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“For soils stabilized with lime or cement, it is still not possible to predict the 

strength of in-situ mixed soil with a reasonable level of accuracy. As a 

consequence of this fundamental deficiency, which we are challenged to 

overcome, it is believed that the development of shallow mixing will be 

continued along a somewhat erratic experimental path, and will be to a large 

extent dependent on accumulated experiences.” M. Topolnicki (2004) 
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PREFACE 

Sustainable Management Of Contaminated Sediments (SMOCS) project is an EU funded project 

within the Baltic Sea regional program for period 2007–2013. The project seeks to find 

beneficial reuse of contaminated dredged sediments. The Port of Gävle in Sweden in 

collaboration with SMOCS identified the use of mass stabilization solidification technology for 

amending the dredged sediments, to produce alternative structural backfill to natural granular 

materials such as gravel and sand. However, utilization of stabilized dredged sediments as 

structural backfill requires strong justification with regard to short and long term field 

performance. Thus, critical understanding of the in-situ geotechnical properties of the stabilized 

soils became necessary, which is the focus of this literature study. Therefore, the aim of the 

review is to gain insight into geotechnical behavior of stabilized soils. This fundamental 

knowledge is the foundation for the main research work of understanding “The Mechanical 

Properties of Stabilized Dredged Sediments for Sustainable Geotechnical Construction.” 

 I am, therefore, obliged to thank SMOCS project, Port of Gävle and Luleå University of 

Technology for an opportunity to carry out the research work. Special thanks remain to main 

supervisor Prof. Sven Knutsson and co-supervisor Dr. Hans Mattsson for their valuable 

contributions and advice on the best review practice.   
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ABSTRACT 

Utilization of stabilization technology for improving the engineering properties of soft soils and 

sediments for structural backfill, such as land reclamation is increasing. Mass stabilization 

solidification provides a comprehensive technology for improving the geotechnical properties of 

the problematic soils for civil engineering applications; hence, solving the problem of scarcity of 

natural resources, meanwhile, providing a sustainable solution for management of contaminated 

sediments. 

In geotechnical context, stabilized soils might pose considerable challenges to engineers 

during the design process, which include obtaining the design parameters, selecting the 

constitutive model and evaluating loading condition. In many cases, the traditional design 

approaches are utilized to obtain mechanical parameters for geotechnical design and analysis of 

structures to be found on in-situ stabilized mass. Stiffness and strength properties obtained from 

laboratory test results on such materials may differ significantly from those attained during the 

in-situ stabilization. 

The purpose of this literature study is to gain insight into mechanical behaviors of in-situ 

stabilized soils for geotechnical applications. The focus is on design and analysis considerations 

for structures founded on such soil. 
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1.0 Introduction 

Dredging activities are inevitable for safe navigation of ships and vessels at Ports, Harbors, and 

navigational channels. Dredged sediments may range from clean gravel and sands to clean or 

contaminated fine sediments. Ports and Harbors have been identified as ‘hot spots’ for generation 

of contaminated dredged fine sediments. While, gravels and sands can provide direct useful 

materials for engineering applications, the fine sediments may pose high risks to human health 

and the environment (Rekik and Boutouil, 2009; Maher et al, 2004, PIANC, 2009; USEPA, 

1986). Sea disposal of such materials is banned; various environmental authorities worldwide 

have established regulatory laws to control and guide proper handling of any form of 

contaminants. For instance, According to Swedish EPA (2001), “dumping wastes at sea is 

forbidden. Waiver is given where waste can be dumped without detrimental to human health and 

environment.” High taxes on land disposal, scarcity of landfill and constant demand for dredging 

has raised the need for sustainable beneficial reuse of dredged materials. According to PIANC 

(2009), beneficial reuse of dredged sediments refers to any use other than merely disposal. 

Researchers have shown that, the presence of contaminants in the dredged fine sediments does 

not disqualify its use in geotechnical applications (Beeghly and Schrock, 2010; Jelisic and 

Leppänen, 1999; Maher et al., 200; 2006; Rekik and Boutouil, 2009; Garbin et al., 2011; PIANC, 

2009). 

Amended contaminated dredged fine sediments can provide an alternative resource for 

construction materials in civil engineering projects. Mass stabilization solidification is one of the 

best-known technologies for treatment of contaminated and non-contaminated fine sediments 

and soft soils for beneficial reuse (USEPA, 1993; USEPA, 2009; Jelisic and Lappen, 1999; 

Andersson et al, 2000; Garbin et al, 2011; Maher et al., 2006). Great numbers of laboratory tests 

have been carried out to determine the geotechnical properties of stabilized soft soils such as 

organic soils, peat, soft clays and dredged sediments (Maher et al., 2004; 2006; Al-Tabbaa and 

Evans 1998, Dubois et al., 2009; EuroSoilStab, 2002). Numbers of commercial projects and trial 

field tests are available to justify improved engineering properties of soft soils for geotechnical 

applications in road embankments, building foundation and land reclamation (Maher et al., 2006; 

Jelisic and Lappen, 1999; Hayward baker Inc, Garbin et al., 2011, Andersson et al., 2000). 

However, the geotechnical design process of which, comprises the evaluation of mechanical 
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properties, loading conditions (drained or undrained) and the constitutive model of such material 

is still questionable. In many cases, conventional geotechnical design and analysis practice is 

utilized. The improvement of the geotechnical properties of soft soils is relatively rapid, which 

means the constitutive behavior of such material can be complicated or unpredictable, when 

utilizing the conventional design and analysis approach. Even if, these conventional geotechnical 

design process are applicable, there are few documents to justify this. Thus, the stability of 

geotechnical structures founded on stabilized soils will depend on the individual expertise or 

experiences of the design engineer. 

In promoting these materials for geotechnical applications, the focus should not limited to 

improved strength and stiffness but also to understanding of the constitutive behavior of the 

materials under applied load. According to EuroSoilStab (2002), the purpose of soil stabilization 

is to produce the stabilized soil mass that can interact with native soil and not, to produce too 

stiffly stabilized soil mass like a rigid pile wall, which may independently carry out the design 

load. For instance, according to Garbin et al. (2011), a site allotted for two-story building, 

consisted of about 4.5 m thick of very soft organic clay. During laboratory tests, it was presumed 

that, undrained shear strength of 105 kPa would be attained at 28 days of curing after application 

of in-situ mass stabilization solidification. However, the undrained shear strength of 1300 kPa 

was achieved at 28 days. This means that, Based on the laboratory test results, the bearing 

capacity of the material was underestimated. Furthermore, the resulting material was much 

stiffer. According to Topolnicki (2004), if the stabilized soil will behave as a rigid body in 

relation to the surrounding soil, its external stability can be evaluated under failure mode similar 

to gravity structures such as sliding, overturning and bearing capacity. Thus, a design engineer 

may encounter several questions that require investigations:  

- What is the constitutive behavior of stabilized mass-natural soil under design load?  

- Which empirical method or material model is suitable for analysis of stabilized material?  

- What are the reliability of the evaluated laboratory and attained in-situ stiffness and 

strength properties with respect to the hardening behavior of in-situ stabilized mass?  

- Are the stiffness and strength parameters obtained in the laboratory sufficient to proceed 

with simulation of field behavior?  

In the absence of reliable empirical or analytical formula and well-established constitutive 

model for these materials, any design approach using conservative methods may involve 
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uncertainties and doubts. Since the methods for estimation of design load, analysis of settlement 

and stability of geotechnical structures founded on stabilized mass may still be questionable; 

utilization of in-situ mechanical properties in numerical simulation supported by field 

observation may exemplify the constitutive behavior of the stabilized mass, from which an 

optimal design approach may be developed. According to Topolnicki (2004), finite element 

analyses (FEA) and parametric studies are exceptionally good means of assessing how stabilized 

soil may behave under applied load in relation to the surrounding environment. 

This literature study, seek to investigate in-situ strength-deformation parameters of stabilized 

mass from the past researchers, which can provide fundamental knowledge to above mentioned 

problems or questions. The knowledge is intended for a research project on understanding the 

“Mechanical Properties of Stabilized Dredged Sediments for Sustainable Geotechnical 

Construction.”  
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2.0 Stabilization Solidification Technology 

Stabilization solidification (SS) technology is a combination of two distinct technologies; these 

are defined as follows (USEPA, 1993; 2009; Wilk, 2003): 

Stabilization: Refers to the process, which involves chemical reactions that reduce the 

reachability of contaminants; so to say, it chemically immobilizes the contaminants and reduces 

its solubility, hence the contaminants become less mobile.  

Solidification: Refers to the process that binds a contaminated media with a reagent, thus, 

changing its physical properties by increasing the compressive strength, while decreasing its 

permeability and encapsulating the contaminants to form a solid material.  

Stabilization solidification provides a relatively quick and low cost way to protect human 

health and environmental from threats posed by harmful chemicals especially metals. It involves 

the mixing of binding agent into the contaminated sediment (USEPA, 2009). The technology can 

be accomplished in-situ or ex-situ. In-situ treatment refers to the application of the technology 

without removal of soil. Contaminants are encapsulated at their respective place by injection of 

binding agent such as cement or lime. On the other hand, ex-situ involves the dislodging of soils 

or sediments (for waterfront and underwater contaminants) for treatment at a place other than the 

original location. The stabilized mixture may then be returned to the ground at the original site or 

placed in a landfill without further processing e.g. dewatering or transporting for further 

beneficial reuse in other application after additional processing e.g. in road embankment, which 

involves mellowing, remolding, and compaction. Note that, biologically the contaminants still 

exist; the only difference is that their mobility and dissolution has been affected by capping the 

contaminants with binder paste to form a solid matrix of contaminated particles, held together as 

a conglomerate of particles (Fig. 1and Fig. 2). 

Selection of binders and mix design depend on many factors such as, soil mineralogy, organic 

matter present, leachability, pH, binders, desired strength and stiffness of the resulting soil 

matrix. These design criteria can be compromised based on constructions and foundation, future 

use of the site and current site condition (Sparrevik et al., 2008). Thus, in geotechnical context, 

the SS method can be categorized into two; namely, deep mixing and shallow or mass 

stabilization solidification. 
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Fig. 1: Generalized soil matrix of stabilization solidification technology 

 
Fig. 2: Observed encapsulated contaminants in a stabilized contaminated dredged material from Port of Gavle 

(Photo: Gregory Makusa) 

Contaminated fine sediments, soft clay and organic soils are normally characterized by a high 

amount of water content that makes it difficult to handle and process them. These sediments may 

require dewatering in confined disposal facility (CDF) prior to treatment for final use (Fig. 3).  In 

doing so, time required may delay the project in question. Furthermore, treatment of the 

sediments at the site other than designated area of construction, may involve double handling of 

the amended material during loading and unloading, which may alter the initial strength (Fig. 4). 

In order to maximize immediate use of stabilized contaminated material in construction, raw 

dredged contaminated sediments, municipal wastes and organic soils must be treated at their 

initial high water contents and on planned construction site. This can be achieved by mass 

stabilization solidification (MSS) method. 
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Fig. 3: Contaminated dredged material from Port of New York/New Jersey undergoing stabilization solidification in 

a barge (USEPA, 2009) 

 

 
Top left: Contaminated dredged sediments undergoing SS at the port of NY_NJ (USEPA 1999) Right: Unloading 

SCDM from barge at Cox Creek CDF, (Beeghly and Schrock, 2010). Bottom Left: Transporting SCDM after 

dewatering. Bottom Right: Placement, Remolding and Compaction of SCDM.  

Fig. 4: Double handling characteristics of ex-situ stabilized dredged material 
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2.1 Mass Stabilization Solidification Technology 

Mass stabilization solidification (MSS) refers to stabilization solidification method, in which the 

entire volume of soft soil or sediments can be stabilized and solidified to a prescribed depth. The 

technique offers a cost-effective solution for ground improvement works and is highly suited for 

the stabilization of high water content soils such as soft clays, silt, organic soils and 

contaminated sediments without bringing the materials to the surface. Remediation of most 

deposits of contaminated dredged sediments, organic soils and waste sludge usually make use of 

mass stabilization method. The method encapsulates a large amount of contaminants while 

improving the geotechnical properties of soft sediments, which can allow the structure to be 

found on shallow footing without soil replacement or deep foundation (Garbin et al., 2011).  

(Topolnicki, 2004; EuroSoilStab, 2002; Garbin et al., 2011; Hayward Baker Inc; ASTM C1992). 

The blending of the soil mass may be achieved by either use of excavator mounted mixing 

tool with unique shuttles pneumatically delivering the binder to the head of the mixing tool and 

into the mixing zone (Fig. 12) or by self-injection of binder into a rotating auger or mixing head 

and the soil (Fig. 8 and Fig. 9). Dry mixing is mainly preferred because, high water contents of 

treated sediments or soils may have an adverse effect on compressive strength and hardening 

process after treatment. The mixer rotates and simultaneously moves vertically and horizontally 

while mixing the soil block. The diameter of mixing tool normally lies between 600 mm to 800 

mm, with rotation speed between 80 and 100 rpm. Usually, the soil is stabilized in a sequence of 

a block, which is defined by the operating range of the machine. The typical range correspond to 

8 to 10 m2 in the plan and 1.5 to 3 m in depth (i.e. 2 m wide x 5 m long x 3 m deep) with 

production rate between 200 and 300 m3 of stabilized soft soil per shift (Fig. 5). The amount of 

binder is typically in the range of 200 to 400 kg/m3. In Nordic countries, the amount of binder is 

in a typical range of 150 and 250 kg/m3, and the targeted shear strength is normally 50 kPa 

(Massarsch and Topolnicki, 2005; EuroSoilStab, 2002). Prior to the initial set of the stabilized 

mass, a geo-membrane separator has to be placed on top of stabilized soil on which a selected 

preload is placed. These preload materials compress the freshly stabilized mass forcing out all air 

pocket that may have formed during mixing (Garbin et al., 2011; Hayward Baker Inc; Massarsch 

and Topolnicki, 2005; EuroSoilStab, 2002; Åhnberg et al., 2001) (Fig. 8).  
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Key features: 1. Stabilizer tank and scales; 2. Execution machine; 3. Mixing tools 4.Stabilized mass of soft soil; 5. 

Unstabilized soft soil; 6. Direction of mass stabilization; 7. Geotextile (Reinforcement); 8. Preloading embankment 

Fig. 5: Schematic diagram of mass stabilization (Massarsch and Topolnicki, 2005; EuroSoilStab, 2002) 

 Areas of Application 

The main area of MSS applications includes improvement of very soft soils and fills on-land, at 

waterfront areas and offshores. Typical examples include construction of reclaimed areas or 

riverbanks and strengthening of sea-bottom sediments, where special floater equipment (Fig. 6) 

may be utilized. According to researchers (Topolnicki, 2004; Jelisic and Leppänen, 1999; 

Anderson et al., 2000), the first commercial project on application of MSS was carried out in 

Sweden in 1995 along highway 601 Sundsvägen, where about 10 000m3 of natural peat with 

unconfined shear strength of about seven kPa was stabilized. Recently, due to increased 

environmental awareness on sustainable management of contaminated dredged sediments, 

current application of MSS includes containment of contaminants from dredged sediments and 

municipal wastes, which in turn can be utilized as structural backfill or foundation base. A 

commercial project was carried out at Port of Hamina in Finland; stabilized contaminated 

dredged sediments were utilized to reclaim land from the Sea (Fig. 7) to create a new area for a 

container terminal (Anderson et al., 2000). 
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Fig. 6: Excavator mounted on a special floater, which is dragged horizontally by winches during mass stabilization 

at Fort Point Channel in Boston, USA (Topolnicki, 2004) 

 

 
Fig. 7: Application of mass stabilization in land reclamation (Topolnicki, 2004)  

2.2 Considerations for Geotechnical Applications  

 According to Sparrevik et al. (2008), the suitability of stabilized dredged material for 

geotechnical applications depend on  

- Type of construction  

- Type of foundation to be used 

- The soil beneath the stabilized dredged material 

- The future use of the site 

Therefore, depending on project requirements and site condition, strength and stiffness 

parameters of the stabilized materials may vary according to TABLE 1. 
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TABLE 1: Required range of strength for stabilized dredged material for different geotechnical application 

(Sparrevik et al, 2008) 

Application Compression strength (kPa) 

Seabed 40 – 300  

Land and near offshore 100 – 600  

Deep mixing 200 – 600  

 

2.2.1 Type of Construction 

Utilization of stabilized mass in a roadway embankment requires appropriate design 

consideration similar to the one taken in fine-grained soil. Stabilized materials are susceptible to 

frost action. Thus, the material should be protected from repetitive freezing condition by placing 

stabilized mass below the frost depth (Maher et al., 2006; Al-Tabbaa and Evans, 1998).  

 
Fig. 8: Mass stabilization with dry binders to strengthen soft soils beneath a planned roadway expansion at U.S. 

Highway 1, Key Largo, Florida (Hayward Baker Inc). Geo-fabric separate placed on top of stabilized mass and 

before the selected base coarse layer. 
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Fig. 9: Mass stabilization at highway 601Sundsvägen, Råneå, Sweden (Jelisic and Leppänen, 1999) 

2.2.2 Soil beneath the Stabilized Soil 

In many successful MSS applications, the deformation under applied load may be small. 

However, if the stabilized mass underlay the soft layer unexpected excessive deformation may 

occur (Sparrevik et al., 2008; Topolnicki, 2004). In such condition, a combination of deep 

column mix and MSS may be suitable (Fig. 10 and Fig. 11). 

 

 
Fig. 10: (a) Deep column soil stabilization in combination with (b) mass stabilization between Södertälje and 

Nynäshamn, Sweden (Topolnicki, 2004) 

 



12 

 

 
Fig. 11: Typical cross section of the road embankment and treated zone for combined MSS and deep column mixing 

(Topolnicki, 2004) 

2.2.3 Type of Foundation to Be Used 

In strengthening of soils underlying the shallow foundation, MSS overrides many traditional 

methods for ground improvement. Methods such as surcharging, stone columns, cut and replace, 

cut to spoil, and deep foundation may be overtaken by MSS method in design of shallow 

foundations such as strip footing, pad and raft foundation (Garbin et al., 2011). Controlled total 

and differential settlement of the building and structures is of foremost important than in 

roadway. Small differential settlement may cause remarkable damage to the building or pose a 

threat to its stability. The object of mass stabilization in the foundation is to establish a stiff soil 

mass under the foundation, which will receive the load and transfer it to the underlying bedrock.  

Thus, it may be necessary to strengthen the soil underlying the shallow foundation of the 

structure in order to achieve acceptable settlement under applied load (Fig. 12).  

1.1.1 The Future Use of the Stabilized Site 

The stabilized materials are vulnerable to adverse weather conditions such as freezing. Frozen 

moisture in stabilized materials may results into expansive forces, which causes the increase in 

volume and hence permanent loss of strength (Maher et al., 2006; Al-Tabbaa and Evans, 1998). 

Thus, decommissioning of contaminated sites must consider protection of the material against 

such weather conditions so that any future usage of a stabilized site may not expose the material 

to adverse weather conditions or other activities, which may affect its ability to immobilize 

contaminants. According to Chamberlain et al (1997), the common method of preventing the 

contamination of the ground by landfill and hazardous waste is to encapsulate the waste in a 

compacted clay liner and cover system. This compacted clay cover must thus, be protect from 
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freezing. A thick layer of fill is normally placed on top of compacted clay layer. The fill saves 

the following functions (Chamberlain et al., 1997): 

 

 
Fig. 12: Mass stabilization with dry binder of soft wet organics to control settlement for storage tanks at Port 

Everglades, Florida (Haward Baker Inc.)   

- It acts as an insulation layer to prevent freezing of the compacted clay component of the 

cover system. 

- It provides medium for vegetation growth, which help to control erosion. 

- It provides medium to keep the hydraulic barrier moist and prevent it from drying and 

desiccating. 

- It protects the geosynthetic components of the cover system from ultraviolet light. 

- It acts as a barrier to burrowing animals 

Thus, all contaminated landfills require capping system in order to minimize: 

- percolation of water, which may result into continued leachate generation and releases of 

harmful gas into the environment 

- degradation of material due to the exposure of material to adverse weather conditions.  

The choice of cap lining system will mainly depend on the primarily function of the liner 

material.  In stabilized material the core objective of capping should thus, be, to prevent 

ingression of water similarly to those outlined by Chamberlain et al. (1997). Consequently, the 

capping system should have very low hydraulic conductivities (of less than 1 x 10-9 m/s) and 

tough enough to withstand adverse weather condition. According to study (Chamberlain et al., 
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1997; Kraus and Benson, 1994), geosynthetic clay liners provide better capping than 

conventional compacted clay liner (Fig. 13).  

 
Fig. 13: Utilization of GCL in capping of stabilized contaminated sediments may increase storage space and reduce 

thickness of required protecting fill (Chamberlain et al., 1997)  

Geosynthetic Clay Liners 

Geosynthetic clay liners (GCLs) are hydraulic barriers, which are today most widely used in 

containment of harmful liquids. The GCLs are well known materials for their low hydraulic 

conductivity, which is contributed by the presence of montmorillonite minerals. The GCL consist 

of layers of VOLCLAY sodium bentonite encapsulated between woven and non-woven 

geotextile, which are needle punched together to provide internal reinforcement. The 

reinforcement minimizes clay shifting, thus allowing the GCL to maintain the consistent low 

permeability and maximum performance under a wider variety of field conditions. Sometimes a 

flexible geomembrane is laminated to one side, which increases puncture and tensile strength 

beyond conventional plastic membranes. These characteristics makes the GCL suitable for 

applications in landfill cover, ponds and liquid containment with slopes up to 3H: 1V (CETCO 

Inc, 2012). In many cases, GCLs can completely or partially replace thick multi-lift compacted 

clay layers in composite landfill liners and caps due to the efficiency of the high swelling sodium 

bentonite clay, by demonstrating an equivalency reduced leakage rate and resistance to frost 

penetration (ELCOSEAL, 2012). A number of studies have been conducted to evaluate the 

durability of GCLs under different weather conditions (Kraus et al., 1997; Jo et al., 2005; 

Podgorney and Bennett, 2006; and Scalia and Benson, 2009; Chamberlain et al., 1997). These 
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studies have reported both long term and short-term durability of GCLs under freeze-thaw 

conditions. The effect of different permeant liquid other than water on hydraulic conductivity of 

GCLs has also been studied and evaluated (Jo et al., 2001; Benson et al., 2008; Jo et al., 2004; 

Ruhl and Daniel, 1997; Shackelfold et al., 2000). All of these studies have shown that, freeze-

thaw effect and or permeant liquid do not affect the hydraulic conductivity of GCL. 

Dry Cover 

Dry covers are earthen barrier or liners normally of compacted clay used to minimize percolation 

of water into the decommissioned contaminated landfill. These liners protect groundwater 

against leachate from wastes. Dry cover is one of the methods commonly used in protection of 

infiltration of water and oxygen into mining wastes and other contaminated confined disposal 

facility (CDF). In Sweden, Clayey till is the most commonly utilized material in construction of 

low permeability barrier in mine waste. Studies have shown that, like on other compacted clays; 

repeated freezing and thawing cycles may affect the performance of the clayey till if not 

protected with sufficient cover. Frozen water may cause changes in soil volume, strength and 

compressibility (Carlsson and Elander, 2001; Shcherbakova et al., 2006; Viklander, 1998; 

Benson et al., 1993; Benson et al., 2008).  
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3.0 Geotechnical Design Parameters  

Application of mass stabilization solidification (MSS) for soil improvement is a site-specific 

technique, and there are no general rules for mix design to achieve a certain strength, stiffness, 

permeability and durability. However, the aforementioned properties are the governing criteria 

used to characterize the mix design for any site for treatment of contaminated sediments, organic 

soils and soft clay (Ingles and Metcalf, 1972; Al-Tabbaa and Evans, 1998). In geotechnical 

context, the main aims include improving strength and reducing compressibility of weak soils. 

Like in conventional soils, the main engineering parameters assessed on stabilized soil for design 

purposes include compressive and shear strengths, modulus of elasticity (stiffness), unit weight 

and permeability, the coefficient of consolidation as well as compressibility (Topolnicki, 2004). 

Thus, it is customary to carry out laboratory tests in order to prescribe the design recipe and 

predict in-situ performance of stabilized soil mass. Countless publications on factors contributing 

to improved mechanical behavior of stabilized soils are available. However, most of these are 

based on laboratory mixing and curing condition, which sometimes may fail to mimic field 

condition. According to Craig (2004), isotropic consolidation in the triaxial test under pressure 

equal to the in-situ effective vertical stress results into a void ratio lower than the in-situ values 

and, therefore, higher undrained shear strength than the in-situ values may be obtained. 

According to Topolnicki (2004), field investigations have been mostly carried out to solve site-

specific problems and or to provide quality evidence of the executed works, and therefore, often 

have inherited limitation.  

Researches (Tremblay et al, 2001; Topolnicki, 2004) have shown that, it is difficult to predict 

the strength-deformation characteristics of in-situ MSS. Consequently; the geotechnical 

properties of stabilized soil henceforth were based on laboratory tests, and few field evaluations 

obtained in deep soil mixing application. However, due to the effect of confinement and initial 

water contents, deep soil mixing may not act as a base for reference with regard to in-situ 

behavior of MSS. Nevertheless, it can help to grasp some general knowledge regarding the in-

situ geotechnical properties of stabilized mass.  
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3.1 Strength  

Strength of the soil can be defined as the maximum shear stress that it can sustain before failure. 

In classical theory of soil mechanics, lays simple elastic and rigid plastic models that lead to 

concentration of site investigation effort on seeking the stiffness and the strength of the soil 

(Muir Wood, 1990; Atkinson, 2007). The unconfined compressive strength (UCS) is the key 

parameter for the current design practice. In Scandinavia, the shear strength is equivalently used. 

Shear strength and modulus of elasticity can be correlated with reasonable accuracy to the 

compressive strength. It is common practice to carry out advance tests in the laboratory, and 

obtain adequate mechanical properties before the full-scale project can take over. Occasionally, 

in case of more challenging design, the pilot investigation may involve large field test 

(Topolnicki, 2004; EuroSoilStab, 2002). Increased shear strength by several factors have also 

been reported on organic soils and contaminated dredged sediments treated with cement, lime or 

composite binders (Jelisic and Leppänen, 1999; Maher et al., 2004; Rajasekaran and Rao, 2002; 

Garbin et al., 2011; Åhnberg, 2006). However, in-situ strength of MSS may not be similar to 

laboratory values. Jelisic and Leppänen (1999), reported column tests shear strength between 30 

kPa and 140 kPa, the field vane tests showed the field shear strength between 20 kPa and 60 kP, 

whereas the cone penetration tests showed the shear strength between 5 kPa and 60 kPa. There 

can be many factors contributing to inconsistencies in strength of soft soils between laboratory 

and field strength of stabilized soil. Some of the most probable causes are curing condition, 

boundary condition, mixing and mixing equipment or workmanship; other reason may involve 

physicochemical factors. 

3.1.1 Type of Binder, Mixing and Curing Condition at Worksite   

Pozzolanic reaction is sensitive to changes in temperature. In the field, temperature varies 

continuously throughout the day. Pozzolanic reactions between binders and soil particles will 

slow down at low temperature and result into lower strength of the stabilized mass. In cold 

regions, it may be advisable to stabilize the soil during the warm season (Sherwood, 1993; 

Maher et al, 2004). Researchers (Locat et al., 1990; Åhnberg et al., 2001) have shown that, better 

mixing and application of curing stress will facilitate better dispersion of binders, which results 

into a short distance between particle mineralogy for effective hydration. According to 

EuroSoilStab (2002), the purpose of surcharge is to consolidate the stabilized soil for a load 
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higher than the service load. Furthermore, removal of part of the surcharge load at the end of the 

preloading period reduces future creep settlement. 

The effect of binder during in-situ mixing may depend on in-situ cation exchange compared 

to the one occurred during laboratory mix. This is because; there can be more dissolved ions or 

cations in-situ than those available in the test specimen. According to researchers (Rajasekaran 

and Rao, 2002), addition supply and higher adsorption of divalent ions (such as calcium Ca2+) by 

the soil particles as a result of cation exchange phenomena improves the shear strength of fine 

particles compared to addition supply of monovalent ions, such as sodium ion Na+.  

3.1.2 Effect of Physicochemical Factor 

According to researchers (Mitchell and Soga, 2005; Sridharan and Prakash, 1999; Salehi and 

Sivakugan, 2009), the physicochemical interactions are so important in the formation stages of 

fine-grained soil deposits when they are at low pressures and high void ratios. Clay mineralogy 

has a great role on the equilibrium sediment volume of the fine-grained soils under different 

physicochemical environment. According to Sridharan and Venkatappa Rao (1973), two 

mechanisms can be used to explain the volume-change behavior of clays. Mechanism 1: the 

volume change of clay is primary controlled by shear resistance at shear displacements, the 

sliding between particles, or both. Equilibrium takes place when the shear stress is equal to shear 

strength. This mechanism governs the behavior of the kaolinitic soils. Mechanism 2: the volume 

change is controlled by the long-range electrical repulsive forces, which are essentially double 

layer repulsive forces. Equilibrium occurs when the sum of the self-weight and attractive forces 

is equal to repulsive pressure. This mechanism controls the behavior of Montmorillonitic soils.  

According to Sridharan and Prakash (1999), the fabric of soft sediments formed under 

different physicochemical environments is strongly dependent on the clay mineralogy. The 

volume change undergone by kaolinitic soils during settling and sediment formation is controlled 

by the shearing resistance at the particle level, whereas that of montmorillonitic soils is governed 

by the diffuse double layer repulsion. Therefore, any factor contributing to increased attractive 

force and reduction in repulsive force will accelerate the formation of flocculant fabric (i.e. 

higher sediment volume and void ratio) for case of kaolinitic soils. Likewise, any factor causing 

decreased attractive forces and increased repulsive forces will end up increasing sediment 
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volume of montmorillonitic soils. These effects depend on ionic charge(s), which is brought up 

by the binders or which was present in the mixing medium. 

3.2 Stiffness 

Stiffness of stabilized soils is the measure of compressibility of treated soil under applied load. 

The compressibility of soil mass can be explained as the change in volume due to change in 

effective stress. It can be determined depending on the extent to which the soil structure impedes 

the movement of the pore fluid. In soft soils when the consolidation pressure increment is 

applied, the consolidating layer is compressed and excess pore water pressure is dissipated with 

the quantity of water leaving the thin horizontal slice of soil being large than the quantity of 

water entering it (Terzaghi et al., 1996). Thus, when a soil is deformed, significant and often-

irreversible changes in volume occur as the relative positions of the particles changes. In order 

for this change to occur, fluid in the voids must flow through soil (Muir Wood, 1990). According 

to Bemben (1986), there can be the possibility of existing water content to be locked in due to 

cementation action, which may prevent change in volume due to change in effective vertical 

stress. For cemented soils, the whole process of loading and unloading may respond differently 

from conventional soft soils.  It may be even difficult to define the boundaries between the 

region of small strain and that of large strain (Fig. 14). According to Åhnberg (2007), the 

preconsolidation pressure of the cemented material is brought up by cementation action and not 

by previous preconsolidation pressure. Thus, the effect of increased effective stress is brought up 

by compression of stabilized material; accordingly, the strength after 28 days of curing can be 

considered as the apparent preconsolidation pressure. However, for lime treated material, 

sufficient time may be required to attain significant strength level (Locat et al., 1990). Bemben 

(1986) suggest that, for cemented soils, the relevant apparent preconsolidation pressure be the 

one that existed at the time of cementation. 

3.3 Hydraulic Conductivity 

Hydraulic conductivity presents engineering problems, of which the chief cause is associated 

with pore pressure dissipation or seepage flow. Inadequate pore pressure dissipation may lead to 

slip failure. Seepage may cause piping/tunneling and breaching failure (Ingles and Metcalf, 

1972). Hydraulic conductivity of stabilized mass dictates its compressibility and strength. The 
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change in the initial dispersed orientation particles to flocculation increases the void ratio and 

thereby increasing its permeability with time (Rajasekara and Narasimha Rao, 2002). The 

following factors may contribute to variation in hydraulic conductivities among laboratory-

stabilized soils: 

  

 
Fig. 14: Comparison of possible compressive behavior of cemented overconsolidated soil with that predicted based 

on physical state identification (Boone and Lutenegger, 1997) 

3.3.1 Type of Binder and Curing Condition  

Formation of aluminosulphate in cement stabilized soil cured under water may cause expansion 

in volume of hydrated paste and hydration products filling the pores and cavities, thereby, 

reducing and blocking the flow channels (USEPA, 1993; Sing et al., 2008; Topolnicki, 2004; 

Åhnberg et al., 2003; Maher et al., 2004). Åhnberg et al (2003) and Maher et al. (2004) relate the 

decrease in hydraulic conductivity with an increase in strength due to apparent effect of 

cementation. On the other hand, clay stabilized with lime/fly ashes increases in hydraulic 

conductivities up to several times compared to native soil hand in hand with increasing strength. 

Formation of floccules of highly porous nature may be considered as a reason for an increase in 

hydraulic conductivity of lime treated soil (Rajasekaran and Rao, 2002; Cássia de Brito Galvão 

et al., 2004).  
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3.3.2 Hydraulic Gradient 

High gradient applied to soil, liners during hydraulic conductivity experiment may cause 

compaction of the materials, which in turn makes soil particles intact, and the consequence is 

reduced hydraulic conductivity. For instance, clay soil with typical unconfined compressive 

strength (UCS) of 100 kPa can be subjected to a pressure up to 450 kPa at a gradient of 300 (for 

15 cm sample length). On the other hand, stabilized soil, which may exhibit UCS much higher 

than similar clay sample is normally subjected to the same testing method and apparatus (Conrad 

et al., 1993; Sing et al., 2008; Åhnberg et al., 2003; Maher et al., 2004). This may explain the 

effect of hydraulic gradient between soil/clay and solidified stabilized waste (Conrad et al., 

1993). Unlike conventional soil, the stabilized soil mass may require sufficient hydraulic 

gradient to compress the sample and bring the same effect of reduced hydraulic conductivity as 

normal soil sample. Furthermore, the decrease or increase in permeability in stabilized soil 

cannot be related to increase in strength. Rajaserkaran and Rao (2002) reported an increase in 

strength up to 10 times that of untreated soil hand in hand with increased hydraulic conductivity 

up to 15 times that of untreated soil.  

3.4 Unit Weight 

In case of stabilization with quick lime, soil density may change within ± 5 percent whereas for 

cement stabilized soils an increase in the order of 3–15 percent or higher may be observed if 

cement in dry form is used. In case of wet process, the density was found to be unchanged 

(Topolnicki, 2004). Åhnberg (2001) showed that, there were no clear correlations between 

improved strength and the density achieved by stabilized mass. 

3.5 Durability 

The term durability refers to resistance of the material to the processes of weathering, erosion 

and traffic usage. Durability of construction material is the most difficult parameter an engineer 

must meet during the design process (Ingles and Metcalf, 1972). Many researchers have shown 

that, strength of stabilized soil increases with ages. In addition, researches have been carried out 

to investigate the effect of freeze-thaw cycles on durability of stabilized material (Yu et al., 

1997; Al-Tabbaa and Evans, 1998; Topolnicki, 2004; Maher et al., 2006). These studies have 

reported freeze-thaw cycles to have a detrimental effect on the strength of stabilized materials. 
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Frozen moisture in stabilized materials produces expansive forces, which causes the increase in 

volume and blockage of bond, hence permanent loss of strength. The ability to withstand the 

freeze-thaw cycles are the most important factor for long term performance of stabilized soil 

mass in cold regions (Sparrevik et al., 2008; Al-Tabbaa and Evans 1998, Maher et al., 2006). 

Maher et al. (2006) evaluated the stabilized dredged contaminated material that was placed for 

road embankment; after six months of curing, they noted that the durability was still an issue to 

address despite good performance of the material in road embankment. To overcome this 

problem for stabilized materials in road embankment, the following suggestions were brought 

forward 

- The stabilized dredged materials must be protected from aggressive weather condition, 

including being placed below frost depth and use of soil cover to protect materials from 

erosion due to wet-dry condition 

- Stabilized dredged materials are susceptible to tensile cracks, therefore, should be 

compacted at moisture content that is below shrinkage limit.  

- To maintain a cement hydration condition, the stabilized material should be retreated 

with appropriate binder after period of curing before placement. 
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4.0 Evaluation of In-Situ Design Parameters 

In-situ soil tests are many times of primary interests to the geotechnical engineers. The in-situ 

tests can provide reliable information about soil on-site (Abu-Farsakh et al., 2003). Cone 

penetration test (CPT) is one of the most widely used in-situ tests (Kulhway and Mayne, 1990). 

The test has the following advantages: 

- insight into soil stratigraphy is obtained 

- conservative idealization of a particular site into single homogenous soil is avoided 

- easy to conduct the test at minimum supervision and workmanship error 

- in-situ mechanical parameters can be immediately obtained. 

The CPT consists of pushing into the ground a series of cylindrical rod with the cone at the base. 

During the push, the penetration resistance, and sleeve friction are measured at an interval of 2.0 

cm/minute (Potts and Zdravkovic´, 2001). Numerous CPT empirical correlations between these 

measured quantities and mechanical properties for conventional soils have been established 

(Larsson and Åhnberg, 2005; Lunnel et al., 1986; Robertson, 2009; Larsson and Mulabdic, 1991; 

Robertson, 1990; Robertson and Campanella, 1983; Kulhway and Mayne, 1990; Jefferies and 

Davies, 1993). According to Robertson et al. (1986), these correlations are predictive of in-situ 

behavior of the soils; thus, they can be used for soil classifications and evaluation of in-situ 

mechanical properties for finding out the in-situ strength-deformation characteristics without a 

need for laboratory experiments. Some of the empirical correlations established for conventional 

soils are presented (TABLE 2 to TABLE 4). 
TABLE 2: Primary measured and corrected CPT quantities 

CPT Primary 

Measured quantity 

Symbol CPT corrected quantity Source 

Cone resistance cq  ( ) uaqq ct *1−+=  Lunne et al (1986) 

Sleeve friction sf  ubff st *−=  Lunne et al (1986) 

Pore pressure u  ( )0vtq quB σ−∆=   

a=effective area ratio; u=measured pore pressure just behind the cone; b=effective area ratio for 

the sleeve 
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TABLE 3: Some useful CPT parameters for in-situ soil classifications  

Useful quantity Symbol Mathematical Expression Source 

Normalized cone 

resistance 
tnQ  [ ]( )nvoaavt ppq σσ ′− )( 0  

Robertson (2009) 

Normalized friction ratio rF  ( )0100 vtt qf σ−  Robertson 

(2009;1990) 

Pore pressure ratio qB  ( )0vtqu σ−∆  Robertson 

(2009;1990) 

Stress exponent  n  ( ) ( ) 15.005.0381.0 0 −′+= avc pIn σ  Robertson (2009) 

Soil behavior type index cI  ( ) ( )[ ] 5.022 22.1loglog47.3 ++− rtn FQ  
Robertson (2009) 

σv0 = overburden vertical stress and Pa = atmospheric pressure 

 
Fig. 15: Proposed soil behavior type classification system from CPTU data (Robertson et al., 1990) 
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4.1 In-Situ Soil Classification 

Soil classification has been related to cone bearing and friction ratio. The measurement of sleeve 

friction is sometimes less accurate and reliable than the cone resistance. Thus, a combination of 

qt, Bq and Fr is required to define soil behavior type (Robertson, et al., 1986). Schneider et al. 

(2008) introduced new space for evaluation of soil behavior type of in-situ soil based on CPT. 

The in-situ soil behavior type can be classified on Qt1-Δu2/σv0´. 

4.2  CPT Empirical Correlations  

In-situ mechanical properties have been linked to CPT empirical correlation. Some of well-

known empirical correlations and the corresponding geotechnical parameters of the cohesive 

soils are presented in TABLE 4.   
TABLE 4: Some of CPT empirical correlations for evaluation of engineering parameters 

Pameters Symbol CPT Empirical correlation Source 

In-situ constrained 

modulus 
M  )( 0vtM q σα −  Lunnel et al. (1986) 

Undrained shear Strength us  
k

vt

N
q 0σ−

 2010 −=kN  
Robertson (2009), Teh and 

Houlsby (1991), Lunnel et 

al. (1986) 

Overconsolidation ratio  OCR  








′

−

0

0

v

vtqk
σ
σ

5.02.0 −=k  
Kulhway and Mayne 

(1990) 

Preconsolidation or yield 

stress 
pσ ′  ( )0vtqk σ−   5.02.0 −=k  Kulhway and Mayne 

(1990) 

Soil sensitivity tS  
rF
1.7

 
Robertson (2009) 

where Mα is constrained modulus factor. Robertson (2009) suggested the following correlation 

for selection of constrained modulus factor  

2.2≥cIIf  
   

tnM Q=α          when 14≤tnQ          

   
    

14=Mα           when 14>tnQ        

2.2<cIIf   [ ]68.155.01003.0 += cI
Mα          
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5.0 Geotechnical Design and Analysis Considerations  

Determination of soil parameter for geotechnical design depends mainly on the type of design 

and method of analysis. This chapter discusses an overview of two common design calculations 

carried out in geotechnical engineering. These are settlement calculations and stability 

calculations. The former is concern with stiffness of soil mass under applied load, the 

stress:strain curve is assumed linear and elastic under working load whereas the latter focuses on 

complete failure of the soil masses, with large deformation occurring in rupture planes, which 

may lead to ultimate failure of geotechnical structures. The stress:strain behavior become rigid 

and perfectly plastic (Muir Wood, 1990). Thus, the knowledge of the behavior of materials under 

a certain loading conditions, such as, drained or undrained condition and possible model of 

failure may be required during design (Muir Wood, 1990; Atkinson, 2007; Topolnicki, 2004; Yu 

et al., 1997; EuroSoilStab, 2002). For instance, Yu et al. (1997) showed that, failure features of 

soil-cement under triaxial tests are different from those under unconfined condition (Fig. 17). 

The confining stress highly contributes to increased axial stress at failure resulting into plastic 

shear failure mode, while the sample under unconfined condition experience brittle failure such 

as crushing. As a result, they observed that, it might be suitable to describe the strength of 

stabilized soil mass with Mohr-Coulomb failure criteria. According to EuroSoilStab (2002), 

settlements within the mass stabilization area are calculated by assuming the stabilized volume to 

behave as linear elastic perfectly plastic layer with the entire load being carried by stabilized 

mass. According to Topolnicki (2004), if the stabilized soil will behave as a rigid body in 

relation to the surrounding soil, its external stability can be evaluated under failure mode similar 

to gravity structures such as sliding, overturning and bearing capacity. Moreover, any safe design 

will require that the stresses inside the stabilized soil body do not exceed the capacity of soil-

binder material. According to EuroSoilStab (2002), the strength must be chosen such that, the 

yield strength of stabilized mass is not exceeded, and the settlements of stabilized volume can be 

estimated from 

  
m

m M
qhS .∑∆=                         

Where: 

 mS  = settlement in the stabilized mass, m 

h∆  = thickness of sublayer, m 
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q  = effective load on stabilized mass, kPa 

mM = compression modulus of mass stabilized soil, kPa 

 Geotechnical engineer may face many challenges for optimum design of structures found on 

stabilized soil mass. Appropriate in-situ bearing capacity must be utilized; otherwise, stability of 

structure may become uncertain. Laboratory prepared samples of stabilized soil may have 

undrained shear strength of several hundreds of kPa, but such high values are rarely obtained in-

situ (EuroSoilStab, 2002). For instance, according to Jelisic and Lappänen (1999), the laboratory 

predetermined shear strength was 200 kPa at 90 days of curing; however, the cone penetration 

test measured the undrained shear strength between 5 kPa and 60 kPa after the same period of 

curing. Other similar projects are presented in TABLE 5. In a triaxial experiment by Yu et al. 

(1997) on a soil-cement mixture showed that, as confined pressure increase, the strength and 

strain increases while initial stiffness modulus showed small changes. Furthermore, stress:strain 

relations changes from strain-softening to strain-hardening and volumetric strain change from 

dilation to contraction (Fig. 16). According to Topolnicki (2004), the stiffness modulus of 

stabilized soil is highly dependent on the strain level, and that it may be appropriate to use the 

initial stiffness (tangent) modulus rather than secant modulus in design analysis, because, the 

latter may be unrealistic small, which in turn can result into over estimation of deformation. 

 
Fig. 16: Stress:strain and volumetric:strain relationships of soil-cement mixture in triaxial test (Yu et al., 1997) 
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Fig. 17: Undrained compression tests on Boston blue clay (Terzaghi et al, 1996) 

 
TABLE 5: Some of large-scale field tests and commercial projects utilized MSS 

Project or case 

study 

Targeted 

laboratory 

strength 

(kPa) 

Measured 

field 

strength 

(CPT, kPa) 

Period of 

curing 

(days) 

Natural of 

soil  

Country Source 

Veittostensuo 50 40 – 150  30 Peat Finland Jelisic and 

Leppänen 

(1999) 

Sundsvägen-

Råneå (road no. 

601) 

50 40 – 185 30 Peat Sweden Jelisic and 

Leppänen 

(1999) 

Enånger trial 

embankment 

200 5 – 60  90 gyttja Sweden Jelisic and 

Leppänen 

(1999) 
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Project or case 

study 

Targeted 

laboratory 

strength 

(kPa) 

Measured 

field 

strength 

(CPT, kPa) 

Period of 

curing 

(days) 

Natural of 

soil  

Country Source 

Road 255 

Sodertalje 

50 50 28 Peat/gyttja Sweden Topolnicki 

(2004) 

Florida School 

for the Deaf and 

Blind (FSDB) 

105 200 

1300 

14 

28 

Organic clay USA Garbin et 

al. (2011) 

Port of Hamina - 30 – 120  30 Contaminated 

dredged 

sediments 

Finland Andersson 

et al. 

(2000) 

Park at 

Sörnäinen 

30 120 28 Contaminated 

dredged 

sediments 

Finland Forsman  et 

al. (2008) 
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6.0 Consolidation of Conventional Soft Soils 

When a foundation load from structures is applied to the saturated compressible soil, the excess 

pore water pressure equals to vertical pressure induced by foundation load is built up (Fig. 18, 

line cd).  

  vu σ∆=′                          (1) 

This excess pore water pressure (because it exceeds that caused by weight of pore water in the 

pore ust and usb (line ab) will initially carry the load due to the higher incompressible behavior 

compared to that of soil (USACE, 1990; Terzaghi et al., 1996). After a while, water starts to 

drain (Fig. 18, isochrone C1 and C2) moving the pore pressure from the region of higher excess 

pores pressure to the region of lower excess pore pressure. This movement will cause downward 

displacement of the foundation (Carter et al., 1979). This phenomenon is called consolidation 

process, which can be defined as any process in which effective vertical stress changes as excess 

pore water pressure dissipate toward their long-term steady state value (Atkinson, 2007). The 

change results in an increased effective stress of a soil. Slowly, the foundation load is transferred 

to the soil skeleton, which compresses the soil mass resulting into decreased volume. This 

phenomenon is called consolidation settlement of soil mass.  

 
Fig. 18: Consolidation of a clay layer between two pervious layers (Terzaghi et al, 1996)   
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6.1 Consolidation Settlement Analysis 

In order to estimate the consolidation settlement of soft soils, like clay; it is important to evaluate 

the field conditions including the underlying soil conditions and obtain essential parameters such 

as compression index, preconsolidation pressure and present overburden stresses before addition 

of foundation load. This can be achieved by using either in-situ or laboratory tests. Note that: for 

a given initial and final stress condition, the total consolidation settlement of a compressible 

layer is highly dependent on the value of the preconsolidation stress (Fox, 2002). 

Preconsolidation stress is a demarcation between the region of small strain (stiff deformation) 

and large strain (soft deformation) in the void ratio-log effective vertical stress curve of 

oedometer test. If the final effective vertical stress is less than preconsolidation stress, the loaded 

soil will experience small settlement in the region of small strain (recompression). On the other 

hand, if the final vertical effective stress is larger or equal to preconsolidation stress, the soil will 

experience large settlement in the region of large strain. Another important parameter to consider 

is the void ratio.  Increased change in void ratios will result into increased indices and hence, 

large settlement in both regions (Fig. 19). 

  
Fig. 19: Simplified void ratio- effective vertical stress curve: region of small and large strain 

Consequently, before estimating the settlement, it is necessary to find out the possible region of 

compression of soil in question. The stress history of the soil (overconsolidated or normally 

consolidated) should be established. This is obtained by computing the consolidation ratio (CR) 

and then choosing appropriate formula for estimating the consolidation settlement. The CR of 
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soil is given as ratio of effective preconsolidation pressure, and the effective present overburden 

vertical stress,  

0v

pCR
σ
σ
′

′
=                         (2) 

where:  

pσ ′  = preconsolidation pressure, kPa 

0vσ ′  = initial effective vertical stress, kPa. It is required that, the CR is compute based on past 

pressure but due to some reasons such as erosion or excavation this past pressure cannot be 

quantified and, therefore, the preconsolidation pressure is used to compute the CR regardless of 

the cause of precompression (Terzaghi et al., 1996). If the CR is between 0.8 and 1.2 (i.e. when 

the ratio of effective preconsolidation pressure to the present effective overburden stress varies 

by the magnitude of + 20 %), the soil is categorized as normally consolidated (NC) soils. The 

soil at this transition point is likely to experience large strain than small strain. Therefore, the 

analytical computation for primary consolidation settlement is done on the region of large strain. 

On the other hand, if CR is greater than 1.2, the soil is considered as overconsolidated (OC) soils. 

OC soils are soil that is/was subjected to effective vertical stress in excess of the present effective 

overburden stress (Fox, 2002; Terzaghi et al., 1996). Such soil will experience small 

deformations in the region of small strain. Some soil experience CR less than 0.8; such soil is 

termed as underconsolidated soil, which means that the soil is still undergoing consolidation 

process.  The magnitude of consolidation settlement is expected to be large in the region of large 

strain (Bo and Choa, 2004).  

 Once the in-situ compressibility curve is established, the slope gradient is computed as the 

ratio of the rate of change in void ratio to the change in effective vertical stress. In case of region 

of small strain, the rC  is given by 

  

 ( )








′

′
∆

→
′−′

∆
=

0

0 log
log

v

vfvfv
r

eeC

σ
σσσ

                 (3) 

The change in void ratio has a big influence on the slope of the curve and varies with depth. 

Thus, during settlement estimation, it is advised to divide the compressible layer into several 
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sub-layers and compute slope Cri for each layer i (Fox, 2002; Terzaghi et al., 1996). Thus, Eq. (3) 

can be written as  
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where: 

 i = sub-layer of compressible layer 

 =′vfσ final effective vertical stress, kPa 

  =riC  recompression index  

 =∆e change in void ratio, 

=′0vσ  initial effective vertical stresses before foundation loads or fill, kPa.  

Therefore, the change in void ratio Δei can be given for each layer as a product of gradient and 

change in log of effective vertical stress:  
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In the region of large strain, the change in void ratio is given by the compression index Cc as: 
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Therefore, depending on the consolidation ratio, the consolidation settlement is computed using 

either Eq. (5) or Eq. (6).  

6.2 Consolidation Settlement of Normally Consolidated Soil 

The preconsolidation pressure of normally consolidated soil is approximately equal to the final 

effective vertical stress at a point of interest in a compressible layer. Therefore, the consolidation 

settlement is computed on the region of large strain using the change in void ratio under 

compression virgin gradient, Eq. (6). According to literature (Atkinson, 2007), this magnitude is 

given as a product of void ratio and thickness of layer, which is inversely proportional to specific 

volume, ν given by: 

    i
i

c H
e

0ν
δ

∆
=                        (7) 

where: 
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cδ = the settlement at the end of primary consolidation, m 

oiH  = thickness of sublayer, m 

 ie∆ = change in void ratio and  

ν  = specific volume 

The specific volume for saturated soils is given by 

  
s

total

V
V

=ν                         (8) 

where: 

totalV  = Total volume, which is the sum of volume of water (Vw) plus volume of solid (Vs) 

Thus, Eq. (8) can further be written as:  

s

w

s

ws

V
V

V
VV

+=
+

= 1ν                     (9) 

Since the ratio between volumes of water to the volume of solid of saturated compressible layer 

gives the void ratio, the specific volume can be written in terms of initial void ratio as 

01 e+=ν                         (10) 

Substituting Eq. (10) and Eq. (7) in Eq. (6), the well-known on-dimensional expression   
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is obtained for settlement calculation of NC. 

6.3 Consolidation Settlement of Overconsolidated Soil  

The consolidation settlement analysis of overconsolidated (OC) soil lies between two categories. 

The first category is when the OC soil has undergone some loss of overburden stress such that 

the final vertical effective stress is less than the preconsolidation pressure (Fig. 19). This means 

that, the soil sometime in the past has been subjected to stresses which were equal to 

preconsolidation stress, and later for some reasons (e.g. erosion, excavation, or land slide) the 

overburden stress was reduced. However, the preconsolidation pressure still unaltered; thus, 

small deformation is expected.  Consequently, the consolidation settlement can be computed 

only on the side of small strain with recompression slope Cr in form of 
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In case of final effective vertical overburden stress greater than preconsolidation pressure, the 

total settlement can be computed from the region of small strain to the region of large strain of 

change in void ratio using: 
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It is practical to divide compressible layer into sub-layers with respect to corresponding 

geotechnical properties, and the settlement is computed for each layer depending on its stress 

history (Bo and Choa 2004; Fox, 2002; Terzghi et al., 1996). 

6.4 Consolidation Time Rate  

The rate of consolidation depends on hydraulic conductivity of the compressible layer and 

thickness.  The coefficient of consolidation is used to predict the ultimate time of settlement of 

compressible layer. Therefore, it is not only important to compute the magnitude of settlement 

but the time required to attain the computed magnitude of settlement is of a great amount. High 

value of the coefficient of consolidation will speed up the consolidation settlement of the 

foundation and vice versa is true (Salehi and Sivakugan, 2009). Furthermore, whether the 

compressible layer can freely drain on one side (single drainage condition) or two sides (double 

drainage condition) will affect the time rate of consolidation (Tezarghi et al., 1996). The 

coefficient of consolidation Cv is thus directly proportional to drainage path and inversely 

proportional to time rate. 

t
HT

C v
v

2
0=                        (14) 

where: 

  vT  = the proportional time factor,   

0H = the initial thickness of compressible layer, m  

t  = time at x -percent of primary consolidation, days. The degree of consolidation U of 

compressible layer with initial thickness 0H is defined as the ratio of settlement at any time ( tδ ) 

to the ultimate settlement ultδ  
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tU
δ
δ

=                          (15) 

This degree of consolidation can be expressed in terms of time factor vT  as follows: 

If %60<U  

2

4
UTv

π
=                         (16) 

If %60>U       

%)100log(933.0781.1 UTv −−=                 (17) 

Sivaram and Swamee (1977) established the generalized relationship in terms of time factor as 

follows 
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Rearranging the above expression, time factor can be computed using the following Eq. 
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Thus, substituting Eq. (19) in Eq. (14), the time required to reach any degree of consolidation can 

be calculated using: 
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The coefficient of consolidation vC  can be computed from  

v

v

w
v m

k
C

γ
1

=                        (21) 

where: 

wγ = the unit weight of water and 

vk = the coefficient of permeability 
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vm  = volume of compressibility. Thus, knowing the coefficient of consolidation and its 

required degree of consolidation in a compressible layer of initial thickness we can predict the 

time required to reach a certain magnitude of consolidation settlement. The analysis method 

described in the previous chapter can be carried out even with hand calculations. However, 

such calculations can be possible under the assumption of simple axisymmetric or plane strain 

deformation without rotation of principal axis. Exact analyses of real problems using real soil 

models can be performed with finite element method (FEM) on computers (Muir Wood, 

1990). For instance, for soils with high void ratio before consolidation, such as peats and very 

loose sediments, it might be necessary to consider the finite deformations, especially when, 

the magnitude of the consolidating pressure is larger than the typical deformation moduli of 

the soil (Carter et al., 1979). According to Topolnicki (2004), finite element analyses (FEA) 

and parametric studies are exceptionally good means of assessing how stabilized soil may 

behave under applied load in relation to the surrounding environment 
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7.0 Finite Element Method of Analysis  

Element discretization is the process of modeling the geometry of the problem under 

investigation by assemblage of small regions, termed finite element (CG, 2011).   According to 

Zienkiewicz (2000), the finite element method (FEM) can be defined as, a general discretization 

procedure of continuum problems posed by mathematically defined statements. According to 

Muir Wood (1990), these mathematical statements in geotechnical context include Eq. of  

– equilibrium  

– flow 

– compatibility of deformation 

– stress: strain behavior and 

– boundary condition. 

7.1 Principal of Finite Element Analysis  

Based on lecture notes by Gioacchino(Cino) Viggiani, (CG, 2011).  

In any finite element analysis (FEA), the first stage involves the generation of FE mesh. A mesh 

consists of elements connected together at nodes, defined on the element boundaries (node) or 

within the element (Gauss points) (Fig. 21).  

 
Fig. 20: A FE mesh under applied load (CG, 2011) 

The nodes are the points, where values of the primary variables (e.g. displacement) are 

calculated and then interpolated (by either triangular or quadrilateral interpolation) to give 
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algebraic expressions for displacement and strain throughout the complete mesh within the 

element. A constitutive law is then applied to relate strains to stresses and, thereafter, forces 

acting at the element nodes are calculated (Fig. 22). These forces are then related to the nodal 

displacements. Thus, in a short summary and for instance, the displacement of linear elasticity 

materials in 2D plane strain: 

i.  Primary variable must be defined, and rule must be established to how these variables will 

vary over the FE. This variation can be expressed in terms of nodal values. Normally, 

the polynomial is assumed, where the order of the polynomial depends on the number 

of nodes in the element (Fig. 21). The higher the numbers of nodes (i.e. the order of the 

polynomial), the more accurate are the result.  

 
Fig. 21: number of nodes defining degree of polynomial (CG, 2011)  

 

ii.  Constitutive rule 

Element Eq. are established by use of appropriate variations principle (e.g. minimum potential 

energy) 
eee PUK =  

where: Ke is the element stiffness matrix, Ue is the vector of nodal displacements and Pe is the 

vector of nodal forces. 

 
Fig. 22: Calculation of nodal forces to obtain equivalent element forces (CG, 2011) 
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iii.  Global Eq. are established by combining element Eq. 

PKU =  

iv.  Formulation of boundary condition may affect load and displacement, thus, global Eq. has 

to be modified 

v.  Global Eq. are then solved to obtain the displacements at the nodes, from which stresses 

and strains are evaluated.   

FEM when properly used in geotechnical application may produce realistic which are of value 

to practical soil engineering problems. A good analysis, which simulates real soil behavior, may 

give the engineer a better understanding of the problem. However, the most important part is a 

design process, which includes evaluation of material properties, loading condition and selection 

of appropriate constitutive model. 

7.2 Constitutive Models 

Soil behavior under load is, in fact, complicated; Soils may change from idealized linear, 

homogenous and isotropic behavior to non-linear, heterogeneous and anisotropic behavior when 

subjected to stresses. Selection of appropriate soil constitutive model is essential for successful 

finite element analysis (FEA). Even though, numerous constitutive models have been proposed 

to describe various aspect of soil behavior in FEM, none of the available constitutive models can 

reproduce all aspects of soil behavior. Therefore, whatever model is chosen, its predictive 

capacity comes from the comparison with field observations. The following consideration may 

help in choosing the appropriate model (Potts and Zdravkovic´, 2001): 

- Evaluate which soil features govern the behavior of a particular geotechnical problem, such 

as stiffness, deformations, strength, dilation, anisotropy etc. 

- Choose the constitutive model that can best capture these features. 

- Consider the availability of appropriate soil data from which to derive the necessary model 

parameters.  

The following constitutive models described hereafter are implemented in PLAXIS 2D 

software. Thus, part of literature behind these constitutive models was obtained from PLAXIS 

2D user manual (Brinkgreve et al, 2011) and the other part from computational geotechnical 

course (CG, 2011) organized by PLAXIS Bv.            
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7.2.1 Mohr-Coulomb Model  

The Mohr-Coulomb (MC) model represents first-order approximation of soil or rock behavior. 

The model assumes linear elastic perfectly plastic material, with five input parameters of which 

two are stiffness parameters and three strength parameters.  

Stiffness parameters: 

- Young’s modulus  

- Poisson’s ratio,  

Strength parameter: 

- Friction angle, φ 

- Cohesion, c 

- Dilatancy angle, ψ.  

It is recommended to use this model for first analysis of the problem in hand. The MC model soil 

behavior is characterized by: 

- Linear elastic behavior until failure occurs. 

- Shear stresses create plastic shear strains and may create plastic volumetric strains.  

- Dilatancy only mobilized at failure. 

7.2.2 Hardening Soil Model 

Hardening soil (HS) model uses the same failure criteria as MC model. However, if only failure 

is of importance, then, the HS model has little help since plastic occur before failure criterion is 

reached. The HS model gives better prediction of displacement than MC model especially when 

shear is dominant or loading/unloading behavior is important. For excavation and tunnel 

problems HS model is highly recommended over the MC model. Note that, for better results, it is 

important to consider the following stiffness and strength parameters: 

- HS stiffness parameters 

The soil stiffness is described much accurately by using three different input stiffnesses. These 

include Secant modulus E50 defined by σ3, tangential modulus Eoed defined by σ1 and unloading 

modulus Eur defined according to Hooke’s law. The latter is elastic parameter, whereas the 

previous two are elastic plastic, parameters. In contrary to MC, HS model accounts for stress-

dependency of stiffness moduli. Thus, all stiffness parameters are referenced to conditions at 100 

stress units by default. 
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- HS strength parameters 

Change of stiffness is a function of cohesion and the power m. Furthermore, the HS model is 

completely defined in terms of effective stress, thus, should not be used with total stress. Only 

effective parameter should be used, nevertheless, the model can be used in combination with an 

undrained shear strength su (φ = 0). 

- HS initial soil condition 

Pre-consolidation plays an essential role in most soil deformation problems. Thus, besides the 

model parameters, initial soil condition should be taken into account in the initial stress 

generation.  

7.2.3 Soft Soil Model  

The soft soil (SS) model is a Cam-Clay model type meant for primary compression of near 

normally consolidated clay soil. However, this model is superseded by HS model.  

7.2.4 Soft Soil Creep Model  

The soft soil creep (SSC) model is a second order model framed in the context of viscoplasticity 

that can be used to model time-dependent behavior of soft soil. The HS does not account for 

viscous effect i.e. creep and stress relaxation, which, in fact, may be exhibited by most soils. In 

normally consolidated clays, silts and peat primary compression is normally followed by a 

certain amount of secondary compression. The SSC model takes care of such behavior especially 

in settlement problems of foundations and embankments, and for unloading problems (especially 

in tunnel and other excavations), the SSC model superseded MC model. Like in HS model, 

proper initial soil conditions are essentially defined, including data for pre-consolidation stress.   

7.3 Geometry Selection Considerations 

7.3.1 2D Plane Strain Model 

The principle definition of plane strain model is that, one dimension is relatively long compared 

with the other two. Henceforth, loads and boundary conditions are independent of the long 

dimension. Furthermore, there is similar geometry and stress or loading conditions in any cross 

section perpendicular to the long dimension. As a result of this: 

- no strain perpendicular to long dimension, though stress can change. 
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- no shear stress and arching perpendicular to long dimension. 

- model represent 1 unit length perpendicular to long dimension. 

TABLE 6: suggested materials model for different geotechnical execution (CG, 2011)  

Execution Soft soil (NC-clay, peat) Hard soil (OC-clay, sand, 

gravel) 
Primary load (Surcharge) SSC or HS HS 

Unloading + deviatoric load 

(excavation) 

HS HS 

Deviatoric loading SSC or HS HS 

Secondary compression SSC N/A 

 

 
Fig. 23: Typical 2D plane strain model (CG, 2011) 

7.3.2  2D Axi-Symmetry Model 

The geometry of this model is circular; there is similar geometry and stresses or loading 

conditions in any cross section that includes the central axis (i.e. Geometry, boundary conditions 

and initial stresses have rotational symmetry around a central axis). As a result of this: 

- Stress and strain perpendicular to central axis are radial 

- Model respresents 1 radian around central axis.  
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Fig. 24: Idealized axi-symmetric 2D model (CG, 2011) 

7.3.3 3-D Model 

The 3D model is more complicated model and may require long calculation time. Furthermore, 

good understanding of stress distribution may be required to avoid wrong interpretation of 

results. However, the model may be necessary in conditions where plane strain and axi-

symmetry model do not apply, such as 3D geometry and or out of plane loading.  

7.4 Model Boundaries 

During modeling, the method of analysis and material behaviour plays a prominent role in 

geometry of the model. The following general considerations have to be taken into account 

during modeling of boundary conditions. During deformation analysis, it is essential that the 

mechanism fits in the model. Only plastic deformation is relevant; stress state may not be 

disturbed by boundaries (arching), however, deformation may still occur at a large distance from 

the point of action. For stability analysis, model can be smaller than for deformation analysis. In 

dynamic analysis, small displacement may have considerable influence and vibrations may occur 

at the very large distance from the point of action; thus, model should be large enough and 

measure should be taken to counterfeit reflections at the boundaries. Fig. 26 through Fig. 29 

shows suggested geometrical dimensions for various model simulations. 
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Fig. 25: Idealized deformation behavior under different type of analysis and material behavior (CG, 2011) 

 

 

 
Fig. 26: Suggested geometric dimensions for modeling of road embankment (CG, 2011) 
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Fig. 27: Suggested geometric dimensions for modeling of an excavation (CG, 2011) 

 
Fig. 28: Suggested geometric dimensions for modeling of retaining wall (CG, 2011) 
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Fig. 29: Suggested geometric dimensions for modeling underground tunnel (CG, 2011) 

7.5 Boundary Conditions 

Boundary condition, like any other input data should be given proper consideration during 

modelling. Improper description of boundary condition can have a substantial effect on 

computed results or may result in computational failure. Some supports are dictated by FE 

technology rather than by physical considerations. For instance, a restraint, such as a prescription 

zero displacement or zero rotation, must occur at the node rather than between nodes. Input data 

as understood by software, can be checked easily; graphic capabilities of pre-processors can 

depict boundary conditions at each support node, using symbols that show the direction of 

restraint and displacement or rotation (Potts and Zdravkovic´, 2001). 
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