FSP and 626.1 N 

at 50% addition of standard FSP. On the other hand, Fig. 9b shows that for w 100, the 

maximum penetration resistance increases to 213.9 N only when 50% standard FSP is 

added. Figure 4.10 shows the relationship between the addition rate of standard FSP and 

the cone index qc. w60 and w100 have a cone index qc of about 100 kPa up to 10% and 

30% of the standard FSP addition rate, respectively, but for w60 the strength increases 

rapidly when 20% and more FSP is added. The treated clay with larger amount of FSP is 

significantly aggregated due to much amount of water absorption, and the compressive 

resistance is enhanced compared to the treated clay in a muddy state. Another possible 

reason is that some fibers fully absorb water up to their limitation, but the others may absorb 

water incompletely so that they are partially wet condition. The partially wet FSP probably 

shows stronger interlocking among fibers caused by an interparticle bonding due to higher 

capillarity than the fully wet FSP, resulting in higher resistance of the treated clay. 
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Figure 4. 9: Penetration resistance at each penetration depth. (a) w60 (b) w100 

 

     

     Figure 4.11 shows the relationship between the water content after the FSP addition and 

the standard FSP addition rate in the experimental cases of the cone index tests. In this 

figure, the relationship between the standard FSP addition rate and the liquid limit obtained 

from the consistency tests is also shown, as well as the water content after the addition of 
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standard FSP for each case. In cases where the water content is higher than the liquid limit, 

the maximum amount of standard FSP is added in the mix, namely, 10% for the mixing 

water content of 100% and less for the mixing water content of 60%, respectively. Similarly, 

in cases where the water content after the addition of standard FSP is lower than the liquid 

limit, which is below the approximate line between the standard FSP addition amount and 

the liquid limit, as shown on the Figure 4.11, the standard FSP utilized for mixing at a 

higher water content is higher than 10%. This is probably due to the increase in suction 

inside the pores due to the transition of the specimen from a liquid state to a plastic state. 

As the amount of standard FSP added to the mixture was increased, more free water was 

absorbed which caused the specimen to change to unsaturated condition. This result 

indicates that the higher amount of added standard FSP makes the specimen stiffer and 

improves the specimen strength, as shown in Figure 4.10, despite the utilization of a high-

water content for mixing. 
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Figure 4. 10: Relationship between standard FSP amount and cone index 

 

Figure 4. 11: FSP addition rate and moisture content after FSP addition of cone index test. 
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4.4.1.2 Uniaxial compressive strength tests 

   Figure 4.12 shows the stress-strain relationship for different amounts of FSP, namely, 

0%, 10%, 30%, and 50%. For the w40 cases, the stress curve tends to rise for the clay 

without FSP, as shown in Figure 4.12a, while the peak stress in the stress curve becomes 

more distinct with an increase in the FSP addition.  
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Figure 4.12: Standard FSP addition amount and failure strain. FSP amount (a) 0%, (b) 

10%, (c) 30% and (d) 50% 

 

    The same tendency is observed for the other amounts of water content. Figure 4.13 

shows the relationship between the standard FSP addition rate and the uniaxial compressive 

strength, while Figure 4.14 shows the relationship between the standard FSP addition rate 

and deformation coefficient 𝐸50. It can be seen from Figure 4.13 and 4.14 that larger 

amounts of FSP tend to provide higher levels of compressive strength and 𝐸50. However, 

in the case of w40, the compressive strength and E50 are lower for w40 – FSP_30 than for 

w40 – FSP_10.  
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     Figure 4.15 shows the states of the specimen before and after uniaxial compression. 

The figure confirms ductile failure for w40 - FSP_10, exhibiting the barrel-shaped 

deformation of the specimen, and brittle failure for w40 - FSP_30, exhibiting longitudinal 

cracking. In cases where the addition of FPS is excessive, compared to the initial water 

content of the clay, the amount of water absorption for the FSP is not enough to produce 

strong interlocking among the wet fibers. Some parts of the FSP fibers probably remain dry 

and in a soft condition and are weak against compression. These results indicate that the 

balance between the amount of FSP addition and the water content of clays should be 

carefully considered when anticipating the improvement in the strength of clay with 

relatively lower water contents, and that further studies are needed to determine such an 

optimum balance. It is found from a comparison of the results of the FSP additions at 30% 

and 50%, in Figure 4.13 and 4.14, that the strength and E50 of the treated clay are lower 

when the initial water content of the clay is high, while these values linearly increase with 

an increase in the FSP addition, even for w100. These findings indicate that improvements 

in strength and stiffness can be expected even for clay soil with high water contents, similar 

to almost two times the liquid limit (liquid limit of 54.6% for Kasaoka clay). Figure 4.16 

shows the relationship between the addition of standard FSP and failure strain 𝜀𝑓. It can be 

seen that the failure strain decreases as the standard FSP addition increases, and that the 

same tendency is observed for all levels of water content.  

 

 

 

 

 

 

 

Figure 4.13: Effect of standard FSP 

amount on UCS. 

Figure 4.14: Effect of standard FSP 

amount on modulus of elasticity E50. 

0

2

4

6

8

10

-10 0 10 20 30 40 50 60

M
o
d

u
lu

s 
o

f 
el

as
ti

c
it

y
, E

5
0
 [

M
P

a]

Standard FSP additive amount [%]

w40

w60

w80

w100

0 

50 

100 

150 

200 

250 

-10 0 10 20 30 40 50 60 

U
n

ia
x
ia

l 
co

m
p

re
ss

iv
e 

st
re

n
g

th
 [

k
P

a]
 

Standard FSP additive amount [%] 



81 

Before compression After compression Before compression After compression

a b

 

Figure 4.15: Specimen before and after compression test (a) w40 - FSP_10 and (b) w40 - FSP_30. 

 

 

4.4.1.3 Relationship between uniaxial compressive strength and cone index value 

Figure 4. 17 shows the relationship between uniaxial compressive strength qu and cone 

index qc. There is a strong correlation between uniaxial compressive strength and cone 

index values of the specimen. 
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Figure 4.18: Stress-strain relationship: (a) w100 - C10, (b) w100 - C8, (c) w100 - C5 and (d) 

w200 - C20. 

 

    According to Public Works Research Institute, (2008) the cone index qc is an index used 

to classify the quality of treated construction sludge when it is used as a soil material. If the 

cone Index qc is greater than 200 kPa, the soil is classified as Type 4 construction generated 

soil that can be used for embankment with appropriate soil improvement. If it is greater 

than 400 kPa, it is classified as Type 3 construction generated soil that can be used for road 

embankment. It is found from Figure 4.17 and the above classification criteria that a 

uniaxial compressive strength of qu greater than 21.5 kPa is applicable to Class 4 

construction waste soil, while a value greater than 43.1 kPa is applicable to Class 3 

construction waste soil. From Figure 4.13, when the water content of the clay is small, as 

in w40 and w60, it can be classified as Class 4 construction waste soil or higher at a 10% 

addition amount. In the case of w100 where the water content of the clay is high, although 

50% amount of FSP is added to the clay, cone index is 114.8 kPa which is apart from the 

Class 4 construction soil. Extremely much amount of FSP must be required for satisfying 

the reuse condition, so that using only FSP is unrealistic for reusing muddy soils with water 

content over 100% at actual sites. 

4.4.2 Uniaxial compressive strength of clay treated with FSP and cement 

Figure 4.18 shows the relationship between uniaxial compressive stress and strain. Most 

cases show a peak stress followed by softening behavior. It is found from Figure 4.18 that 
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there is a correlation between the addition rate of standard FSP and uniaxial compressive 

strength. Compared at the same amount of FSP, the peak stress tends to be more distinct as 

the amount of cement is increased. 

 

 

    Figure 4.19 shows the relationship between standard FSP addition rate and uniaxial 

compressive strength. At a given FSP addition, the compressive strength is increased as the 

amount of the cement is increased. Specifically, 10% cement addition provides an increase 

of compressive strength of around 150 to 200 kPa. On the other hand, at a given cement 

amount an incremental compressive strength is around 100 kPa from 0% to 10% of FSP 

addition. It is observed on Figure 4.19 that the effect of standard FSP addition with cement 

on the uniaxial compressive strength. This figure illustrates that the utilization of FSP with 

cement increases the strength of treated soil compared to the clay treated by cement alone. 

The result suggests that the combination of FSP and cement can be an effective method for 

improving the strength of high-water content clay soil.  
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Figure 4. 21: Effect of standard FSP amount on modulus of Elasticity E50 
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     Figure 4.20 shows the relationship between the addition rate of standard FSP and failure 

strain 𝜀𝑓. At any amounts of cement addition, failure strain increases as the addition of 

standard FSP increases. The result suggests that the combination of FSP with cement makes 

the treated clay more persistent compared to the treated clay by only cement. Figure 4.21 

shows the relationship between the addition rate of standard FSP and the deformation 

coefficient 𝐸50. It is observed that the stiffness increases with the cement addition rate. The 

relationship between standard FSP and stiffness is not unique, as there are cases where 

stiffness increases and decreases with increasing standard FSP addition rate. This indicates 

the optimum amount of FSP utilized in the mix should be monitored to achieve the highest 

strength of improved soil. 

    Considering the low environmental impact of ground improvement, the amount of 

cement addition should be reduced as much as possible. Even if the amount of cement 

addition is reduced, it would be useful if the strength of the treated clay can satisfy 

reusability criteria by adding FSP. In other words, it is necessary to investigate the mixing 

conditions of FSP with cement to ensure that the treated clay exhibits equivalent strength 

to the clay improved by only cement. For example, in Figure 4.19, the compressive 

strength for 8% cement and 5% FSP is similar to that for 10% cement and 0% FSP, and 

higher strength is observed for 8% cement and 5% FSP. Namely, 2% cement can be 

replaced with larger than 2% FSP because the compressive strength becomes larger 

compared to the clay treated by only cement.  When 10% FSP fiber is used with cement the 

strength of treated soil increases by 10%. It is also certain that, from the approximate 

straight line of w100 - C8, 6.9% of standard FSP is determined as a sufficient value to show 

an equivalent strength to the treated soil by only cement. Although it is difficult to suggest 

the optimum mixing conditions of FSP and cement for ground improvement due to 

insufficient data so far, further experimental investigations of strength characteristics of 

treated clays with cement and FSP will make it possible to determine the optimum amount 

of FSP for ground improvement with reducing cement. 

 

4.4.3 Energy analysis: energy principles and energy change analysis  

   Work is done on a point during deformation of sample due to uniaxial external force. 

Solid materials possess the capability to do work due to elastic deformation, indicating the 

storage of strain energy. However, once the deformation exceeds the elastic limit, a certain 

amount of the energy is dissipated through plastic deformation. This raises the question of 

whether the strain energy can be totally changed into useful work. If we disregard kinetic 

energy and some other forms of energy, it becomes evident from the fundamental principle 

that the total strain energy (w) generated is completely absorbed.  
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.  

Figure 4. 22: Energy distribution during UCS test of treated soil (Jiang et al., 2022) 

 

 

    The work carried out by the testing machine on the treated UCS soil specimen can 

categorized into two parts: the elastic strain energy (we) stored within the UCS specimen, 

and the dissipation of energy (wd) attributed to the formation of inner specimen cracks and 

the deformation distribution (Jiang et al., 2022). 

The stress-strain curve energy analysis from the UCS test is used to calculate how much 

strain energy is stored within the material relative to the volume it occupies. The strain 

energy absorbed by the UCS specimen during loading corresponds to the area of stress stain 

curve up to peak stress as shown in Figure 4.22 (Jiang et al., 2022). This characteristic is 

essential for understanding the material's structural behavior and its ability to withstand 

external forces. 

    The tendency and distribution of total strain energy density, elastic strain energy density 

and dissipative strain energy density are shown in Figures 4.23 and 4.24, which are 

calculated at various amounts of FSP and cement additive by equations from (4.6) to (4.9). 

It is better to analyze the proportion of the dissipated energy (T) which shows the 

improvement mechanism of FSP fiber and cement additive effect on clayey soil. 
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𝑤 = 𝑤𝑒 + 𝑤𝑑 Eq. (4.6) 

𝑤𝑒 =
(𝜀𝑓 − 0.02 × 𝜀𝑓) × 𝜎𝑓

2
 Eq. (4.7) 

𝑤𝑑 = 0.5 ×
𝜎1

2

𝐸
 Eq. (4.8) 

𝑇 =
𝑤𝑑

𝑤
 Eq. (4.9) 

 

 

Where,  

                w: Total strain energy [MPa]  

                we: Elastic strain energy [MPa] 

                wd: The dissipation of energy [MPa] 

                εf: Failure strain [%] 

                σf: Failure stress [kPa] 

                𝜎1: The principal stress value [kPa] 

                 T: Proportion of dissipated energy 

                E: Youngs modulus [kPa], which is the slope of the straight-line section of the  

                      stress–strain curve of UCS test 

 

          

     It is observed from Figure 4. 23 that the elastic, dissipative and total strain energy 

density increases as standard FSP increases from 10% to 50% for specimen prepared at 

60%, 80% and 100% water content.  Compared at similar FSP amounts, the strain energy 

density decreases as the moisture content increases, due to lower FSP fiber inter particle 

property. However, the specimen, prepared at 40% initial water content, has a different 

tendency. It shows that both elastic and total strain energy increases up to 10% FSP additive, 

while they decrease when higher amount of FSP utilized in the mix. For this case the 

dissipated strain energy increases with increasing FSP additive, which means that the 

plastic deformation such as crack propagation tends to be more significant, and the same 

tendency is observed as the water content is decreased. 
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Figure 4.23: Strain energy density concentration of standard FSP treated soil at initial water 

content of (a) 40%, (b) 60%, (c) 80% and (d) 100%. 

 

 

     From Figure 4.24 it can be observed that the addition of standard FSP enhances the 

dissipative, elastic, and total strain energy density of specimen made at 100% initial water 

content and different amount of cement. But the specimen without FSP additive at lower 

cement content have similar dissipative energy density. It might be due to the loading 

process effect on the inter particle rearrangement of UCS specimen from initial deformation 

to failure point. This characteristic leads to similar cracks, deformation distribution and 

energy loss tendency. 

    Upon careful examination and analysis, it becomes evident that incorporating an 

appropriate quantity of standard FSP fibers into cement can significantly boost the capacity 

to absorb energy, including both total and elastic strain density parameters. In the case of 

specimens created by mixing cement with clay, the treated soil exhibits pronounced 

brittleness, leading to the rapid development of internal cracks and a reduced ability to 

absorb energy. 
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Figure 4.24: Strain energy density concentration of soil treated with cement and standard 

FSP (a) w100_C5, (b) w100_C8, (c) w100_C10 and (d) w200_C20. 

 

     

   When the amount of FSP fibers is increased, reaching the optimal content threshold (i.e., 

10%), it fosters strong adhesion among the FSP fibers, cement, and clay soil. Under this 

condition, the FSP fiber addition gives the soil higher tensile strength, resulting in a 

noticeable enhancement in energy absorption, particularly in the specimens containing a 

water content of 40%. However, surpassing the optimum amount threshold of fibers results 

in an excessive distribution of FSP fibers in the specimen, leading to weak interparticle 

interaction among the fibers, cement, and soil that causes a certain portion of the specimens 

to exhibit weakened interfaces. When a certain external uniaxial load is applied, this 

weakened interface easily fails, due to the uneven concentration of stress, leading to the 

peeling and extraction of some fibers before the improved soil can withstand enough stress, 

and which indicates a reduction in absorbed energy. 

      From Figure 4.25 (a), it is observed that the proportion of dissipative strain energy first 

decreases and then increases for the initial water content of 40% and vice versa for that of 

60% in the sample preparation. When the amount of water used for the sample preparation 

is increased, the dissipative energy proportion is lower for similar amounts of FSP additive. 
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For the initial water content of 60% to 100%, the absorbed energy and deformation 

propagation increase due to higher plasticity up to 50% and more FSP fibers. This shows 

that the addition of FSP fibers improves the internal deformation and stress distribution of 

treated soil and, when energy is added, the plastic deformation becomes minimal, while the 

material tends to become more elastic when the reinforcing characteristics of the fibers are 

utilized sufficiently at the initial water content of 40%. However, a greater addition of FSP 

fibers (i.e., 30%) will lead to excessive fiber distribution and desaturation, as well as an 

uneven distribution of stress, which will decrease the effect of the improvement. 

    Figure 4.25 (b) shows that in the UCS test, the dissipative energy proportion of treated 

soil generally shows the tendency of first increasing and then decreasing, and the 

dissipative energy proportion is the lowest when the FSP fiber content is 0%, which are 

0.35, 0.36, and 0.26 respectively for w100 C8_FSP, w100 C10_FSP and w200 C10_FSP 

test cases. In the other way the dissipative energy is lower at 10% FSP fiber of C5_FSP 

which have relatively lower pozzolanic properties.  
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Figure 4. 25: Proportion of dissipative strain energy: (a) standard FSP in the treated soil and (b) 

standard FSP and cement in the treated soil. 

 

    When FSP fiber of 5% for 100% initial water content and 10% for 200% water content 

was added in the mix, the dissipated energy in the UCS test accounted for the largest 

proportion. which indicates that the internal cracks and damage propagation in the treated 

sample, as well as the phenomenon of stress concentration, were significant, and higher 

energy consumption at this stage. When a certain amount of FSP fiber is added, the 

proportion of dissipated energy gradually increases and decreases when the FSP fiber 

amount is reached at 10% and 20% for 100% and 200% initial water content of mix 

respectively. This shows that the addition of fiber improves the internal crack, deformation 

distribution and stress density of treated soil. The FSP fiber can adequately absorb the 

applied load energy and fully utilize its potential reinforcing characteristics. However, the 

subsequent addition of fibers will lead to excessive fiber distribution, agglomeration, 

uneven stress distribution and contact between fibers, which will reduce the treatment effect. 
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4.4.4 Mechanism of FSP and cement treated clay soil 

   While the standard FSP serves as a crucial reinforcement agent in this stabilization 

process, the interlocking network of the FSP fibers imparts tensile strength to the soil, 

effectively mitigating the problems of soil cracking and fissuring during drying and 

shrinking. This physical interaction not only reinforces the soil, but also contributes to its 

cohesion, preventing excessive water-induced erosion and instability observed in the test 

results of the specimens made at water contents of 40% to 200%. Cement, on the other 

hand, plays a pivotal role in binding the components of the mixture together as the cement 

particles coming into contact with the water, present in the clay soil and the mixture, a 

process called cement hydration, is initiated. This chemical reaction leads to the formation 

of cementitious compounds that act as a binder, connecting the soil particles and paper 

fibers, as shown in Figure 4.26. As the cement hydrates and solidifies, it creates a robust 

matrix within the soil, significantly enhancing its shear strength. Moreover, the hydration 

process itself serves to control the water content within the mixture, helping to regulate the 

moisture levels and minimize undesirable swelling and shrinking behaviors in the soil 

matrix. 

 

Figure 4.26: Mechanism of cement and standard FSP treated soil with high water content. 
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 When standard FSP, that has a smaller particle size than the soil particle size, is utilized, 

the surface area is reduced. However, even if the surface area is reduced, the ratio of the 

surface area to volume is increased when standard FSP with a smaller particle size is used. 

This helps provide proper hydration and increases the solidification process which 

conveniently consumes the free water in between the particles over time. This combination 

not only helps with the dissociation and agglomerate formation of the clay particles and 

FSP fibers, but also decreases the brittleness of the mixture forming the non-plastic treated 

soil with proper moisture and resistance to uniaxial and tensile stress.   

 

4.5 Conclusions 

The purpose of this study was to investigate the additive effect of the original FSP, the 

standard FSP, and the combination of cement and the standard FSP on the mechanical 

properties of treated high-water-content clay soil. The following is a summary of the 

findings of this study. 

(1) Standard FSP, which has a particle size of 178 μm, has the largest water absorption. 

Similarly, the water absorption of standard FSP with a particle size sieve of 90.5 μm, 

has the second largest water absorption. In both cases, the entangled structure of the 

fibers is large, which was observed from the SEM image, indicating that the entangled 

porous structure of the fibers contributed to higher water absorption. 

(2) FSP can enhance the strength of treated clay at any level of water content. This is 

because of the aggregation of the soil and the interlocking effect of the fibers. 

However, with a very low water content, the strength and stiffness decrease due to 

insufficient water absorption by the FSP, such that some of the FSP remains in a dry 

and soft condition and its resistance is weak. 

(3) When higher shear strength is the target for structures with heavier weights and 

impervious barriers, such as landfill liners, the utilization of the combined additive of 

standard FSP and cement is recommended. The addition of FSP alone is not enough 

to improve the strength, especially when the water content is very high, namely, over 

100%. In such cases, the combination of FSP and cement is beneficial, because both 

additives will enhance the compressive strength to the desired level. 

(4) Reducing the amount of cement and adding FSP is a good way to improve the ground 

with a low impact on the environment. This reduction in the cement content, by the 

inclusion of natural fibers, can lead to a lower carbon footprint that is associated with 

cement production. Cement production is known to be energy-intensive and releases 

a significant amount of carbon dioxide which has an immensely negative effect on 

the environment. 
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(5) The mechanisms for improving muddy clay soil are different between FSP and 

cement. FSP plays a reinforcing role that enhances the tensile strength and reduces 

cracking by absorbing excessive moisture between soil particles and creating a 

network of interconnected fibers within the soil matrix, while cement acts as a binder 

through hydration reactions, forming chemical bonds with the soil particles, leading 

to the creation of a more solid and cohesive matrix and increasing the compressive 

strength. The standard FSP and combination of FSP and cement represent a new 

treatment process. This process occurs when the mixing water dissociates calcium 

oxide which forms binding gel. This binding gel generates chemical reactions with 

clay alumina and clay silica through a hydration process that binds the soil particles 

together as well as binds the soil particles with the standard FSP fibers. This 

combination not only helps the dissociation and agglomerate formation with clay 

particles and FSP fibers, but also decreases the brittleness of the mixture by absorbing 

and reducing the apparent free water from the muddy clay soil that makes non-plastic 

improved soil which can resist uniaxial and tensile stress. 
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Chapter 5 

Numerical analysis on the road performance constructed on soft soil treated with 

finely shredded paper and cement. 

5.1 Introduction 

   Nowadays the need for various kinds of infrastructure like roads and railways is 

increasing. However, the shortage of strong and suitable ground is the main challenge for 

such kind projects in different parts of the world. To counterbalance this problem, 

embankments are constructed on top of soft ground to provide better ground supports for 

roads and railways infrastructures. The use of soft ground as foundation layer below the 

embankment and other surface structure has various problems due to its low bearing 

capacity, insufficient shear strength and higher deformation characteristics. In addition, the 

unavailability of the required embankment fill materials in the vicinity of the project site. 

Therefore, it’s crucial to employ appropriate ground improvement methods to guarantee 

the stability of embankments and surface structures by enhancing the engineering 

properties of soft soils throughout both the construction phase and their long-term usage. 

This method can solve the shortage of selected fill materials near the construction site. 

    Various methods have been developed and studied to address the challenges associated 

with soft soil ground formation. One of method is the use of preloading and prefabricated 

vertical drains (PVDs) which has been found to be highly effective in improving soft clay 

ground under land reclamation projects (Bo et al., 2007; Griffin & O’Kelly, 2014; 

Hambirao & Rakaraddi, 2014; Indraratna et al., 2013; Liu et al., 2008; Pham et al., 2022). 

To achieve uniform settlement of the soft ground by accelerating the consolidation process 

of soft, saturated soils, vacuum consolidation has been found effective which is crucial for 

avoiding construction failures and rising maintenance expenses (Puspita & Capri, 2020) . 

Replacing the existing soft ground with high shear strength and bearing capacity selected 

soil after the in-situ soil up to required extent, construction of embankment in stages with 

proper consolidation time and improving soft ground underneath embankment by chemical 

treatment (Nguyen et al., 2015). Where deep soil mixing (DSM) is a widely used chemical 

stabilization method for ground improvement in soft clay soil which increases the strength 

and reduces the compressibility of in situ foundation soil (Haakeel et al., 2019). 

    There are several additives commonly used for the treatment of soft soils. The most 

common one is cement additives which are used for improvement of soft soils. The cement 

can be mixed with soft soils which creates a hardened matrix to increase strength, reduce 

plasticity and enhance durability that improves the soft soil by altering its chemical 
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properties. Cement stabilization techniques have also been studied extensively and found 

to be dependent on factors such as mineralogy, environmental conditions, curing period, 

and initial clay water content (Babu et al., 2011). In spite of stiffer soil matrix and higher 

strength, cement treated soil will increase brittleness, reduce sorption capacity and at some 

point, ductility of construction during static and cyclic loading  (Ma et al., 2018; 

Wassermann et al., 2022). 

    To mitigate this adverse effect, different fibers were introduced for reinforcement in 

combination with cement (Duan & Zhang, 2019; Estabragh et al., 2012; Li et al., 2019; L. 

Mei et al., 2022; Wang et al., 2020; Yang et al., 2022). The incorporation of waste fibers, 

such as cornsilk fibers, into cement treated soil has been studied for enhancing the 

mechanical behavior of the soil (Tran et al., 2018). Similarly, the addition of sewage sludge 

ash, geopolymer, fly ash into cement has treated soil been investigated for the treatment of 

soft subgrade soil, leading to improved cohesion and shear strength of the treated soil (Chen 

& Lin, 2009; Ghadir & Ranjbar, 2018; Radwan et al., 2021). 

      The reinforcement of cemented soil with fibers, such as polyvinyl alcohol fiber, has 

been found to effectively improve compressive and splitting strength, contributing to the 

overall stiffer mechanical properties of the treated soil  (Zhao & You, 2020) However, the 

natural fibers were preferable for the economical, sustainable, and ecofriendly treatment 

process that reduce environmental burdens (Duong et al., 2021). 

     The natural fibers (i.e., coconut fiber, sisal fiber, palm fiber, jute fiber, coir fiber, 

bamboo fiber, etc.). The corn husk fiber used to reinforce by Duong et al. (2021) cemented 

soil with high water content that the fiber inclusion improves compressive strength and 

tensile strength of cemented soil, and the higher amount of fiber content leads to higher the 

increase in energy absorption. The study shows that with 100% water content, at the same 

strain, stiffness increases with increasing fiber content for a given strain value.  

    Once the change in the mechanical properties of soil is known during laboratory work, 

researchers evaluate its performance as subgrade soil. Singh et al., (2021) investigated the 

incorporation of municipal solid waste incineration ash and marble dust in clayey soil for 

subgrade construction, demonstrating the potential for alternative materials in subgrade 

improvement. Such kind of treated soil materials usage effectiveness is reported by (Shalabi 

et al., 2019). Moreover, the effects of ground granulated blast-furnace slag (GGBS) and fly 

ash in binders on soil treatment for road construction, highlighting the potential of 

alternative binders in soil improvement process (Lindh & Lemenkova, 2022). These studies 

collectively support the use of cement and alternative materials for subgrade treatment, 

providing valuable insights into the effectiveness and sustainability of such approaches in 

road construction. 
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      In this study the improved soil by utilization of finely shredded paper (here in after 

called FSP) fibers incorporated into mixture of clay soil and cement at high water content 

where the treatment method is economical and ecofriendly is used for analysis. For the 

performance evaluation of treated soil used for construction of road is performed using 

Plaxis 3D FEM program. 

5.2 Finite element modelling 

   Finite Element Modeling (FEM) is a powerful computational technique that has 

revolutionized the method engineers and scientists analyze and solve complex problems in 

various fields of engineering, physics, mathematics, and others. It is a numerical method 

used to approximate and simulate physical phenomena by dividing complex geometries of 

model region into smaller, simpler elements with each element analyzed separately using 

matrices. These elements are interconnected to form a mesh, and mathematical equations 

are applied to each element to describe its properties effectively. Nevertheless, the 

computation procedure involved in the finite element method is complex and not feasible 

for manual calculations. However, most of the finite element software’s have sophisticated 

codes and a robust computational framework to address this type of challenge. 

    FEM enables us to understand the behavior of structures, materials, and systems under 

different conditions, making it an indispensable tool for designing and optimizing 

everything from roads, bridges, buildings to dams and others. This approach provides 

valuable insights into real-world problems, allowing engineers and scientists to make 

precise decisions and innovations in various industries. Look at appendix A to read some 

of the advantages of FEM.  

Plaxis is a finite element program that has gained significant recognition and utilization in 

the field of geotechnical engineering that was specifically designed for the numerical 

analysis of geotechnical problems. It incorporates constitutive models that simulate the 

behavior of soils under various loading conditions (García et al., 2022). 

       In the late 1980s, Plaxis was initiated as a 2D finite element program for analyzing 

river embankments in collaboration with the Dutch Ministry of Infrastructure and Water 

Management at Delft University of Technology in the Netherlands  (Lin et al., 2020). The 

software has been upgraded to include advanced geometric tools for creating arbitrary 3D 

geometries and incorporates advanced computation and iterative tools, making it widely 

used in the field (Simões et al., 2017). 

      Plaxis 3D has been extensively applied in various geotechnical analyses, including 

stability studies on geological formatio(Zhao & You, 2020)oal batters  (Zhao & You, 2020) 

and open pit slopes  (Zhao & You, 2018). Furthermore, recent advancements have focused 

on digital-based approaches to automate and optimize geotechnical design processes, 

reflecting the continuous development and integration of new technologies in geotechnical 
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engineering  (Lam et al., 2022).  Additionally, Plaxis 3D has been employed in the 

investigation of the behavior of single under-reamed piles under compression load in clay 

(Nasr et al., 2022). Furthermore, the software has been instrumental in the study of the 

effect of geogrid reinforcement of embankments over soft foundations (Mohammed et al., 

2022), as well as in the geotechnical modeling and subsurface analysis of complex 

underground structures (Hemeda, 2019a). Its application extends to the behavior of 

disconnected and connected piled raft foundations (Tarenia & Patra, 2019). load  (Tarenia 

& Patra, 2019). These broader applications demonstrate the versatility and significance of 

Plaxis 3D in addressing various complex geotechnical and structural problems.  

5.3. Soil Models in Plaxis 

   In Plaxis software, soil models are essential components used to represent the behavior 

of soils under various scenarios. There are several soil models used in Plaxis 3D to simulate 

the target ground conditions which is written in appendix B.  In this study it mainly 

proposed four different types of soil across the proposed road cross section. So based on 

each property we utilized soft soil models (for soft clay subgrade) and Mohr Coulomb 

model (for embankment fill, treated soil section and silty sand sub surface layer). We will 

describe in detail about this two-soil model behavior as follows: 

5.4.1 Mohr-Coulomb Model 

   The Mohr-Coulomb model is a simple and well-known linear elastic perfectly plastic 

model as shown in Figure 5.1, which can be used to model and effectively represent soil 

behaviors. For its failure criteria formulation Hooks laws were used. The basic principle of 

elasto-plasticity is that strains and strain rates are decomposed into two parts as an elastic 

part and a plastic part as shown in Figure 5.1. 

 

Figure 5. 1: Basic principle of an elastic perfectly plastic model 
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The behavior of materials which is modeled with Mohr-Coulomb model has certain 

features: 

1. It shows isotropic shear strength, with both peak and residual values, featuring a 

cohesive-frictional nature that linearly increases with stress or confinement levels. 

2. Tensile strength using a tension cutoff yield function. 

3. It accounts for either dilation, due to increased volume, or critical state behavior with 

constant volume at failure. 

4. It takes into consideration the dependency of shear strength on Lode's angle, an 

observation common for most geomaterials. 

 

    This model is particularly suitable for assessing the stability of geotechnical and mining 

problems within a limited range of stress and confinement conditions. In certain cases, it 

can provide more accurate predictions of failure modes and safety factors. For instance, it 

is effective in simulating load-displacement behaviors of subgrade geomaterials like gravel, 

sand, and rocks. When the Coulomb criterion is combined with the Mohr circle 

representation of stress states and admissible conditions, the Mohr-Coulomb failure 

criterion in terms of principal stresses can be defined in equation (5.1) as follows: 

 

𝐹𝑠 =
1

2
(𝜎1 − 𝜎3) +

1

2
(𝜎1 + 𝜎3) sin𝜙 − 𝑐cos𝜙 = 0 (5.1) 

 

The yield functions have two familiar plastic model parameters: the widely recognized 

friction angle φ and the cohesion c. When all the yield functions, each denoted by 𝑓𝑖, satisfy 

the condition 𝑓𝑖 = 0, collectively, it shows a stable hexagonal cone within the principal 

stress space, as illustrated in Figure 5.2. 

Figure 5.2: Hexagonal yield surface for Mohr-Coulomb model in principal stress space  

(Brinkgreve et al., 2013) 

The Mohr-Coulomb model with linear elastic perfectly plastic behavior necessitates five 

−𝜎1 

−𝜎2 

−𝜎3 
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parameters in total where two for stiffness and three for strength as shown in Table 5.1. 

These parameters are commonly well-known among professional geotechnical engineers 

and can be obtained from basic soil sample tests. 

 

Table 5.1: Parameters used for Mohr-Coulomb model 

Stiffness parameters 

Parameters  Demotion Unit 

Young's modulus 𝐸𝑟𝑒𝑓 [kN/m2] 

Poisson's ratio 𝑣 - 

Strength parameters 

Cohesion 𝑐 [kN/m2] 

Friction angle 𝜑 [º] 

Dilatancy angle 𝜓 [º] 

 

   Youngs modulus (E): Young's modulus serves as the fundamental stiffness modulus in 

both the elastic model and the Mohr-Coulomb model, although there are also alternative 

stiffness moduli to consider. Careful attention must be given to the selection of stiffness 

parameters in calculations, particularly because many geological materials exhibit non-

linear behavior right from the onset of loading. As shown in Figure 5.3, the triaxial testing 

of soil samples, the initial slope of the stress-strain curve, indicated as the tangent modulus 

𝐸0, is typically referenced, and the secant modulus at 50% strength is denoted as 𝐸50. 

   For materials with a substantial linear elastic range, 𝐸0  is a reasonable and practical 

choice, but when dealing with soil loading, 𝐸50 ,  becomes the preferred option. When 

addressing unloading conditions, such as those encountered in tunneling and excavations, 

one typically requires an unload-reload modulus 𝐸𝑢𝑟 instead of 𝐸50. 

 

Figure 5.3: Definition of E0, E50 and Eur for drained triaxial test (Brinkgreve et al., 2013) 
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From Hooks law the shear modulus (G) Oedometer modulus (𝐸𝑜𝑒𝑑) can be calculated using 

the young’s modulus and poisons ratio relationship as shown in equation (5.2) and (5.3) 

respectively results (Plaxis 3D user manual, 2013) 

 

𝐺 =
𝐸

2(1 + 𝑣) (5.2) 

𝐸𝑜𝑒𝑑 =
(1 − 𝑣)𝐸

(1 − 2𝑣)(1 + 𝑣) 
 

(5.3) 

 

5.4.2. Soft soil model 

A soft soil model (Brinkgreve, 2002) is utilized for soil having high degree of 

compressibility like, normally consolidated clays, clayey silt and peat which is 

demonstrated with odometer test data. From modified compression index (λ*) value which 

is slope of elastic compression line as shown in Figure 5.4, the oedometer modulus can be 

computed from the relationship: 

 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

=
𝑝𝑟𝑒𝑓

𝜆∗  (5.4) 

 

Where,  𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

, Tangent stiffness for primary oedometer loading 

               λ*,  modified compression index 

 

A hardening soft soil model is quite suitable for soft soil modelling in most cases unless 

we consider very soft soils with high compressibility. So, for such kind of soils soft soil 

models are used. Soft soil model has certain features like: - 

❖ Stress dependent stiffness (logarithmic compression behavior), 

❖ Distinction between primary loading and unloading reloading, 

❖ Memory for pre-consolidation stress, 

❖ Failure behavior according to the Mohr-Coulomb criterion. 

 



111 

 

Figure 5.4: Logarithmic relation between volumetric strain and mean stress (Xue et al., 

2022) 

 

Among changes in volumetric strain, 𝜀𝑉, and changes in mean effective stress, 𝑝′in soft 

soil model logarithmic relationship is assumed ich can be formulated as: 

𝜀𝑣 − 𝜀𝑣
0 = −𝜆∗ln (

𝑝′

𝑝0
) ….Virgin compression……. (5.5) 

 

During isotropic unloading and reloading a different path (line) is followed, which can be 

formulated as: 

𝜀𝑣
𝑒 − 𝜀𝑣

𝑒0 = −𝑘∗ln (
𝑝′

𝑝0
) 

…. Unloading reloading 

……. 
(5.6) 

 

The Hooks law in equation 3 describes the elastic properties and the bulk modulus 

calculated according to equation 3. In the bulk modulus calculation, the minimum value of 

“p” and for the elastic Hooks law constant poisons ratio is considered. 

𝐾 = (
𝑝

𝑘∗
) =

𝐸

3(1 − 2𝑣)
 ….Unloading reloading ……. (5.7) 

 

    It is noted that the material parameters 𝜆∗ and 𝜅∗ (using the superscript asterisk to denote 

“modified”) are based on the increment of volumetric strains (Figure 5.4); they are 

different from the material parameters λ and κ used in the modified Cam-Clay model which 

are based on the increment of void ratios. Modified compression index, or slope of elastic 

compression line, 𝜆∗ =
𝜆

1+𝑒
  where λ is the compression index in the Cam-Clay model, 

and e can be approximately the initial or average void ratio during a compression path. 

Modified swelling index, 𝜅∗,  or slope of elastic swelling line, 𝑘∗ =
𝑘

1+𝑒
 , where κ is the 

https://docs.itascacg.com/3dec700/common/models/softsoil/doc/modelsoftsoil.html#modelss-1
https://docs.itascacg.com/3dec700/_images/modelss-1.png
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swelling index in the Cam-Clay model, and e can be approximately the initial or average 

void ratio during a swelling path. 

 

The parameter modified compression index ( 𝜆∗), which determines the compressibility of 

the material in primary loading and 𝑘∗is the modified swelling index, which determines the 

compressibility of the material in unloading and subsequent reloading. 

 

The relationship between the modified compression and swelling indexes are given below 

that obtained from one dimensional compression as: 

 

𝜆∗ =
𝜆

1 + 𝑒
=

𝐶𝑐

 2.3 (1 + 𝑒)
 (5.8) 

𝑘∗ =
𝑘

1 + 𝑒
=

2𝐶𝑟

 2.3 (1 + 𝑒)
 (5.9) 

 

The compressibility of the materials in a given volume is represented in an elliptical cap 

which has close similarity to the modified cam clay model as shown in Figure 5. 5. Where 

the Yield surface of this elastic cap with its apex on the critical state line defined as: 

 

 

 

Figure 5.5: The yield surfaces of the Soft Soil model; Mohr Coulomb yield surface (red) and 

elliptical cap (blue) (Brinkgreve et al., 2013) 

 

𝐹𝐶 =
𝑞2

𝑀2(𝑝 + 𝑐𝑐𝑜𝑡(𝜑))
+ 𝑝 − 𝑝𝑐 = 0 (5.10) 

 

Where, 

      = 𝑝𝑐  is the location of the intersection of this yield surface with the 𝑝 axis, and  

      =𝑀 is the slope of critical state line where this line is different in triaxial compression 
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and extension    configurations like Mohr Coulomb model.  

 

 

The hardening for these yield surfaces is considered for 𝑝𝑐  and it is attributed to volumetric 

plastic strain generated only by the cap yield surface. 

 

𝑝𝑐 = 𝑝0exp (
−𝜀𝑣

𝑝

𝜆∗−𝜅∗) (5.11) 

 

The slope of the critical state line, 𝑀, is obtained largely from the coefficient of lateral earth 

pressure 𝐾0
𝑛𝑐evaluated from an oedometer test. 

 

𝑀 = √
(1 − 𝐾0

𝑛𝑐)2

(1 + 2𝐾0
𝑛𝑐)2

3

+
(1 − 𝐾0

𝑛𝑐) (1 − 2𝑣)(
𝜆∗

𝜅∗ − 1)

𝜆∗

𝜅∗ (1 + 2𝐾0
𝑛𝑐)(1 − 2𝑣) − (1 − 𝐾0

𝑛𝑐)(1 + 𝑣)
 (5.12) 

 

 

For general states of stress (p, q), the plastic behavior of the Soft Soil model is defined by 

the combination of the cap yield function and the Mohr-Coloumb yield functions. In Figure 

5.6 the total yield contour in principal stress space is clearly indicated. 

 

 

 

Figure 5.6: Representation of total yield contour of Soft Soil model in principal stress space 

(Brinkgreve et al., 2013) 

 

 

 

 

 

−𝜎1 

−𝜎2 

−𝜎3 

Failure surface 

Cap 
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5.5. Meshing condition in the model 

   Mesh sensitivity in Plaxis 3D models is a critical aspect which influences the accuracy of 

overall simulations. The selection of a suitable mesh size and shape is paramount in 

ensuring reliable results (Bomers et al., 2019). It is shown that the model output is more 

sensitive to mesh properties, such as grid shape and size, than to other factors like friction 

spatial distribution. For mesh sizes below a certain limit, the accuracy of results diminishes 

(Hellander et al., 2015). 

    Adaptive mesh refinement plays an essential role in enhancing the precision of 

simulations by allowing for the adjustment of mesh density based on the requirements of 

the model  (Lambe & Czekanski, 2017) .This approach has been successfully implemented 

to optimize the boundary of structures and improve the overall quality of computational 

solutions  (Paulino et al., 2010). 

    Furthermore, the use of adaptive mesh refinement has been shown to be more 

computationally efficient compared to uniformly refining the entire mesh (Shu-min et al., 

2021). In the context of Plaxis 3D modeling, the implementation of adaptive mesh 

refinement can lead to more detailed and accurate representations of complex structures 

and geotechnical problems (Hemeda, 2019). This refinement method enables the 

generation of more intricate mesh patterns that closely mimic field conditions, thereby 

enhancing the overall simulation quality (Mansur et al., 2022). Moreover, compared to 

other modeling approaches, Plaxis-3D modeling has been described as more elegant, 

representative, and accurate (Sanjei & Silva, 2016).  

    After creating the model geometry material properties are assigned to each soil layer, 

which is generated from meshing mode. Plaxis 3D stands out with its unique mesh structure 

comprised of 10-node tetrahedral elements as shown in Figure 5.7, unlike that of 2D finite 

element software that allows for triangular and square mesh elements. Users have the 

flexibility to adjust element sizes within the mesh settings to tailor them to specific problem 

requirements. 

 

Figure 5.7: Tetrahedral mesh elements in Plaxis 3D (Brinkgreve et al., 2013) 
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The quality of the mesh depends on two major parameters, target element size (Ie) and 

relative element size (re). The element size (Ie) depends on the overall dimensions of the 

model boundaries (XYZ plane) and can be calculated using the equation (5.13) (Brinkgreve 

et al., 2013). 

 

𝐼𝑒 =
𝑟𝑒

20
√(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)2 + (𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛)2 + (𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛)2 5.13 

 

The relative element size, re, is assigned with five different values based on global mesh 

levels: very coarse (re = 1.5), coarse (re = 1), medium (re = 0.7), and very fine (re = 0.5). 

Once the user selects the appropriate re value, the targeted element size, Ie is automatically 

calculated, and the mesh is generated accordingly. In our case the very fine (re = 0.5) is 

selected for the better accuracy even if it takes relatively larger time for simulations.  

 

 

5.5. Geometry of the model 

    As shown in Figure 5.8 the embankment was constructed on soft soil subsurface profile. 

The embankment has a total height of 1.50m from the existing ground surface which has a 

side slope with a ratio of 4:1. This embankment is underlined by soft clay soil which 

extends up to 5.0m below natural ground surface, where silty sand soil covers the lower 

layer of the sub surface soil that extends to 12.0m below the ground surface. This sub soil 

stratum is obtained from drilling bore hole logs at outskirt of Addis Ababa city, Ethiopia. 

This typical soil model is selected based on ERA design manual for low volume road (ERA, 

2011). It states the allowable slope and embankment height of road built on soft ground 

soil. The assumed roadway consisted of a 2-lane rural road with 10m total width. Where 

point O (0,0,0) is origin, point A (0.5, 0, -0.5m) and Point B (0.5,0, -4.5m) of x, y and z 

axis respectively is taken for evaluation of the performance of additive across the model. 
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Figure 5.8: Geometry and boundary condition of the soil model used for simulation. 
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5.5.1. Boundary condition 

   In Plaxis, during the consolidation and deformation analysis of an embankment on soft 

soil, the displacement boundary and the consolidation boundary are established. The origin 

coordinate point is situated at the base of the embankment’s centerline. It is set with the 

rightward direction as the positive x-axis, the direction towards the page (longitudinal 

direction of the road) as positive y -axis, and the upward direction as the positive z-axis. 

To ensure accurate calculation results and minimize the effect of boundary conditions, both 

wide and narrow embankment models with dimensions of 50 meters are employed in the 

positive x-direction. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Boundary condition of the model 
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Table 5.2: Material properties used for the analysis 

 Unit 
Embankm

ent fill 
Soft soil 

Silty 

sand 

Soil treated with 

cement and FSP 

Model type 
Mohr 

coulomb 
Soft soil 

Mohr 

coulomb 

Mohr coulomb 

Unsaturated unit weight, 

γ 
kN/m3 16 15 17 

14 

Young’s modulus, E kPa 8000 - 20000 12000 

Poisson’s ratio, υ - 0.3 0.3 0.3 0.3 

Cohesion, c’ kPa 1 25 4 120 

Friction angle, φ’ deg. 35 5 33 
54 

Permeability, k m/day 1.0 
7.305E-

05 
0.25 

4.228E-04 

Modified swelling 

index, κ* 
- - 0.01818 - 

- 

Modified compression 

index, λ* 
- - 0.091 - 

- 

 

5.6. Loading of the model 

   The scope of the numerical model was broadened to encompass the intricacies of 

simulating the road surface, enabling a comprehensive analysis of how it interacts and 

responds to the repetitive stresses imposed by traffic flow over time. Top of Form The 

current approach to road cross section modeling assumes that the material is homogeneous, 

linearly elastic, and isotropic, and it undergoes static loading to evaluate strain (Pooni et 

al., 2022). 

     The inclusion of static traffic loading in road embankment simulations holds significant 

importance for various reasons. Firstly, it enables the assessment of long-term stability and 

deformation characteristics by(Chaiyaput et al., 2022; Chai & Miura, 2002). This is 

particularly crucial for evaluating embankments on soft subsoils, where permanent 

deformation induced by traffic loads needs careful consideration. Moreover, analyzing 

traffic-induced permanent deformation is essential for ensuring the safety and performance 

of road embankments, especially in areas with diverse soil properties.  

   Mei et al., (2019) reported that the primary source of rutting damage on pavement 

emphasizes to the repetitive application of loads over the course of their lifespan, which 

emphasizing the need to consider the effects of dynamic loading on pavement deterioration. 

However, in this research it is considered that the long-term effect of the road embankment 

deformation without pavement where the static loading condition is utilized for the 
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simulations.  For this simulation, the traffic survey conducted by AACRA (Addis Ababa 

City Road Authority) for project area analyzed and forecasted for the proposed road 

construction is approximately taken as 20 kPa. This estimate serves as a critical input for 

modeling and assessing the structural integrity and performance of the road infrastructure 

under anticipated traffic loads.  

5.7. Validation of numerical model   

   Constructing a reliable soil model beneath the analyzed embankment is crucial, with the 

model accurately simulating real-world conditions. Therefore, comprehending the 

variations in soil characteristics across different sub soil profiles is vital for conducting 

thorough investigations into how they respond to the earth fill load. 

    The study conducted by Puppala et al., (2011) utilize Plaxis 2D for simulation of the 

embankment to understand the settlement behavior of embankments by measuring the 

vertical and horizontal displacement for over 800 days. The general overview of this soil 

model is discussed in the following paragraphs as it is used for the calibration of our model. 

     A cross-section and subsurface profile of the lightweight fill embankment constructed 

with a side slope of 2H:1V. The embankment is constructed on a soft clay layer with a 

thickness of 5 m and underlain by a 3.0m sand layer. on the top of the embankment model, 

it covered with highway pavement. For this numerical analysis, a soft soil model is used to 

simulate the soft clay material while a Mohr-Coulomb model is used to simulate the 

lightweight embankment and sandy soil layer.  

    The consolidation-based simulation was carried out to study the settlement behavior for 

a long-term duration by applying static loading until the excess pore water pressure 

dissipated. Due to symmetry, the model displacement of the boundary at x=0, y=0 was 

restricted in all directions to the right side of the center line. 

     To validate the untreated and treated soil parameters used in this model, the results 

obtained from the given soil model analysis were used to compare with the data recorded 

from field experiments of Puppala et al., (2011) . From the field experimental results, the 

elevation survey at the surface of the embankment was used to compare the vertical 

displacements of the road embankment structure. From Figure 5.10 it’s observed that the 

vertical deformation values with the given time of both experimental and numerical 

simulation is showing a similar tendency. 
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Figure 5.10: Comparison of the Vertical deformation in the Test Section of field test and 

Numerical Analysis. 

5.8. Settlement analysis 

   The traffic load was assumed to be 20kN/m2 where due to symmetry of the embankment 

only half of the embankment with all the cross section and loading as displayed in this 

figure, in this model simulation, a soft soil model is used to simulate the soft clay material 

below the embankment while a Mohr-Coulomb model is used to simulate the embankment, 

treated soil layer and silty sand soil. The input parameters used in this analysis were derived 

from the laboratory experiment results which are shown in previous Chapters 3 and 4. In 

addition some of the input parameters are derived from those laboratory tests and 

customized into suitable form. Those materials properties, drainage condition and soil 

model type are summarized in Table 5.2. 

   The analysis of Plaxis 3D has input, calculation, and analysis phases from defining the 

material property, geometry, soil models, meshing and stage construction. For the soft soil 

layer undrained condition is set in the analysis due to soil properties, but for the other soil 

layer drained condition is considered which also prevents generation of pore water pressure. 

After the proper discretization is made and refined shown in Figure 5.11 and Figure 5.12 

for treated and untreated road section, the calculation phase starts from the initial stresses. 

In Plaxis, four different types of calculation are allowed, which are consolidation analysis, 

deformation analysis, a plastic calculation, dynamic calculation, and phi-c reduction for 

safety analysis. The elastic-plastic consolidation analysis was selected as the appropriate 

method for simulating the road embankment, evaluating on how excess pore pressure 
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dissipates in a saturated clay layer over time.  

 

 

Figure 5.11: Finite element mesh with nodes in the model of untreated cross section. 

 

     In the calculation process the embankment is analyzed in three layers each with 0.5m 

height. In the initial stage, the subgrade soil weight was used for the analysis. The 

construction step started by constructing the 0.50m thick fill embankment for 1 day and 

allow to consolidate for 8 days to assist the excess pressure dissipation, the construction at 

second stage and the rest stage was simulated in that way until the whole embankment 

construction was completed. The simulation was conducted to accurately replicate the 

compaction process as it occurs in practical, real-world applications. After the end of 

embankment construction, the traffic load of 20kPa was applied for the period of 1800 days. 

The loaded section of the road deforms to a certain amount, for instance in Figure 5.14 the 

vertical deformation of the embankment and soft ground subsurface soil reduced due to 

utilization of improved soil layer. 

 

(a) (b)

Treated road sectionUntreated road section

 

 

Figure 5.12: Finite element mesh with traffic loading (a) untreated soil (b) 0.50m treated 

soil. 
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(a) (b)

 

 

Figure 5.13: Deformation mesh of (a) untreated soil (b) 1.0m treated road cross section. 

 

 

 

 

Figure 5.14: Vertical deformation distribution untreated soft soil layer after 20kPa traffic 

load is applied for 1800days. 
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Figure 5.15: Vertical deformation distribution of 0.50m thick treated soft soil layer after 

20kPa traffic load is applied for 1800days. 

 

Figure 5.16 illustrates the variation of vertical settlement with time for untreated and 

treated soft soil with different thicknesses of FSP cement treatment (ranging from 0.25 m 

to 1.0 m) at the surface and 0.50m below the base of the embankment. It is found from the 

figure that, in general the value of vertical deformation tends to be reduced by increasing 

the thickness of the treated soil section of the road at both points. In the case of untreated 

soft soil, the vertical deformation reached 167 mm and 137 mm after 1818 days is reached 

at the surface and 0.50 m below the base of the embankment. On the other hand, in the case 

of treated soil with a 1.0 m thickness, the vertical displacement is reduced to 142 mm and 

110 mm of maximum vertical deformation after 1818 days of consolidation process, at 

surface and 0.5m below the base of the embankment. This result is obtained by the 

utilization of cement and 2% FSP fiber in combination as shown in Figure 5.16 below. 

This indicate also indicates deformation amount at the embankment top section and soft 

ground top section that reduced by 18% and 23% respectively for the untreated and 1.0m 

thickness treated soil. Which is shown in Figure 5.14 that the tendency of the vertical 

deformation value for the specified time is higher in the embankment section than the soft 

soil section. It should be noted that the decrease in vertical movement (settlement) is linked 

to improvements in soil strength characteristics and lower time required for more pervious 

soil specimen.  
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Figure 5.16: Vertical deformation of untreated and cement -FSP treated soil with different 

thickness and FSP fiber amount. 
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Figure 5.17: Excess pore water pressure of untreated and cement -FSP treated soil at 

different depths (at point A and B) and FSP fiber amount. 

 

Figure 5.17 illustrates the generation and dissipation of excess pore water pressure in 

the soft soil section at 1.0m thick reinforced embankment. The reason the excess pore water 

pressure value investigation is focused is that in all the other soil sections in the model (i.e., 

embankment, treated soil and silty sand soil layers) use drained simulation condition. Two 

points were selected in the soft soil layer at the center line of the road for every treatment 

scenario: one is at 0.5m below the embankment base and the other is at 4.5m below the 

embankment base where the behavior of excess pore water pressure is evaluated. It is 

observed from Figure 5.17 that, during the initial phases of each construction stage, the 

dissipation of the excess pore water pressure immediately increases due to an increase in 
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the embankment loading, and each sudden increase is followed by a gradual reduction in 

pressure. The excess water pressure shows peak values of 4.84 kPa and 3.78 kPa at 4.5 m 

below the embankment base due to the embankment construction and then dissipated at 

different rates to nearly zero after 1800 days for the untreated and 1.0m depth treated soil 

road cross sections, respectively when 2% FSP fiber is used. Similarly, for the point at 

0.50m below the embankment depth, the maximum value of dissipated excess pore water 

pressure is 4.65 kPa and 3.37 kPa for untreated and 1.0m treated road section respectively.  

     For the 5% FSP fiber addition, the excess water pressure shows peak values of 3.62 kPa 

and 3.17 kPa at 4.5 m below the embankment base when 5% and 10% FSP fiber is used, 

respectively. For the point at 0.50m below the embankment depth, the maximum value of 

excess pore water pressure is 3.11 kPa and 2.95 kPa for 5% and 10% FSP fiber inclusion 

respectively at 1.0m treatment thickness. In addition, it is observed that the rate of 

dissipation between two points (i, e., 0.5m and 4.5m below the ground surface) increases 

as depth increases. It means that the excess water pressure at point 4.5m below the 

embankment base is rapidly reduced due to the higher amount of vertical stress application 

and shorter distance to permeable silty sand soil. 

5.9. Conclusions  

In this study, Plaxis 3D simulations of road cross section was conducted to evaluate the 

performance of stabilized soft soil. From the analysis results, we can conclude: 

1) Vertical settlement was significantly reduced by increasing the thickness of treated 

soil sections, indicating an association between reduced settlement and improved soil 

strength and permeability due to treatment process. 

2) These findings give valuable insights into the performance of soft soil ground under 

various treatment thickness and material behavior, which can inform engineering 

decisions for road construction and stability. 

3) The excess pore water pressure value shows peak values of 4.84 kPa at (untreated) 

case and 3.78 kPa for (treated with 1.0m thickness case using 2% FSP fiber) at 4.5 m 

below the base of the embankment.  

4) Peak excess pore water pressure development during the initial embankment 

construction stage is reduced when the FSP fiber addition amount increases improved 

soil is utilized. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

In summary, the utilization of combined natural fiber and cement for high water content 

clay soil improvement represents an innovative advancement in sustainable construction 

practices. The environmental, mechanical strength and economic advantages highlight the 

transformative potential of this approach. By addressing the challenges associated with 

unstable soft clay soils in a comprehensive and eco-friendly manner, this innovative 

technique not only strengthens the foundation of constructed structures but also contributes 

to a more resilient, sustainable, and economically viable future for the construction industry. 

       The utilization of a combined natural fiber and cement approach for high water content 

clay soil improvement presents numerous advantages, revolutionizing traditional soil 

stabilization practices and offering a holistic solution to prevalent the adverse effect. The 

main purpose of the study focuses on a profound environmental benefit derived from the 

integration of natural fibers. Unlike traditional stabilizers that may rely on non-renewable 

resources, natural fibers provide a sustainable alternative, tapping into the inherent 

regenerative capacity of organic materials. This not only reduces the ecological footprint 

associated with construction but also aligns with global efforts towards more 

environmentally friendly practices. 

      Mechanically, the synergistic effect of natural fibers and cement within the soil matrix 

results in a remarkable enhancement of structural integrity. The combination forms a stiffer 

and resilient composite material that effectively addresses the inherent weaknesses of high-

water content clay soils. This newfound strength translates into improved load-bearing 

capacity, making the improved soil suitable foundation material for a diverse range of 

construction projects. The robustness of improved soil by the composite additive material 

extends beyond mere strength that introduces a level of durability that is particularly crucial 

in areas prone to environmental stressors such as heavy rainfall, erosion, or ground 

movement. The resulting stability mitigates deformation risks, ensuring the longevity and 

reliability of constructed structures over this soil. 

      Its application spans can be various domains of construction, offering solutions to 

challenges in road construction, embankment stabilization, and slope protection. In road 

construction, the improved soil provides a stable and durable base, reducing the 

maintenance demands of the infrastructure over time. Embankment stabilization benefits 

from the reinforced soil structure, preventing erosion, excessive settlement, and potential 
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collapses. The method can be adopted for slope protection, providing an effective means to 

counteract the erosive forces that often threaten hillsides and embankment slopes. This 

adaptability makes the combined natural fiber and cement treatment a comprehensive 

solution applicable across a spectrum of construction and infrastructure projects. 

     The utilization of natural fibers and cement can contribute to cost-effectiveness in 

construction projects. Natural fibers are generally cost-efficient, and their integration into 

the soil stabilization process can lead to optimized project budgets. Moreover, the enhanced 

durability of the improved soil reduces the need for frequent maintenance and repairs, 

resulting in long-term cost savings for infrastructure development. 

 

6.2 Recommendations for Future studies 

 

To improve the Geotechnical properties of high-water content clay by developing 

sustainable and ecofriendly stabilization techniques, the following recommendations are 

made for further investigations: 

▪ At current stage the study addresses the behavior of the clay soil improvement at 

the laboratory scale. After addressing the capability of finely shredded paper for soil 

improvement, it’s essential to evaluate the performance of the additive at field 

condition by incorporating practical scenarios.  

▪ The field test model that includes the actual traffic loading and different 

environmental conditions which proper monitoring measuring will give more 

substantial result. This approach will not only give actual performance of the road 

built on soft ground but also the proper on-site mixing design method can be 

developed. 

▪ The resilient modulus characterization of improved high water content clay soil 

using FSP is essential input for analytical pavement design procedures. It can be 

performed in different wet and dry seasons.  

▪ The numerical simulation that includes the performance of the stabilized soil layer 

under different embankment slope, height and weather conditions might give better 

understanding 
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Appendix 

 

A: The basic principle and advantage of utilization of FEM 

Currently the finite element method becomes the most efficient and versatile technique for 

conducting nonlinear boundary value problems like: 

❖ Versatility: FEM can handle a wide range of complex geotechnical problems, 

including soil-structure interaction, consolidation, seepage, ground deformations, 

and stability analysis. 

❖ Accurate Representation: It gives us a highly accurate representation of the 

properties of soil and structures under various loading, sub soil profile and 

environmental conditions. 

❖ Mesh Flexibility: FEM allows for adaptability in mesh refinement which easily 

achieved different degrees of fineness, enabling engineers to focus computational 

resources where they are needed most, for precise results. 

❖ Nonlinear Analysis: Nonlinear material behavior and contact interactions can be 

more efficiently simulated, which are often encountered in geotechnical problems. 

❖ Boundary Conditions: It can incorporate different and complex boundary 

conditions and constraints, reflecting in situ behaviors across the model. 

❖ Parametric Studies: FEM facilitates parametric studies to assess the impact of 

different variables on the geotechnical system's response, like adjacent element with 

different material properties which encountered during the computation. 

❖ Visualization: It provides excellent visualization tools for interpreting results, 

aiding in decision-making, helps to understand loading and failure mechanism and 

design optimization. 

❖ Interdisciplinary Applications: FEM can be seamlessly integrated with other 

engineering fields, such as structural analysis, to solve multidisciplinary problems. 

❖ Cost-Effective: While it requires computational resources and skills, FEM is often 

more cost-effective than physical testing for complex geotechnical problems, 

especially for projects having higher budget constraint. 

❖ Risk Assessment: It helps in assessing the safety and reliability of geotechnical 

structures and can aid in risk mitigation. 

❖ Historical Data: FEM allows for the incorporation of historical data and evaluating 

the outputs, improving the accuracy of predictions. It helps in computing the safety 

and reliability of geotechnical structures which are used in risk mitigation. 

❖ Innovation: It supports the development of innovative geotechnical solutions by 

allowing engineers to explore different design alternatives, utilization of different 
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combination of loading and in situ conditions representation. 

 

 

Appendix B 

Utilization of this program have various advantages like:- 

❖ Realistic 3D Modeling: Plaxis 3D provides engineers to create accurate 3D models 

of road structures and the surrounding soil, which better represents the complex 

interactions and behavior of in situ materials in three dimensions. 

❖ Improved Accuracy: By considering 3D effects, such as vertical and lateral soil 

movements in x, y and z direction, the simulation provides a more accurate 

representation of the road's response to various loads and environmental conditions. 

❖ Complex Geometries: Plaxis 3D can handle complex geometric configurations, 

including intersections, bridges, embankments, and tunnels, making it suitable for 

modeling real-world road networks. 

❖ Variability and Heterogeneity: It accommodates soil heterogeneity and variability 

by allowing users to define different soil layers and properties when soil 

stratification exists in the sub soil profile. 

❖ Advanced Material Models: The software supports the use of advanced material 

models for soil and pavement structure layers, enabling the simulation of various 

soil types, pavement materials, and their nonlinear behavior. This enables us to use 

different soil models for each soil layer. 

❖ Load and Boundary Conditions: Plaxis 3D enables engineers to apply realistic 

loading and boundary conditions, including surfacing materials, traffic loads, 

temperature effects, rainfall precipitation and settlement-induced stresses. 

❖ Safety Assessment: It can be used to assess the safety and stability of road structures 

under different scenarios, helping to identify potential failure modes and risks and 

also the portion of the road section failure during analysis easily monitored. 

❖ Optimization: Engineers can use Plaxis 3D to optimize road design by evaluating 

different configurations and materials to achieve cost-effective and durable 

solutions which is the result of precise analyses of nonlinear ground modeling. 

❖ Visualization: The software provides powerful visualization tools, including 3D 

animations, load distribution and contour plots, deformed structure shape, making 

it easier to interpret results and communicate findings to stakeholders. 

❖ Risk Mitigation: Plaxis 3D analysis helps in identifying potential issues early in the 

design stage, allowing for proactive risk mitigation measures and reducing the 

likelihood of economical loss or maintenance problems. 

❖ Compliance with Standards: It enables engineers to analyze road structures against 

relevant design codes and given standards, ensuring that projects meet regulatory 

requirements. It can also be used to study the environmental impact of road 
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construction and assess potential effects on surrounding environment and 

groundwater. 

 

Several PLAXIS soil models are summarized in the table below: 

 

Table A.1: Plaxis soil model 

Soil model Description 

Linear Elastic 

model  

This model relies on Hooke's isotropic elasticity law, incorporating 

two fundamental elastic properties: Young's modulus (E) and 

Poisson's ratio (ν). While the Linear Elastic model may not be 

appropriate for representing soil behavior, it can effectively 

simulate the characteristics of rigid elements within the soil, such 

as concrete walls or intact rock formations. 

Mohr-

Coulomb 

model 

This model includes five input parameters: E and ν for soil 

elasticity, φ and c for soil plasticity, and ψ as the angle of dilatancy. 

It serves as a 'first-order' approximation for simulating soil or rock 

properties. Utilizing this model is advised for the initial analysis of 

the given problem. For each layer, a constant average stiffness or a 

stiffness that progressively increases with depth is estimated. The 

use of constant stiffness enables relatively fast computations, 

providing an initial estimation of deformations. 

Hoek-Brown 

model 

It is a model for weathered rock that combines isotropic elasticity 

with perfect plasticity, and it is grounded in the 2002 version of the 

Hoek-Brown failure criterion. This criterion, which is non-linear 

and stress-dependent, characterizes shear and tensile failures 

through a continuous function and is well-known among geologists 

and rock engineers. In addition to the elastic parameters (E and ν), 

the model incorporates key rock properties like the uniaxial 

compressive strength of intact rock, the Geological Strength Index 

(GSI), and the disturbance factor (D). 

Jointed Rock 

model 

This model is designed as an anisotropic elastic-plastic 

representation, specifically tailored to replicate the characteristics 

of rock layers that exhibit stratification and distinct fault 

orientations. Plastic deformation is limited to a maximum of three 

shear directions or planes, each characterized by its unique strength 

parameters φ and c. The intact rock is assumed to display fully 

elastic behavior with constant stiffness properties (E and ν), while 

adjusted elastic properties can be specified for the stratification 

direction. 

Hardening 

Soil model 

This model represents an advanced approach for simulating soil 

behavior. Similar to the Mohr-Coulomb model, it defines limiting 

stress states using the friction angle (φ), cohesion (c), and dilatancy 

angle (ψ). However, it provides a more accurate description of soil 

stiffness through three distinct input stiffness values: triaxial 

loading stiffness (E50), triaxial unloading stiffness (Eur), and 

oedometer loading stiffness (Eoed). Default settings propose average 

values for different soil types, with Eur approximately equal to 3E50 



136 

and Eoed approximately equal to E50. Nevertheless, for very soft or 

very stiff soils, users can input alternative Eoed/E50 ratios. Unlike the 

Mohr-Coulomb model, the Hardening Soil model incorporates the 

stress-dependency of stiffness moduli, indicating that all stiffness 

values increase with pressure. These three input stiffness values are 

referenced to a standard stress, typically set at 100 kPa (1 bar). In 

addition to the mentioned model parameters, initial soil conditions, 

including pre-consolidation, play a crucial role in addressing most 

soil deformation issues, and these conditions can be considered 

during initial stress generation. 

Hardening 

Soil model 

with small-

strain stiffness 

(HS small) 

HS small is a modification of the aforementioned Hardening Soil 

model, designed to accommodate the enhanced stiffness observed 

in soils at small strains. At low strain levels, most soils exhibit 

greater stiffness compared to engineering strain levels, and this 

stiffness nonlinearly varies with strain. The HS small model 

captures this behavior by introducing an additional strain-history 

parameter and two extra material parameters: the small-strain shear 

modulus and the strain level at which the shear modulus decreases 

to approximately 70% of the small-strain shear modulus. The 

distinctive characteristics of the HS small model become 

particularly evident under working load conditions, providing more 

dependable displacements than the HS model. In dynamic 

applications, the Hardening Soil model with small strain stiffness 

also introduces hysteresis in material damping. 

Modified 

Cam-Clay 

model 

This model is widely recognized in the international literature on 

soil modeling, as illustrated by Muir Wood (1990) on page 248, for 

example. Its primary application is in the modeling of nearly 

normally consolidated soils of the clay type. The inclusion of this 

model in PLAXIS facilitates comparisons with other software 

codes. 

Soft Soil 

Creep model 

It is generally applicable to all soil types, but it does not consider 

viscous effects such as creep and stress relaxation. In reality, all 

soils undergo some degree of creep, and primary compression is 

followed by a certain amount of secondary compression. This 

secondary compression is particularly significant in soft soils, such 

as normally consolidated clays, silts, and peat. To address this, 

PLAXIS has incorporated a model known as the Soft Soil Creep 

model. Primarily developed for settlement issues related to 

foundations and embankments, this model proves especially useful. 

However, in unloading scenarios typical of tunneling and other 

excavation challenges, the Soft Soil Creep model doesn't 

significantly outperform the simple Mohr-Coulomb model. Similar 

to the Hardening Soil model, accurate initial soil conditions, 

including information about pre-consolidation stress, are crucial 

when employing the Soft Soil Creep model. This consideration 

extends to the initial creep rate, which is determined by the initial 

over-consolidation ratio. 

Sekiguchi-

Ohta model 

It is a model of the Cam-Clay type, featuring an anisotropic yield 

contour defined by Knc0. There are two versions of the model: the 

inviscid model, which is time-independent and shares similarities 
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with the Soft Soil model, and the viscid model, which is time-

dependent and resembles the Soft Soil Creep model. Both versions 

originated in Japan and were initially user-defined models but have 

since been integrated as standard models in PLAXIS. 

UBC3D-PLM 

model 

It is an advanced model designed to simulate liquefaction behavior 

in dynamic scenarios. This model utilizes two yield surfaces to 

ensure a smooth transition near the mobilized friction angle. The 

UBC3D-PLM model employs the Mohr-Coulomb yield condition 

with a hardening law similar to the Hardening Soil model. For the 

secondary state, the UBC3D-PLM model integrates a densification 

law through a second yield surface with a kinematic hardening rule 

based on the number of loading cycles. This correlation enhances 

the accuracy of the evolution of excess pore pressure. Dynamic 

applications necessitate a thorough and extensive investigation of 

the soil deposit. 

 


