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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. Port of Gävle in Sweden in collaboration with SMOCS 

identified stabilized dredged fine sediments as alternative backfill materials to natural gravels and 

sands in land reclamation. Nevertheless, acceptance of new materials and technology, require strong 

justifications with regard to short and long term field performance. Thus, critical understandings of 

the mechanical properties of the stabilized dredged fine sediments became important, which were 

the focus of this licentiate thesis.  

 I am, therefore, obliged to thank SMOCS project and management at Port of Gävle, particularly, 

Mr. Jonas Rahm and Ms. Linda Astner for financial support and the courage to embrace new 

material technology at the large-scale. However, in geoenvironmental perspective, this work would 

not be appreciable without the help of my supervisors. Main supervisor Prof. Sven Knutsson is 

accredited for his broad knowledge and understanding of the subject matter and, for creating 

conducive working atmosphere. Assistant supervisor Dr. Hans Mattsson is hereby appreciated for 

his detailed supervision. Fellow researchers, Sabrina Bradshaw and Erin Berns and supervisor Prof. 

Craig Benson at University of Wisconsin-Madison, USA are hereby acknowledged for their 

contributions towards the accomplishment of this study. Within the SMOCS project framework, 

Mr. Göran Holm at Swedish Geotechnical Institute is hereby acknowledged for the analysis of both 

field measurements and laboratory test results, in addition to, the overall project management. I 

would like to recognize construction companies, WSP and PEAB for undertaking the large–scale 

field operations including in-situ tests and field settlement monitoring. 

 Special thanks remain to my beloved wife, mother, sisters and brothers for their moral support. 

Least but not last, I would like to thank, all my colleagues and staff members at the division of 

mining and geotechnical engineering for showing the spirit of teamwork. This work is dedicated to 

my beloved late father, who indeed, praised my efforts in pursuing my studies. 
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ABSTRACT 

Dredging activities at ports and harbors are inevitable for the safe navigation of ships and vessels. 

Dredged material may range from very fine and contaminated sediments to sands and gravels. 

While granular dredged material can be directly utilized in civil engineering applications, fine 

sediments may require further treatment before use. In geoenvironmental context, low shear 

strength, high compressibility and little to significant amount of contaminants characterize the 

dredged fine sediments. However, these unfavorable properties do not rule out the suitability of 

these dredged sediments for use in geotechnical construction, such as, road embankment, building 

foundation or as structural backfill in land reclamation.  

Mass stabilization solidification provides a comprehensive technology for amending fine 

sediments at high initial water content, resulting into construction materials of improved strength 

and reduced compressibility while encapsulating the contaminants to less mobile. The ultimate in-

situ soil behavior types, stiffness and strength properties of stabilized mass depend on various 

factors such as binders, mixing equipment, curing temperature, in-situ boundary conditions and 

mostly important the applied preloading weight during the period of curing. However, despite 

improved mechanical properties for geotechnical applications, the performance of treated materials 

becomes susceptible to repeated freeze-thaw cycles. 

 Understanding geotechnical design process, which includes evaluation of material properties, 

loading condition and selection of appropriate constitutive model, is an important task for 

settlement and stability analysis of structures founded on stabilized mass. While the selection of 

suitable material model is important for successful finite element analysis, nevertheless, none of the 

existing constitutive soil models can capture all aspects of soil behavior. Therefore, close 

predictions of field behaviors are possible only if, undisturbed samples or in-situ tests are used for 

determination of mechanical properties, and the predictive capacity of selected constitutive model 

comes from the comparison with field observations. 

 In the present research work, utilization of cone penetration test (CPT) data for evaluating the 

mechanical properties of stabilized dredged sediments for geotechnical design and analysis were 

presented. A large-scale field test at the Port of Gävle was utilized as a case study, to verify the 

simulated settlement of preloaded stabilized dredged sediments. The stabilized mass-soil 

classification behavior type was studied utilizing CPT classification charts. Computation of the 

primary consolidation settlement due to the applied preloading weight were carried out in PLAXIS 

2D geotechnical software and verified against field measurements. Suggestions to protect the 

stabilized mass against severe weather condition were discussed and presented.  
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SYMBOLS AND ABBREVIATIONS 

qB   Normalized pore pressure 

CPT Cone Penetration Test  

oedE  Oedometer modulus 

E   Effective Young’s modulus 

uE  Undrained Young’s modulus 

cf   Sleeve friction 

tf   Corrected friction ratio 

RF  Normalized friction ratio 

cI   Soil behavior type index  

G   Shear modulus 

M  Constrained modulus 

ktN  Cone tip factor 

cq   Total cone resistance 

tq   Corrected total cone resistance 

1tQ  Normalized cone resistance for clay  

us   Undrained shear strength  

2u  Excess pore pressure  

   Dilatancy angle 

c   Effective cohesion 

  Effective friction angle 

vf  Effective final vertical stress 

vo  Effective initial vertical stress 

vo  Total initial vertical stress 

  Effective Poisson’s ratio 

u   Undrained Poisson’s ratio 

M  Constrained modulus cone factor 

 Effective consolidation stress 

c   Settlement of compressible layer 

DFS acronym for Dredged fine sediments 

SCDM acronym for Stabilized Contaminated 

Dredged Material 

SMOCS acronym for Sustainable 

Management of Contaminated Sediments  

MSS acronym for Mass Stabilization 

Solidification 

GCL acronym for Geosynthetic Clay Liner 
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TERMINOLOGIES 

– Beneficial reuse: any use of dredged fine sediments other than merely disposal (PIANC, 2009). 

– Binder: hydraulic or non-hydraulic materials that when in contact with water or in presence of 

pozzolanic minerals reacts with water to form cementitious composite materials (Sherwood, 

1993). 

–  Cation exchange capacity: a measure of net negative charge on the soil particle, resulting from 

isormophous substitution and broken bonds at the boundaries (Terzaghi et al., 1996; Mitchell and 

Soga, 2005). 

– Compressibility: property of a soil pertaining to its susceptibility to decrease in volume when 

subjected to load (ASTM D 653). 

– Constitutive model: a mathematical description on how material responds to various loading. 

– Curing (cure): the change in properties of stabilized material, which occur with time under 

favorable condition. Curing time is the period of time elapsed from subjecting the stabilized 

materials to curing conditions to the end of pozzolanic or hydration reactions. 

– Dredging: the art of removing underwater soil sediments (dredged material) for the purpose of 

increasing or maintaining the depth, widening or cleaning the navigation channels. 

– Flocculants (flocs): loose, open-structured soil mass formed in a suspension by the aggregation 

of minute particles (ASTM D 653). 

– Freeze-thaw cycle: the completely freezing of a material followed by completely thawing of the 

same (ASTM D 653). 

– Hydration reaction: the process under which cement or pozzolanic reactions takes place. 

– Hydraulic conductivity: the volume of fluid passing through a unit cross-section in unit time 

under the action of a unit hydraulic potential gradient (ASTM D 653). 

– Land reclamation: the art of obtaining land from the sea or water bodies. 

– Lyotropic series: the arrangement of anions and cations according to their ability to modify the 

properties of other solutes (Cammack et al., 2006). 

– Mechanical properties: the properties of a material that reveal its elastic and inelastic behavior 

when subjected to load for mechanical applications; for example, modulus of elasticity or shear 

strength. 

– Pole volume of flow: n pore volume of flow refers to when a volume of liquid equivalent to n 

pore volume has flowed through the material. 

– Pozzolanas: natural (e.g. clay minerals) or artificial (e.g. ashes) siliceous and aluminous 

materials, which in itself possess little or no cementitious value, but will, in finely divided form 
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and in the presence of moisture chemically react with calcium hydroxide at ordinarily 

temperature to form compound possessing cementious property (ASTM D 653). 

– Preconsolidation pressure: the greatest effective pressure to which the soil has been subjected. 

– Soil stabilization: chemical or mechanical treatment designed to increase or maintain the 

stability of a mass of soil or otherwise to improve its engineering properties (ASTM D 653). 

– Solidification: refers to the process that binds a contaminated media with reagents, changing its 

physical properties by increasing the compressive strength, decreasing its permeability and 

encapsulating the contaminants to form a solid material (USEPA, 1993). 

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

reachability of contaminants. The contaminants are chemically immobilizes and its solubility is 

reduced, hence, the contaminants become less mobile (USEPA, 1993). 

– Stiffness: the ratio of change of force (or torque) to the corresponding change in translational (or 

rotational) deflection of an elastic element (ASTM D 653). 

– Strain: the change in length per unit length in a given direction. 

– Strength: the maximum stress, which a material (including soil mass) can resist without failing 

for any given type of loading (ASTM D 653). 

– Stress: the force per unit area acting within the soil mass. 

– Tangent modulus: slope of the tangent to the stress:strain curve at a given stress value. 

Generally, it is taken at a stress equal to half the compressive strength (ASTM D 653). 

– Void ratio: the ratio of volume of void to the volume of solid (Terzaghi et al., 1996). 

– Young’s modulus (elastic modulus): the ratio of increase in stress on a test specimen to the 

resulting increase in strain under constant transverse stress limited to the materials having a 

linear stress-strain relationship over the range of loading (ASTM D 653). 
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1 Introduction 

Dredging activities at ports, harbors and navigational channels are inevitable for safe navigation of 

ships and vessels. Dredged sediments may range from clean gravels and sands to clean or 

contaminated fine sediments. While gravels and sands can provide direct useful construction 

materials, contaminated sediments may pose high risks to human health and the environment. Sea 

disposal of such materials is banned; high taxes associated with land disposal, scarcity of landfill 

and constant demand for dredging have given rise to the need for finding the beneficial reuse of 

dredged fine sediments. In geoenvironmental context, dredged fine sediments (DFS) are 

characterized by low shear strength, high compressibility and presence of contaminants. 

Researchers (Beeghly and Schrock, 2010; Jelisic and Leppänen, 1999; Maher et al., 2006; Rekik 

and Boutouil, 2009; Al-Tabbaa and Evans, 1998; Garbin et al., 2011; PIANC, 2009) have shown 

that, treated soft soils and sediments may provide an alternative construction material to natural 

resources. Furthermore, the presence of contaminants in such material does not prohibit its 

beneficial reuse in civil engineering works, such as, road embankment, building foundation or as 

structural backfill for land reclamation.  

 Sustainable management of contaminated sediments (SMOCS) is an EU funded project, which 

seek to establish a guideline for sustainable management of contaminated DFS around the Baltic 

Sea region. SMOCS in collaboration with Port of Gävle in Sweden identified stabilized 

contaminated DFS as useful structural backfill in land reclamation. Mass stabilization solidification 

technology provides a comprehensive technology for amending these fine sediments at high initial 

water content, resulting into materials of improved strength and reduced compressibility while 

encapsulating the contaminants to less mobile.  

1.1 Mass Stabilization Solidification Technology 

Mass stabilization solidification refers to soil improvement technology, 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 work and is highly suited for treatment of 

contaminated dredged sediments, brownfield, soft clays, peat, organic soils and waste sludge at high 

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

The method encapsulates large amount of contaminants (Fig. 1) while improving the geotechnical 

properties of soft soils and sediments; this can allow the structure to be found on shallow footing 

without soil replacement or deep foundation (Garbin et al., 2011; Maher et al., 2004; Holm et al., 

2005).  
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Fig. 1: Principle of mass stabilization solidification technology (a) exaggerated generalized soil matrix of stabilized 

solidified fine particles and contaminants (b) observed encapsulated contaminants in stabilized DFS from the Port of 

Gävle (Photo: Gregory P. Makusa) 

 The blending of the soft soil and sediments with binders can be achieved by either use of 

excavator mounted mixing tool, or by self-injection of binder into a rotating auger (or mixing head) 

and the soil mass, see Fig. 2(a) and Fig. 3(b). In the treatment of dredged fine sediments, on-site 

pugmill shown in Fig. 2(b) can be utilized to mix freshly DFS with dry or wet binders. The mixture 

is then discharged into designated area for curing. Dry binders are mainly preferred because; high 

initial water content of sediment may have an adverse effect on compressive strength and hardening 

process after treatment (Topolnicki, 2004). Prior to the initial set of the stabilized mass, a geo-

membrane separator is placed on top of stabilized soil on which a selected preloading weight is 

placed (Fig. 3).  

 According to researchers (Garbin et al., 2011; Åhnberg et al., 2001; EuroSoilStab, 2002), in 

mass stabilization, a preloading weight or working platform must be applied immediately after the 

stabilization work. The preloading weight compresses the stabilized volume, removing air 

entrapped during mixing and increases its strength. The purpose of subsequent preloading weight is 

to consolidate the stabilized mass for a load higher than the service load. According to Topolnicki 

(2004), any safe bearing capacity design will require that the stress inside the stabilized soil body 

does not exceed the capacity of soil-binder material. According to EuroSoilStab (2002), the design 

strength must be chosen such that, the yield strength of stabilized mass is not exceeded.  

 Understanding stress behavior inside the stabilized mass or its yield strength and the factors that 

may affect its long-term performance is very essential during geotechnical design process. 

Unfortunately, it has been difficult to comprehend the apparent stresses in stabilized mass and the 
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associated in-situ mechanical properties for the purpose of geoenvironmental design and analysis of 

structures founded on such materials. 

 

Fig. 2: Mass stabilization solidification (a) excavator mounted on a special floater, which is dragged horizontally by 

winches during MSS at Fort Point Channel in Boston, USA (Topolnicki, 2004). (b) on-site pugmill mixing freshly DFS 

with binders during the large–scale field test at the Port of Gävle, Sweden (Photo: Gregory P. Makusa) 

 

Fig. 3: Preloading of in-situ stabilized dredged sediments with selected gravel: (a) at the large–scale field test, Port of 

Gävle, Sweden (Photo: courtesy of WSP) (b) at Vuosaari Harbor in Finland (Photo: courtesy of ALLU)  

1.2 Geotechnical Design and Analysis Considerations 

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

design purposes include, compressive and shear strength, modulus of elasticity (stiffness), hydraulic 

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

 The determination of design parameters depends on design method and analysis. The common 

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

The former is concerned with stiffness of soil mass under applied load; during design, the 
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stress:strain curve of the soil is assumed linear elastic under working load. The stability 

calculations, focuses on complete failure of the soil mass, with large deformation occurring in 

rupture planes, which may lead to the ultimate failure of geotechnical structures; the stress:strain 

behavior become rigid and perfectly plastic (Muir Wood, 1990). Therefore, understanding the 

mechanical behavior of stabilized mass and the possible mode of failure under drained or undrained 

loading conditions, become essential during geotechnical design process. 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 modes similar to the gravity structures such as 

sliding, overturning and bearing capacity. The present geotechnical design considerations were 

focused on settlement calculations. 

1.2.1 Settlement Design Considerations 

Settlement of soil is a result of compressibility of soil mass, which can be explained as the change 

in volume due to change in effective stress. It can be examined depending on the extent to which, 

the stabilized soil structure impedes the movement of the pore fluids. According to Bemben (1986), 

for cemented soils, 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. 

The whole process of loading and unloading may respond differently from that of conventional soft 

soils. Consequently, it may be even difficult to define the preconsolidation pressure of cemented 

soils (Fig. 4), which is an important parameter for proper estimation of settlement. According to 

Åhnberg (2007), the preconsolidation pressure of the cemented material is brought up by 

cementation action and not by previous conventional consolidation pressure; thus, the unconfined 

compressive 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 a significant 

strength level (Locat et al., 1990). Accordingly, Bemben (1986) suggested that, for cemented soils, 

the relevant apparent preconsolidation pressure be the one that existed at the time of cementation.  

 Estimating the settlements of in-situ stabilized mass may require the knowledge of the 

mechanisms controlling its compressibility. According to EuroSoilStab (2002), settlements within 

the stabilized mass area are calculated by assuming the stabilized volume to behave as a linear 

elastic perfectly plastic material. Moreover, the compression properties, which were established in 

the laboratory during preparation of the recipe, can be used for calculation of immediate settlement 

in accordance with 

 
m

vfi
ic M

H      (1) 
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where:  

 Mm = the compression modulus of stabilized soil mass, kPa 

 δc = settlement of the stabilized volume, m 

 Hi = the thickness of sublayer i, m 

 vfi = effective final vertical stress on stabilized volume, kPa.  

This conventional method of settlement calculations in Eq. (1) may inherit some limitations in 

stabilized mass. For instance, Eq. (1), utilizes the constant material stiffness, which is associated 

with elastic behavior. For elastic material, removal of preloading weight normally retracts all of its 

initial deformations to zero; this means, no plastic strain occurs. However, in stabilized mass, due to 

cementation action, plastic deformation may become dominant. Therefore, compressibility and 

stiffness characteristics of stabilized mass may require proper distinction during the settlement 

analysis.  

 

Fig. 4: Comparison of possible compressive behavior of cemented overconsolidated soil with that predicted based on 

physical state identification (Boone and Lutenegger, 1997), where: LLe is the void ratio at liquid limit, p is the 

preconsolidation pressure and is the consolidation stress 

1.2.2 Analysis Considerations  

Soil behavior under load may change from idealized linear, homogenous and isotropic behavior to 

non-linear, heterogeneous and anisotropic behavior when subjected to stresses. Thus, selection of 

appropriate constitutive model is important for successful finite element analysis (FEA) in 
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stabilized mass. The following considerations may help in choosing the appropriate model (Potts 

and Zdravković, 2001): 

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

stiffness, deformations, strength, dilation or anisotropy. 

– 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.  

 Although numerous constitutive models have been proposed to describe various aspects of soil 

behavior, yet, none of the available constitutive models can reproduce all aspects of soil behavior 

during FEA. Nevertheless, the most important part in the geotechnical design process is the 

evaluation of material properties, loading conditions and selection of appropriate constitutive 

model. 

1.2.3 Evaluation of In-Situ Mechanical Properties  

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

can provide reliable information about on-site soil conditions. Cone penetration test (CPT) is one of 

the most widely used in-situ tests (Kulhway and Mayne, 1990; Campanella et al., 1982; Robertson 

et al., 1983; Robertson, 1990; Robertson, 2009; Abu-Farsakhi et al., 2003; Lunne et al., 2011; 

Lunne et al., 1997). 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 

– soil stiffness and strength parameters can be immediately obtained. 

 The cone penetration test consists of pushing into the ground a series of cylindrical rods with the 

cone at the base. During the push, the cone penetrates the soil at the rate of 2 cm/s, with penetration 

resistance, sleeve friction and pore water pressure being measured at the interval between 1 and 5 

cm (Potts and Zdravković, 2001; Lunne et al., 1997). These quantities are further corrected for 

various factors, see Table 1. Numerous CPT parameter expressions shown in Table 2 have been 

derived from these corrected measured quantities, and the empirical correlations for evaluation of 

in-situ mechanical properties have been established (Lunne et al., 1986; Robertson, 2009; Larsson 

and Mulabdic, 1991; Robertson, 1990; Robertson and Campanella, 1983; Kulhway and Mayne, 

1990). According to Robertson (1990; 2009), these correlations are predictive of in-situ behavior of 

the soils; thus, they can be used for soil classifications and instant evaluations of in-situ mechanical 



7 

 

properties. For instance, the compression modulus in Eq. (1) can be evaluated as in-situ constrained 

modulus according to Robertson (2009) in the form of  

 )( 0vtM qM      (2) 

where: 

 M = constrained modulus cone factor  

 tq = corrected total cone resistance, kPa  

 0v = the total vertical stress, kPa.  

Robertson (2009) suggested the following correlation for selection of in-situ constrained modulus 

cone factor:  

 If 2.2cI  

  1tM Q   when  141tQ   

  14M   when  141tQ    

 If 2.2cI  

  
68.155.01003.0 cI

M   

where: 

 1tQ = normalized total cone resistance for clay soils 

 cI = soil index behavior type 

 Empirical correlations for evaluations of other mechanical properties for use in geotechnical 

design and analysis are presented in Table 3. 

Table 1: Primary measured and corrected CPT quantities  

Primary measured quantity Symbol Corrected quantity Source 

Cone resistance cq  uaqq ct *1  Campanella et al. 

(1982) 

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

Pore pressure u  -   

a = net area ratio around the cone shoulder; u = measured pore pressure just behind the cone 

shoulder; b = effective area ratio for the sleeve surface 

1.3 Environmental Considerations 

Stabilization is not a magic wand by which every soil properties can be improved for better (Ingles 

and Metcalf, 1972). In cold regions, design concern has to be directed to the effect of freeze-thaw 
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cycles on the strength and deformation properties of stabilized material utilized in geotechnical 

applications. The effect of freeze-thaw cycling has been studied earlier (Yu et al., 1997; Al-Tabbaa 

and Evans, 1998; Topolnicki, 2004; Maher et al., 2006). These studies have indicated that, frozen 

moisture in stabilized materials can results into expansive forces, which may cause an increase in 

volume and hence, permanent loss of strength due to bond breakage (Sparrevik et al., 2008; Al-

Tabbaa and Evans, 1998; Maher et al., 2006). 

Table 2: Some derived CPT parameters from primary quantities 

Quantity Symbol Expression Source 

Normalized cone 

resistance 
tnQ  

n
voaavt ppq )( 0  Robertson (2009) 

Normalized friction 

ratio 
rF  0100 vtt qf  

Robertson 

(2009;1990) 

Normalized pore 

pressure 
qB  0vtqu  

Robertson 

(2009;1990) 

Stress exponent n  15.005.0381.0 0 avc pI  Robertson (2009) 

Soil behavior type 

index 
cI  

5.022 22.1loglog47.3 rtn FQ  Robertson (2009) 

n = stress exponent and pa = atmospheric pressure 

Table 3: Some of CPT empirical correlations for evaluation of engineering parameters 

Mechanical property Symbol Empirical correlation Source 

Undrained shear strength us  ,0

kt

vt

N
q

 2010ktN  
Teh and Houlsby (1991), 

Lunne et al. (1986; 1997), 

Kulhway and Mayne (1990) 

Overconsolidation ratio OCR  ,
0

0

v

vtqk  5.02.0k  Kulhway and Mayne (1990) 

Preconsolidation or yield 

stress 
p  ,0vtqk  5.02.0k  Kulhway and Mayne (1990) 

Soil sensitivity tS  rF
1.7

 Robertson (2009) 
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 Freezing and thawing of stabilized material may cause structure break-down of stabilized 

material, resulting in a disintegrated stabilized mass with an increased number of fractures, fissures 

and openings. The result is an increased porosity, and thus an increased surface area within the 

stabilized body. This increase in exposed surface area will be caused by ice lens formation and 

expansion due to the freezing process of water. The increased number of fractures and porosity will 

increase hydraulic conductivity of stabilized mass. Seepage will correspondingly increase thus, 

enhancing leaching processes. If the stabilized body consists of contaminated sediments, this may 

result into release of leachate to the surrounding environment. For long-term assessment of the 

performance of stabilized material in cold regions, these processes have to be taken into 

consideration during design of geotechnical structures founded on such material. The breakdown of 

stabilized material due to freezing and thawing will be similar to those occurring in landfill covers 

affected by freezing and thawing. In this thesis, the measures to protect the stabilized mass against 

the effects of freeze-thaw cycling were highlighted. 

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

the environment by landfill and storage of hazardous waste is to encapsulate the waste in a 

compacted clay liner or dry cover system to help minimize:  

– percolation of water, which may result into continued leachate generation and dispensation of 

harmful gas into the environment 

– degradation of material strength due to the exposure to the adverse weather conditions. 

 Dry covers are earthen barrier or liners normally of compacted natural clay or synthetic clay 

liners used to minimize infiltration of water into the decommissioned contaminated landfill. These 

liners protect groundwater against leachate due to percolation of rainwater into the wastes. In 

Sweden, clayey till is the most commonly utilized material in construction of low hydraulic 

conductivity barrier for protection of infiltration of water and oxygen into mining wastes and other 

contaminated confined disposal facility (Carlsson and Elander, 2001; Viklander, 1998). 

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

dry cover in containment of harmful liquid and wastes. The GCLs are well known materials for 

their low hydraulic conductivity, which is contributed by presence of smectite minerals (Ruhl and 

Daniel 1997; Shackelford et al., 2000; Jo et al., 2004; Benson et al., 2008). The GCL consists of 

thin layer of VOLCLAY sodium bentonite encapsulated between woven and non-woven geotextile, 

which are needle punched together to provide internal reinforcement. The reinforcement minimize 

clay shifting, and thus allowing the GCL to maintain the consistent low hydraulic conductivity and 

maximum performance under a wide variety of field conditions (Kraus et al., 1997; Hewitt and 

Daniel, 1997; Podgorney and Bennett, 2006).  
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 A layer of fill then protects the cover system. The protective fill layer serves the following 

functions (Chamberlain et al., 1997): 

– it acts as an insulation layer to prevent freezing of the compacted clay component of the cover 

system 

– it provide medium for vegetation growth, which help to control erosion 

– it provide 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. 

1.4 Objectives of the Research Work 

The main objectives of the thesis work can be categorized into two:  

1. To exemplify the field settlement of preloaded in-situ stabilized contaminated dredged material 

(SCDM) by using finite element analysis. To accomplish this, the following tasks were 

considered necessary: 

– defining the governing mechanical properties 

– obtaining the defined in-situ design parameters 

– finding an appropriate constitutive material model and selecting the method of analysis. 

To fulfill this goal, the research comprised the following methodologies:  

– literature study on engineering behavior of stabilized mass (Makusa, 2013a; 2013b) 

– evaluation of in-situ stiffness properties of stabilized dredged sediments from a large-scale field 

test using cone penetration test data  

– utilizing the evaluated mechanical properties and the selected constitutive model for simulation 

of field settlement of SCDM. 

2. To present results regarding the effect of freezing and thawing on hydraulic conductivity and 

structural changes due to physical and chemical interactions on two types of cover materials, 

which are commonly utilized in contaminated landfill. 

1.5 Scope of the Research  

The findings of the present study are valid under the following stabilization method and materials:  

– mass stabilization solidification technology using on-site pugmill 

– dredged contaminated fine sediments at water content between 180% and 450% 

– blending: cement 35%, lime 35% and blast furnace slag (Merit 5000) 30% at a constant ratio of 

180 kg/m3 of freshly DFS  

– data acquisition: In-situ tests using cone penetration test 

– evaluated cover system: Swedish clay till and geosynthetic clay liner (Bentomat ST). 
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1.6 Layout of the Thesis 

This thesis is divided into two parts. The first part of the thesis consist of the introduction, summary 

of literature study, the main objectives of the research, the mechanical properties of stabilized 

dredged sediments, conclusions and ideas for future work. Part I can be viewed as a synthesis of the 

papers in part II. The second part consists of three appended papers; the first two papers were co-

authored by my supervisors at Luleå University of Technology, Sweden. The third paper was 

written in collaboration with fellow researchers Bradshaw, S. and Berns, E. at the University of 

Wisconsin-Madison, USA. In this paper, Bradshaw and Berns wrote about the cation exchange 

complex while my contributions were on the freeze-thaw cycling and the hydraulic conductivity of 

the GCL. Prof. Craig Benson at the University of Wisconsin-Madison and Prof. Sven Knutsson at 

Luleå University of Technology jointly supervised this paper.  

 The findings, opinions, conclusions or recommendations expressed in these papers are those of 

the authors. The following is the summary of the papers: 

Paper I  

This paper presents a validation of the CPT empirical correlations for use in stabilized mass. In this 

paper, the in-situ constrained modulus of the SCDM was evaluated utilizing ordinary CPT empirical 

correlations, which were established for use in conventional soils. Simulation of field settlement 

was carried out using the PLAXIS 2D software with the Mohr-Coulomb constitutive model. Results 

were presented, discussed and conclusions were drawn. 

Paper II 

The second paper focus on the protection of stabilized mass against harsh weather conditions, such 

as a freeze-thaw effect. The effect of repeated freeze-thaw cycles on the performance of clayey till 

as a protective dry cover was investigated. Results show that, expansive forces exerted by frozen 

water results into formation of clods, which ultimately increase the hydraulic conductivity of clayey 

till.  

Paper III 

Like the second paper, the third paper presents the investigation of resistance of geosynthetic clay 

liner (GCL) to harsh weather conditions, such as a freeze-thaw effect. The effect of repeated freeze-

thaw cycles on the performance of GCL in the field conditions, where chemical changes occurred 

during freezing, thawing, and permeation was studied. The results show that, cation exchange 

complex and freeze-thaw cycling have no effect on the hydraulic conductivity of GCL. 
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2 Mechanical Properties of Stabilized Dredged Sediments 

The main tasks in the design process of geotechnical structures are the evaluation of mechanical 

properties, loading conditions and selection of appropriate constitutive material models. According 

to Potts and Zdravković (2001), meaningful quantitative predictions of field behavior are possible 

only if undisturbed soil samples or in-situ tests are used for determination of engineering properties. 

Nevertheless, the use of in-situ mechanical parameters of the stabilized mass may require strong 

justification with regard to its constitutive behavior. A variety of constitutive soil models exists; 

however, none of them can capture all characteristics of in-situ soil behavior. Subsequently, the 

prediction capability of any constitutive model used to simulate the behavior of stabilized mass 

should be compared to the actual field observations. Thus, in order to demonstrate the constitutive 

behavior of stabilized contaminated dredged material (SCDM), a large-scale field test was carried 

out at the Port of Gävle (Fig. 5).   

 

Fig. 5: The large-scale field test at the Port of Gävle, Sweden 

 The study of mechanical properties of the SCDM involved use of CPT data from the large-scale 

field test for classification of soil behavior type and obtaining the engineering parameters. 

Classification of soil behavior type was studied utilizing conventional CPT classification charts. 

The in-situ mechanical properties were evaluated utilizing the ordinary CPT empirical correlations 
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presented in Table 3. The obtained stiffness parameters were utilized in PLAXIS 2D geotechnical 

software with Mohr-Coulomb model (Brinkgreve et al., 2011) to simulate field settlement.  

 

Fig. 6: Location of some of the CPT points and settlement monitoring points at the large–scale field test  

 

Fig. 7: Instrumentation at the large-scale field test (a) settlement monitoring systems at F1, F2, F3 and F4 (b) 

Progressive settlement measurement records from F1, F2, F3 and F4 (Data: Courtesy of Göran Holm)  
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2.1 Classification of Soil Behavior Type 

Stiffness, strength and the resulting in-situ classification of soil behavior type of the SCDM depend 

on various factors such as binders, mixing equipment, curing temperature, in-situ boundary 

conditions etc. The resulting compression under the applied preloading weight during the period of 

curing is equally important. 

 The classification of the soil behavior type of the SCDM was evaluated based on classification 

charts by Robertson (1990) and Schneider et al. (2008). Fig. 8 (a) and Fig. 8(b) present the SCDM 

soil behavior type in accordance with Robertson (1990) classification charts. Fig. 8(c) shows the 

soil behavior type based on Schneider et al. (2008) classification chart. The later provide better 

understanding on the change of the behavior of the SCDM due to the effect of applied preloading 

weight. The classification chart indicates that, prior to the application of preloading weight or 

application of insufficient preloading weight, the SCDM behaved as overconsolidated sensitive 

clay. The SCDM was classified as clay soils upon the application of preloading weight equivalent to 

47 kPa. 

 For useful explanation to a geotechnical problems encountered in clays, it is essential to examine 

and compare the mechanical properties of the SCDM such as compressibility, stiffness and strength 

to that of natural clay soils. According to Nagaraj and Miura (2001), natural cemented clays exhibit 

greater resistance to compression with comparable yield stress. Depending on the intensity of 

cementation and the initial state of the clay soils, different soil states ranging from soft highly 

sensitive to highly stiff clay soils is possible. The compressibility of stiff cemented clay soils is 

generally low in the stress range of engineering interest compared to that of sensitive clay.  

2.2 Characteristics of Sensitive Clay 

According to Mitchell and Soga (2005), sensitive clay soils are characterized by high void ratio, 

low hydraulic conductivity or undrained condition and, normally generate excessive pore water 

pressure upon loading. The compressibility of sensitive clays is relatively low until the 

consolidation pressure exceeds the preconsolidation stress. Such soils are rigid but unstable due to 

metastable structure. Although during consolidation sensitive clay can carry effective stress at a 

void ratio higher than would be in consolidated clay; however, in its remolded state, sensitive clay 

tends to have very high degree of compressibility accompanied by loss of strength. 
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Fig. 8: Classification of soil behavior type of the SCDM based on CPT classification charts (a) and (b) classification 

according to Robertson (1990), reproduced with permission (c) classification based on Schneider et al. (2008) 

2.3 In-Situ Constrained Modulus  

The predictions of field behavior can be simulated in finite element analysis (FEA) if the in-situ 

tests, such as the cone penetration test are used for determination of mechanical properties. The in-

situ constrained modulus of the SCDM was evaluated utilizing the CPT empirical correlation 

presented in Eq. (2), which was originally established for use in conventional soils. The evaluated 

modulus was utilized in a conventional settlement analysis expression Eq. (1) and in the finite 

element method to compute the settlements of the SCDM. The cumulative settlement values from 

the two methods were compared (Fig. 9). Results showed that, utilization of compression modulus 

M in the MC model requires the knowledge of in-situ Poisson’s ratio of the SCDM, which could not 
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be established within the current time frame of research work. Nevertheless, the coherent settlement 

results between Eq. (1) and PLAXIS values at an assumed Poisson’s ratio of 0.3 indicated that, the 

in-situ constrained modulus evaluated by CPT empirical correlations could be utilized in PLAXIS 

2D, to demonstrate the field settlement of the SCDM (Paper I).  

 

Fig. 9: Comparison between cumulative settlement values from Eq. (1) versus PLAXIS values, where: v = Poisson’s 

ratio, E´ = effective Young’s modulus, Eoed = oedometer modulus  

2.4 Loading/Unloading Behavior 

According to Muir Wood (1990), a soil that is composed of rigid and interlocked particles can 

support its own weight without causing significant lateral movement. Such a soil would be expected 

to have a low value of coefficient of earth pressure at rest Ko. It is supposed that, if such a soil 

behaves isotropically and elastically, then immediately on unloading, such soil produces a more 

rapid drop of vertical effective stress, without any plastic deformations similar to the behavior 

exhibited by the MC model shown in Fig. 10. Unloading behavior of the SCDM as simulated with 

the MC model suggest that, the SCDM behaved as linear elastic despite undergoing consolidation 

process for period of about 39 days with intermittent loading. This behavior was in contrary to the 

expectations and field observation. The presumed behavior of linear elastic perfectly plastic was not 

exhibited with MC model as can be seen in Fig. 10. According to Post (PLAXIS technical support: 

19-03-2013, Personal communication), the MC model has a constant stiffness (in loading and 
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unloading); thus, to include stress dependent stiffness one should switch to advanced material 

model such as hardening soil (HS) or soft soil (SS) model. According to Mitchell and Soga (2005), 

the soil stiffness depends on contact interactions, particle packing arrangement, and elastic stiffness 

of the solids. In the linear elastic zone, soil particles do not interact or slide relative to each other 

(dilation). Therefore, it was evident that, the MC model could not capture the unloading behavior of 

the SCDM. The field measurements show the settlement of the SCDM being remained almost the 

same after removal of preloading weight. The author postulates plastic deformation (even) at low 

stress increment concurrent with cementation effect as the main reason for irreversible deformation. 

 

Fig. 10: Effect of selected constitutive model on unloading settlement behavior of the SCDM 

2.5 Durability 

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

other destructive processes. The change in hydraulic conductivity of geomaterial is a key parameter 

to assess the effect of harsh weather condition on the durability of such material. The stabilized 

dredged sediments become prone to the effect of severe weather conditions such as, repeated 

freeze-thaw or wet-dry cycles. Frozen moisture in stabilized mass can results into expansive forces, 

which may cause the increase in volume and hence permanent loss of strength due to bond breakage 

(Maher et al., 2006). This may result into loss of strength and ultimate discharge of leachate to the 

surrounding environment. Therefore, in order to maintain the integrity of the SCDM, these 
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materials may require protection from such effect of weather condition. The choice of cap lining 

system will depend on the primarily function of the liner material and geotechnical applications.  

 In stabilized material, the core objective of capping should be to prevent infiltration of water, 

which may cause discharge of leachate and dispensation of harmful gas to the surrounding. This can 

be dealt with by either placing the stabilized material at depths below frost depth or by using 

capping system. The capping system should have low hydraulic conductivity and tough enough to 

withstand adverse weather conditions and other activities, which can expose the stabilized mass to 

harsh weather condition. Therefore, the effect of repeated freeze-thaw cycles on the hydraulic 

conductivity of capping material such as clayey till and geosynthetic clay liner (GCL) was 

investigated. The results show that, expansive forces exerted by frozen water results into formation 

of clods or flocs, which ultimately, increase the hydraulic conductivity of clayey till (Paper II). On 

the other hand, the hydraulic conductivity of GCL was not affected by repeated freeze-thaw cycles 

or cation exchange complex (Paper III). In addition, geosynthetic clay liners under certain 

conditions can provide better capping than conventional compacted clay liners. In some cases, the 

GCLs partially seem to replace thick compacted clay layers and protective cover. Fig. 11 shows 

that, more wastes can be accommodated while using thin frost protection layer of the GCL than 

using compacted clay in geotechnical applications. 

 

Fig. 11: Utilization of GCL in capping of stabilized contaminated sediments may increase storage space and reduce 

thickness of required protection fill for geoenvironmental applications  
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3 Conclusions  

The main objectives of the research work were presented and studied. The purpose of the study was 

fulfilled with the following concluding remarks: 

– Soil behavior type of stabilized dredged sediments depends on the amount of compression under 

applied preloading weight during the period of curing. 

– Cone penetration test data and its empirical correlations established for use in conventional soils, 

can be utilized in stabilized soils as well. 

– Repeatability of cone penetration test data within the field of stabilized mass is unlikely; thus, 

variations in computed magnitudes of settlement are inevitable. 

– The in-situ mechanical properties evaluated from cone penetration test data before the end of 

hydration reaction should be regarded as valid at that particular time and test point. 

– The immediate magnitude of settlement due to the applied preloading weight can be estimated 

using the constrained modulus evaluated from cone penetration test data. 

– Stabilized dredged sediments are dominated by plastic deformation even at low vertical stress 

increment. 

– The deformation of stabilized dredged sediments under applied preloading weight is irreversible 

upon removal of applied weight due to cementation effect. 

– For simulation of loading/unloading behavior of stabilized dredged material, the use of advance 

material model should be considered. 

– Geosynthetic clay liners provide effective capping material for environmental protection 

compare to the compacted clayey till. 
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4 Ideas for Future Work 

The second part of the research work will focus on evaluation of strength parameters and loading 

conditions. In this regard, simulations of various geotechnical structures, which can be founded on 

in-situ stabilized mass, will be carried out using the advanced soil model with emphasis on: 

– Failure mechanism of stabilized contaminated dredged sediments.  

– Stabilized mass-natural soil interface interactions. 

– Stabilized mass-foundation structures interactions 

o foundation in shallow stabilized mass 

o design of retaining structures for stabilized volume 

o interaction of deep foundation structures and shallow stabilized mass.  

Differential settlement is likely to occur in the stabilized mass due to different stiffness and strength 

parameters within the same field; therefore, this design problem will be modeled and analyzed 

using PLAXIS 3D geotechnical software.  
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ABSTRACT 
Utilization of in-situ mass stabilization for geotechnical applications is increasing. Laboratory 
tests may have drawbacks on valuations of engineering parameters for estimations of 
settlement of in-situ stabilized soil mass. Factors such as compression, mixing work, 
homogeneity and curing temperature may influence the differences in mechanical properties 
between laboratory test results and achieved field values. Therefore, utilization of appropriate 
in-situ mechanical parameters may be required during design analyses. Various in-situ tests 
are available for use in geotechnical context. Among others, cone penetration test (CPT) is 
one of most widely used in-situ tests. Numerous CPT empirical correlations are available for 
use in conventional soils. Utilization of such CPT empirical correlations for in-situ stabilized 
soils has to be examined. In this paper, the in-situ constrained modulus was evaluated using 
conventional CPT empirical correlation and utilized as oedometer modulus in finite element 
analysis for estimation of settlement of preloaded in-situ stabilized dredged sediments. The 
results show that, computed settlement values fall within the range of measured one. These 
findings suggest that, the cone penetration test and its empirical correlations, which were 
established for conventional soils, can also be utilized in stabilized soils.  
KEYWORDS: field settlement, cone penetration test, in-situ constrained modulus, 
finite element method, PLAXIS, in-situ stabilization, contaminated dredged sediments, 
preloading 
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INTRODUCTION
Millions cubic meters of sediments will be dredged in Baltic Sea in the near future. About 

4,000,000 cubic meters of sediments will be dredged at the Port of Gävle alone during Port 
expansion project. It is estimated that out of these 4,000,000, about 1,000,000 cubic meter is 
highly contaminated (Fossenstrand, 2009; SMOCS, 2010). Handling of these harmful sediments 
requires proper attention for sustainable development. In Sweden, Sea disposal of contaminated 
dredged sediments is banned. The Swedish environmental protection agency states, “Wastes are 
forbidden to be dumped at the Sea. Waiver is given where waste can be dumped without 
detrimental effects to human health and environment” (Swedish EPA, 2001). Therefore, 
sustainable management of contaminated dredged materials is motivated to beneficial reuse. The 
management of Port of Gävle identified stabilized contaminated dredged materials (SCDM) as 
alternative material to natural construction materials for structural backfill. Consequently, the 
Port of Gävle decided to consider the utilization of the SCDM as a base for new land, thus, 
reducing the use of natural resources and saving money compared to other handling alternatives 
of the contaminated dredged sediments (SMOCS, 2010). Nevertheless, the use of in-situ 
stabilized contaminated dredged sediments in geotechnical applications requires strong 
justification with regard to the achieved in-situ stiffness and strength parameters. Accordingly, it 
is common practice to carry out advance tests in the laboratory to obtain adequate information on 
stiffness and strength behavior of stabilized material before full-scale project can take over. Even 
so, in-situ stabilization of large volumes of soil mass may result into different stiffness and 
strength in contrary to presumed laboratory test results. According to Åhnberg et al. (2001), a 
number of factors such as compression, mixing work, homogeneity, curing temperature and stress 
situation may influence the differences in mechanical properties between laboratory test results 
and attained field values and that, the laboratory test results has to be utilized as a base for field 
operations. It follows that; appropriate in-situ soil mechanical parameters have to be utilized 
during geotechnical design. In-situ soil tests are of primary interest to geotechnical engineers 
compared to laboratory tests. The in-situ soil tests provide quick information on the behavior of 
soil at a particular site. Numerous in-situ soil tests are available, among others; the cone 
penetration test (CPT) is one of the most widely used in-situ soil tests. The CPT has many 
advantages over laboratory tests, some of those are: 

– Insight soil stratigraphy is obtained. 
– Conservative idealization of particular site into homogenous soil is avoided. 
– The test is easier to conduct at minimum supervision and workmanship error.  
– Instantaneously engineering parameters are obtained.  

Several CPT empirical correlations, which were established for conventional soils are 
available for use. However, not much research has been done to verify if the CPT correlation 
developed for conventional soils are also applicable to the stabilized soil mass. The aim of this 
paper is to verify the measured field settlement by finite element analysis (FEA). The FEA 
utilizes the oedometer modulus, which is evaluated as in-situ constrained modulus using CPT 
empirical correlations. The CPTs data and measured field settlement values were taken from the 
large-scale field test at the Port of Gävle in Sweden. 

PORT OF GÄVLE 
The Port of Gävle, owned by the Municipality of Gävle is one of the ten biggest import and 

export harbors in Sweden. The Port lies in the inlet of the Gulf of Bothnia, about 200 km north of 
Stockholm (Figure 1). According to the Swedish meteorological and hydrological institute 
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(http://www.smhi.se/en), Gävle has a similar climate as the rest of central part of Sweden with an 
average air temperature of -5°C in January and +17°C in July. Thousands of ships call at this Port 
every year exporting and importing various products to and from northern and central parts of 
Sweden. Examples of products are coffee, steel, timber and oil. The Port is currently in a phase of 
expansion to increase its cargo handling capacity by 40%. The increase will boost the Port 
handling capacity from the current 5 million tons to over 7 million tons per year (Fossenstrand, 
2009, SMOCS, 2010). The project phases include dredging of sediments in order to deepen and 
widen the entrance channel, construction of new environmental quays and expansion of existing 
container terminals. Ports and harbors are identified as ‘hot spots’ for contaminated sediments. 
Because of environmental restrictions, the contaminated dredged sediments at the Port of Gävle 
will be amended by a stabilization solidification technology. The amended materials will be 
utilized as structural backfill in acquiring new land from the Baltic Sea. Investigations on 
strength-deformation characteristics of the stabilized dredged sediments were carried out in 
laboratory to found out the desired design recipe for structural backfill. A large-scale field test 
was carried out at Granudden terminal (Figure 1) to verify laboratory test results for in-situ 
stabilized dredged sediments.  

LARGE SCALE FIELD TEST
The stiffness and strength parameters measured in laboratory may differ from the one 

achieved in the field, not only because of compression due to preloading but also due to curing 
temperature and stress distribution. Therefore, laboratory tests can only be used as a base for 
assessments of appropriate type of binder and the mixing ratio (Åhnberg et al, 2001). Thus, in 
order to find out the in-situ strength-deformation characteristics of the SCDM fill, a large-scale 
field test was carried out. A basin of 30 m x 30 m was obtained from the Baltic Sea at Granudden 
terminal. The basin comprised of natural ground to the south, a quay wall to the west side, sheet 
pile wall to the north side (Baltic Sea side) and to the east is a separation wall of plastic curtail 
(Figure 5). Freshly contaminated dredged sediments at average water content of 450% were 
mixed with binders using the on-site pugmill. The mix proportional of 180 kg of binders (cement: 
35%, fly ash: 35% and Merit®5000: 30% by weight) per cubic meter of freshly dredged sediments 
were applied. The mix was then discharged under water in the reclaimed area (Figure 2). From 
the laboratory test results, it was predetermined that, a minimum unconfined compressive strength 
(UCS) of 140 kPa and a permeability of less than 10-9 m/s would be achieved within 91 days (d) 
of curing (Fossenstrand, 2009).  

Backfilling of the reclaimed area began on October 29, 2010 and continued through January 
23, 2011, when the final layer of the SCDM was placed in the reclaimed area. The total SCDM of 
about 9,000 cubic meters were utilized in the large-scale field test. The curing period was counted 
from the last day of backfill (i.e. January 23, 2011); the slurry form of SCDM fill prevented an 
immediate application of preloading weight. Thus, the application of first phase of preloading 
weight was done on February 6, 2011. The settlement monitoring systems on the surface of 
SCDM fill and environmental monitoring mechanism such as borehole for collection of leachate 
were instrumented prior to preloading. The fill area was preloaded with selected gravel material 
(Figure 3). The first phase of preloading involved the application of 18 kPa, followed by 
additional load of 37 kPa after 30 days of curing under the first phase of preloading weight. The 
field settlements of SCDM were continuously recorded at F1, F2, F3 and F4 starting from 
February 6, 2011 (Figure 3 and Figure 5). Figure 4 presents measured field settlements from 
February 6, 2011 to June 1, 2011 in time scale. No significant additional settlements were 
recorded after this period, for the two phases of preloading. CPTs were done at different locations 
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within the field after 28d (P1, P2, P3, P4, P5 and P6), 91d (P11-01, P11-02, P21-01 and P21-02) 
and 150d (P11-03, P11-04, P21-03 and P21-04) of curing. Detailed CPT locations are shown in 
Figure 5. 

Figure 1: Geographical location of the Gävle Municipality, Port of Gävle and Granudden 
terminal (Photo: Courtesy of Port of Gävle; map: 

http://www.umsl.edu/services/govdocs/wofact2001/geos/sw.html) 

Figure 2: On-site pugmill mixing freshly dredged materials with binders (right); the mix was 
discharged underwater into a reclaimed area (left) (Photo: Courtesy of Port of Gävle) 
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Figure 3: Monitoring instruments and preloading layer of selected gravel on finished SCDM fill 
(Photo: Courtesy of Port of Gävle) 
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Figure 4: Progressive settlement measurement 
(Data: Courtesy of Göran Holm at SGI, WSP and PEAB) 
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Figure 5: Plan view of detailed CPT locations in relation to settlement monitoring points (Data: 
Courtesy of WSP and PEAB) 

SETTLEMENT ANALYSIS 
The verification of field settlements involved simulation of field backfill operations in the 

finite element method (FEM). The finite element software ‘PLAXIS 2D’ (Brinkgreve et al.,
2010) was utilized in one-dimensional consolidation settlement analyses for the SCDM fill. 
During the computations, plane strain conditions were assumed and 15 nodes triangular elements 
were used in a fine mesh with refined SCDM clusters, which gave enough accuracy in reasonable 
time. The analyses utilized the Mohr-Coulomb (MC) material model under undrained condition 
case (B) (Brinkgreve et al., 2010). This constitutive model assumes the material isotropic, 
homogeneous and elastic perfectly plastic, obeying the MC failure criteria. The MC model 
requires two stiffness parameters and one strength parameter. The primary stiffness parameters 
include; effective Young’s modulus, E´ and effective Poisson’s ratio, ´ while, the secondary 
(alternative) stiffness parameters include oedometer modulus, Eoed and shear modulus, G. These 
stiffness parameters relates to each other by  

( )( )´21´1
´)1´(

vv
vEEoed −+

−= (1)
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=
′+

′
=

1212 (2)

where Eu and vu are the undrained Young’s modulus and Poisson’s ratio respectively. The shear 
modulus is independent of drainage conditions (i.e. the undrained shear modulus is equal to the 
effective shear modulus) and therefore, the effective and undrained Young’s moduli are not the 
same (Muir Wood, 1990). The undrained Poisson’s ratio for saturated clay soil normally ranges 
between 0.4 and 0.5 (Chua and Tenison, 2003; Muir Wood, 1990). The SCDM fill layers utilized 
the value of u of 0.4 for all layers and all CPT points. PLAXIS also recommends this value of u
in MC model under undrained condition case (B). For the SCDM layers the undrained shear 
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strength was utilized as the only strength parameter in MC model under undrained condition case 
(B).

In-situ constrained modulus 
In terms of CPT data, the relationship between the in-situ constrained modulus and measured 

CPT quantities has been empirically established (Robertson, 2009; Larsson and Mulabdic, 1991; 
Lunne et al., 1997). The correlation is presented as 

)( 0vtM qM σα −= (3)

where qt is the corrected cone resistance, 0vσ is the total vertical stress and M is the 
constrained modulus cone factor. Robertson (2009) suggested the following correlations 
for selection of the constrained modulus cone factor 
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where Qt1 is the normalized cone resistance for clay soil and Ic is the soil behavior type 
index. The normalized cone resistance, Qt1 for clay is given by
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where 0vσ ′  is the effective vertical stress whereas the soil behavior type index, Ic can be 
calculated from 

( ) ( )[ ] 5.022
1 22.1loglog47.3 ++−= rtc FQI (8)

where Fr is the normalized friction ratio. The calculated Ic of the SCDM from the Port of 
Gävle had values between 2.8 and 4.7, with an average value of 3.6. These values classify 
the SCDM from Port of Gävle as normally consolidated soil in accordance with 
Robertson (2009) chart.

Undrained shear strength 
The in-situ undrained shear strength, uS  can be estimated from CPT data (Robertson, 2009; 

Robertson et al., 1986; Abu-Farsakh et al., 2003; Houlsby and Teh, 1991, Kulhway and Mayne, 
1990) by the following correlation 

k
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where Nk is the cone tip factor. Lunne et al. (1986) reported the Nk values for 
Scandinavian clays in the range of 15 to 21. Robertson (2009) suggested the average Nk
value of 14 for insensitive fine-grained soils. The SCDM from the Port of Gävle had an 
average sensitivity value of 1, which according to Robertson (2009) can be regarded as 
insensitive NC clay. Thus, the Nk value of 14 was adopted in equation (9) for the SCDM 
fill from Port of Gävle. 

Computations
The evaluated input parameters of the SCDM fill showed significant variations in stiffness 

and strength parameters along the entire depth and across the field. Thus, depending on the 
observed variations in measured CPT quantities, the SCDM fill was subdivided into layers of 
thickness between 0.23 and 0.30 m. These thicknesses were considered in close interval with CPT 
sampling and sufficient to capture the variations of stiffness along the entire depth. Table 1
presents an example of the input parameters Eoed and Su for SCDM fill layers based on CPT data 
at point P3 only. All layers at this CPT point were assigned an average unit weight of 13.85 
kN/m3 and the hydraulic conductivity of 5.5 x 10-7 m/s in vertical direction.  

PLAXIS input parameters in MC model involved the use of secondary stiffness parameters, 
where oedometer modulus evaluated as in-situ constrained modulus in equation (3) and an 
assumed undrained Poisson’s ratio of 0.4 were utilized. The plastic calculation type was used 
during layer placement and preloading. After completion of backfill operations, preloading 
weight was placed and all initial displacements were reset to zero. This was done in order to 
mimic field operation, where recording of the field settlements stated after preloading the SCDM 
fill. Since it is customary to preload the stabilized mass in phases, PLAXIS consolidation 
analyses for the SCDM fill were carried out in two phases of preloading. 

In the first phase, the SCDM fill was preloaded with 18 kPa. However, due to partial 
submergence into the ground water of the placed gravels, which resulted into reduced effective 
vertical stress, the average effective preloading weight of 10 kPa was utilized during simulations. 
Consolidation analyses followed for the period of 30 days. 

The second phase of preloading started after 30 days, with an application of an average 
additional effective load of 37 kPa, followed by consolidation analysis to minimum excess pore 
pressure (EPP). Note that, due to differences in maximum depths of the SCDM fill (Table 2), the 
consolidation period to minimum EPP varied between CPT points. Simulations of the field 
settlements involved the use of stiffness evaluated after 28, 91 and 150 days of curing. For 
simplicity in PLAXIS 2D simulations, the evaluated stiffness and strength parameters were 
assumed to be homogenous across the CPT section of the SCDM fill; therefore, the SCDM fill 
were modeled with maximum depth of the fill at a particular CPT point. 

An example of computation is presented for CPT data from point P3 for which the curing 
time was 28d. Figure 6 presents the numerical model showing boundary conditions. The Anchor 
rod shown is for illustration purpose only; the length of the anchor rod is equal to the width of the 
model in the actual simulations. Figure 7 displays one-dimensional deformed mesh at the end of 
consolidation and, Figure 8 shows the maximum vertical deformation of 0.20 m of the SCDM fill 
for a settlement analysis performed on the section at CPT point P3. Similar computations were 
carried out for the other CPT points. 
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Table 1: Input parameters for PLAXIS simulation of SCDM fill at CPT point P3 
Layer ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Eoed (kN/m2) 849 2387 1083 1189 2924 1493 4376 6603 2728 1545 1250 383 589 407 
Su (kN/m2) 16 27 18 19 29 21 35 43 27 20 18 10 12 10 

Figure 6: Section model showing boundary conditions for the SCDM fill 
(based on the CPT data at P3) 

Figure 7: Section model showing exaggerated (scaled up five times) deformed mesh at the end of 
consolidation of the SCDM fill (based on the CPT data at P3)
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Figure 8: Section model showing the maximum vertical deformation of 0.21 m in the SCDM fill 
(Based on CPT data at P3) 

RESULTS

Verification against field settlement 
Figure 4 presents the measured field settlement values from Port of Gävle in time scale. In 

order to validate the applicability of the evaluated oedometer modulus for estimation of 
settlement, the computed settlement values were compared with measured settlement values by 
cumulative settlement curves (Figure 9 to Figure 12). Note that, due to the lack of CPT repetitive 
data, spread of CPT points and variations in depths of the SCDM fill (Table 2), comparisons of 
the measured settlement values against computed settlement values were not restricted to the CPT 
points, which were located nearby the monitoring points. Thus, the comparisons aimed at finding 
out the evaluated stiffness and curing period corresponding to the field stiffness, which resulted 
into the measured settlement values during the two phases of preloading. Results show that, 
measured settlement values at F1 corresponded well with computed settlement values from CPT 
point P21-03 during the first phase and CPT points P1 and P11-01 during the second phase of 
preloading (Figure 9). The measured settlement values at F2 correlated with the computed 
settlement values from CPT point P21-01 (Figure 10). The measured settlement values at F3 
matched quite well with computed settlement values from CPT points P1 and P11-01 during the 
first phase and CPT points P4 and P11-02 during the second phase of preloading (Figure 11). 
While, the measured settlement values at F4 showed comparable correlations with the computed 
settlement values from CPT point P5 during the first phase, and CPT points P2 and P21-03 during 
the second phase of preloading (Figure 12).  
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Table 2: The magnitude of computed final settlement values for all CPT data 

CPT
Point 

Maximum 
Depth 
(m) 

Curing period  
(days, d) 

Settlement ( u = 0.4) 

(m) 
P1 7.25 28 -0.35 

P2 6.09 28 -0.24 

P3 4.06 28 -0.20 

P4 8.12 28 -0.42 

P5 8.70 28 -0.12 

P6 8.12 28 -0.88 

P11-01 6.44 91 -0.33 

P11-02 6.21 91 -0.43 

P11-03 6.44 150 -0.45 

P11-04 6.90 150 -0.32 

P21-01 6.44 91 -1.09 

P21-02 7.72 91 -1.64 

P21-03 7.25 150 -0.25 

P21-04 7.44 150 -0.88 

Figure 9: Comparison between measured values at F1 and computed settlement values from CPT 
point P1 (28d), P11-01 (91d) and P21-03 (150d) versus time 
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Figure 10: Comparison between measured values at F2 and computed settlement values from 
CPT point P21-01 (91d) versus time 

Figure 11: Comparison between measured values at F3 and computed settlement values from 
CPT point P1 (28d), P4 (28d), P11-01 (91d) and P11-02 (91d) versus time 
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Figure 12: Comparison between measured values at F4 and computed settlement values from 
CPT point P2 (28d), P5 (28d) and P21-03 (150d) versus time 

DISCUSSION  
The field settlements of stabilized dredged material due to preloading weight were analyzed 

using finite element software, PLAXIS 2D. The computed settlement values suggests that, most 
of measured settlement values were due to stiffness evaluated following 28 days of curing under 
the first phase or second phase of preloading weight. With exception to Figure 10, computed 
settlement utilizing the SCDM stiffness obtained after 91 or 150 days of curing resulted into 
decreased or same magnitudes of settlement as computed magnitudes of settlement using the 
SCDM stiffness evaluated following 28 days of curing. Both field and computed settlement 
showed inconsistency and variations in magnitudes of settlement within the same field under the 
same preloading weight. These variations suggest that, the SCDM fill exhibited different stiffness 
and strength parameters within a short distance across the field and along the entire depth of the 
fill. The authors postulate uneven distribution of preloading weight and curing air temperature as 
contributing factors for the absence of CPT repetitive data and discrepancies in both measured 
and computed settlement values. 

Effect of preloading weight 
Preloading weight applied on stabilized soils helps to remove air pockets and bring soil 

particles closer together for effective hydration reaction, which results into homogenous 
stabilized mass and increased vertical stresses (Åhnberg, 2007).  During stabilization 
solidification process at the Port of Gävle, the first stabilized layer was placed approximately 90 
days prior to the final layer. Because of three months interval of placement, layers placed earlier 
had probably gained enough strength (and presumably with large volume of locked water) to 
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resist further compression.  Thus, preload weight applied after placement of the final layer had 
little or no compression effect on the first layers. In addition to that, at a certain period of curing, 
water may become lodged in between solid particles by cementation effect. This may result into 
pore blockage, preventing inflow or out flow of water; this may subsequently impede any 
development or dissipation of excess pore pressure (EPP) under applied load. The essence of EPP 
is to receive and gradually transfer the load into soil skeleton as water dissipates, giving enough 
time for soil particles to smoothly reorient and compact uniformly. In the absence or presence of 
disproportional EPP, the preloading weight may induce uneven jagged stress causing collapse of 
water voids. Consequently, layers with larger water voids become prone to compression on 
application of preloading weight. Thus, uneven effective vertical stress from preloading weight 
across the field, which ranged from 39kN/m2 to 49kN/m2 as evaluated from CPT data contributed 
to variations in stiffness across the field. For instance, compared to measured field settlement 
values, the computed settlement values from CPT points P1 and P11-01 (Figure 9), CPT points 
P4 and P11-02 (Figure 11) and CPT points P2 and P21-03 (Figure 12) suggest that, at these 
locations the SCDM fill was initially preloaded with weight lower than the presumed effective 
value of 10 kPa. According to Åhnberg et al. (2001), in order to avoid uneven quality in different 
sections of a stabilized area, it is important to apply preloading weight in a uniform manner, that 
is, the same height of the fill should be placed at the same time after stabilization in the entire 
working area.

Effect of curing temperature 
The hydration process occurs immediately upon mixing cement with soil and other additives 

in the presence of water. The reaction results into hardened and aggregated soil particles 
(EuroSoilStab, 2002). This process is slow, proceeding from the surface of cement grains and the 
center may remain unhydrated. Furthermore, at low temperature (below 4°C) the process can be 
impaired considerably (Sherwood, 1993; Maher et al., 2004). Therefore, the hydration process 
requires sufficient moisture at a favorable temperature to proceed. Underwater discharge assured 
sufficient moisture at minimum variation of temperature. However, the mixing and placement of 
SCDM at the Port of Gävle commenced in the end of October 2010 through the end of January 
2011, during which, the average air temperature in Gävle may reach -5°C. Thus, the entire fill 
operation was carried out during unfavorable temperature for effective hydration reactions to 
proceed. This contributed to irregularity and variations in stiffness and strength along the entire 
depth of the SCDM fill. The CPT data revealed very soft layers at the bottom of the SCDM fill at 
CPT points P6 and P21. These layers were prone to compression upon application of preloading 
weight, this explains the reason for higher computed and measured magnitudes of settlement 
(Figure 10 and Table 2).

CONCLUSIONS
Verification of one-dimensional field settlement of stabilized contaminated sediments in 

finite element method (FEM) was presented. The finite element analysis in PLAXIS 2D software, 
utilized in-situ constrained modulus evaluated from CPT empirical correlations. The computed 
settlement values gave quite comparable results with measured ones. These findings conclude 
that, CPT data and CPT empirical correlations established for conventional soils can be utilized in 
stabilized soils as well.  

With regard to trend and magnitude of settlement of the SCDM fill from the large-scale field 
test at the Port of Gävle, the following conclusions are drawn:  
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– Repeatability of CPT data in stabilized material was unlikely; thus, variations in 
computed magnitudes of settlement within the same field were inevitable.  

– The representative stiffness for settlement computations of SCDM fill in structural 
backfill was achieved during 28 days of curing. However, several CPTs are required to 
give suitable representative of in-situ mechanical parameters in the SCDM fill.  

– The mechanical parameters evaluated from the CPT data before the end of hydration 
reaction should be regarded as valid at that particular time and location of CPT point.  

– As a result of mixing and placing the materials at very low temperature (below 4°C), 
inadequate hydration reactions occurred, this caused variations in stiffness and strength 
properties between layers along the entire depth.  
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ABSTRACT: The hydraulic conductivity of clayey till increases when subjected to 

freeze–thaw cycles. A dramatic increase normally occurs after the first freeze–thaw 

cycle, and the magnitude generally depends on the initial or molding water content. 

Freezing of clayey till causes aggregations of clods and formation of macrostructure. 

The initial or molding water content determine the number of freeze–thaw cycles 

required to complete agglomeration of clods and formation of stable macrostructures, 

which in turn controls the hydraulic conductivity of compacted specimens, frozen and 

thawed in the laboratory. The findings of this study show that, for specimen compacted 

wet of optimum water content, a significant increase in the hydraulic conductivity is 

measured after the first freeze–thaw cycle. While, for specimen compacted at optimum 

water content, a number of freeze–thaw cycles are required to obtain the corresponding 

significant increase in the hydraulic conductivity.  
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Introduction  

Clayey till has been used in Sweden as hydraulic barrier in landfills for many years. 

Investigations of hydraulic conductivity of clayey till have shown that, the hydraulic 

conductivity of clayey till is sufficiently low to prevent infiltration of water into the waste 

material. It has also been reported that, the hydraulic conductivity of clayey till as for other clay 

soils increases when the soil is subjected to a repeated number of freeze–thaw cycles [1, 2]. A 

number of reasons have been postulated by various researchers on increased hydraulic 

conductivity of clay soils due to the effect of freeze–thaw cycles. Among other causes, the 

formation of cracks, change in void ratios, initial or molding water content and overburden stress 

have frequently been mentioned [1-8]. Studies have shown that, the increased hydraulic 

conductivity of compacted clay soils is attributed by formation of cracks in frozen soils. On 

contrary, Chamberlain and Gow [3] reported increased hydraulic conductivity on specimens, 

which did not exhibit formation of cracks. According to Viklander [1], the initial void ratios have 

significant influences on the hydraulic conductivity changes due to freeze–thaw. His results 

showed that initially denser soils, exhibited increased hydraulic conductivity after the last cycle 

of freeze–thaw, whereas initially loose soils, showed decreased hydraulic conductivity after the 

last cycle of freeze–thaw. These observations were similar to the findings by Chamberlain and 

Gow [3] and in contrary to Kim and Daniel [4], who observed the largest increase in hydraulic 

conductivity for specimen with decrease in void ratio. These contentious results of the past 

researchers suggest that, more mechanism attributing to increased hydraulic conductivity of 

frozen and thawed soils are involved. Most of the test results from the investigations referred 

above have shown high increase in hydraulic conductivity during permeation following the first 

freeze–thaw cycle. No significant or small variations in increased hydraulic conductivity occur 

because of subsequent freeze–thaw cycles.  

 The present study seeks to address the aggregation of clods due to freezing and the ultimate 

formation of macrostructures, which in turn control the hydraulic conductivity of thawed clayey 

till. Furthermore, the study investigates the effect of laboratory sample preparation, surcharge 

load and compaction on subsequent hydraulic conductivity of clayey till due to freeze–thaw 

cycles.  
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Material and Methods  

The soil used in this study was a Swedish clayey till frequently used as barrier material in 

landfills and earth-dams [1, 2]. The soil is planned to be utilized as dry cover for wastes 

originating from mining activities at Boliden Mineral AB in Gällivare area in northern Sweden. 

The soil was characterized with regard to grain size distribution and modified Proctor test in 

accordance with ASTM D 6913–04 [9] and ASTM D 1557–12 [10] respectively. FIG. 1 presents 

the result of gradation of particle size conducted on a representative soil sample. The test 

involved wet sieving and sedimentation analysis (by pipet method). The results of the 

characterization was similar to the past researchers results on the same type of soil [1, 2].  

FIG. 1–Particle size distribution for studied clayey till 

Dry Density–Water Content Relationship 

The investigated soil had received water content between 10.43 and 11.20 percent with an 

average value of 10.80 percent by mass, determined after oven drying portions of representative 

clayey till for 24 hours. Using the dried soil samples, a series of specimens were molded and 

compacted in a modified Proctor apparatus at molding water content of two, four, six, seven, 
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eight, ten and twelve percent by mass. The dry density–water content relationship curve was 

plotted. The maximum dry density (MDD) of 2.14 g/cm3 was obtained at optimum water content 

(OWC) of 6.70 percent see FIG. 2. It follows that, from Proctor curve (FIG. 2), the average water 

content of 10.80 percent corresponds to dry density of 2.03 g/cm3, which was equivalent to 95 

percent degree of compaction. 

 
FIG. 2–Dry density–water content relationship  

Sample Preparation for Hydraulic Conductivity Test 

A representative soil was processed to form two portions for hydraulic conductivity test. Based 

on the methods of sample preparation, the laboratory experiment set up was divided into two 

categories, which involved the use of specimens from either soil sample A or B.  

 Sample A–This soil sample was prepared by oven drying a representative sample for 24 

hours. An oven-dried sample was then sieved to remove all particles larger than 20 mm prior to 

mixing with desired molding water contents. Two specimens, namely: Specimen A1 and A2 

were prepared from this soil sample. To mimic received soil water condition, Specimen A1 was 

molded with water content of 10.80 percent by mass and compacted into the permeameter. 
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Specimen A2 was molded with OWC and compacted into the permeameter, resulting into MDD 

in the Proctor curve.  

 Sample B–To minimize the effect of processing the soil sample and preserve soil suction 

capacity, another portion of representative clayey till was sieved to remove soil particles larger 

than 20 mm without oven drying. Three specimens, namely: Specimen B1, B2 and B3 at 

received water condition were prepared for hydraulic conductivity test.  

Hydraulic Conductivity Test 

To minimize double handling processes, five Proctor molds were manufactured. Each specimen 

were compacted in a rigid wall Proctor mold of diameter 101.6 mm and height 112 mm. Taking 

into account the initial and molding water contents, all specimens were compacted to 95 percent 

degree of compaction except Specimen A2, which was compacted to 100 percent degree of 

compaction. A filter was placed at the top and bottom of each specimen. The specimen molds 

were covered with top and bottom rigid plastic caps. All specimens were then set for the initial 

hydraulic conductivity prior to freeze–thaw cycling. Each test was carried out using a constant 

pressure head at a hydraulic gradient of 18 (ASTM D5084–10 [11]). The outflow could be 

obtained within an hour; nevertheless, the test readings were taken after every three hours during 

the daytime and, the minimum of eight readings were considered sufficient. The average of the 

last four steady readings within ±25 percent was reported as hydraulic conductivity of a 

particular specimen. After the initial hydraulic conductivities of all specimens were established, 

the top caps were removed and the molds were moved into a freezing cabinet. A one-

dimensional freezing in a closed system was desired. Therefore, the perimeters of the 

permeameter were covered with 35mm insulation foam. The bottom caps were placed in a 

Styrofoam insulator placed at the base of the freezing cabinet (FIG. 3). No backpressure was 

applied. Thermocouple instrumentation data showed that, 30 hours duration time was sufficient 

to freeze the specimens to -15 C and then thaw them to room temperature. During freezing and 

thawing, Specimen B2 and Specimen B3 was loaded with 10 kPa and 25 kPa respectively. 

Specimen B1 was frozen and thawed without surcharge load. Specimens A1 and A2 were all 

frozen and thawed without an overburden stress. Due to compaction time lag, specimens were 
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subjected to five and six freeze–thaw cycles with intermittent permeation. The hydraulic 

conductivity results reported in here were the average values of at least last four steady readings.  

 

 
FIG. 3–Schematic sketch of experimental device for one-dimensional freezing and thawing tests  

Results 

The summary of the test results is presented in (TABLE 1). The results show that, specimens 

from soil sample B compacted without oven drying the soil sample, had low initial hydraulic 

conductivities. Whereas, specimens from the soil sample A compacted after the sample were 

oven-dried and rewetted to desired water contents, showed higher initial hydraulic conductivity. 

Thus, the average value of 6.6 x 10-9m/s of the initial hydraulic conductivity values of specimens 

from the soil sample B was considered as a baseline hydraulic conductivity, Kb of the studied 

clayey till. It follows that; all hydraulic conductivity values, K were normalized over this 

baseline hydraulic conductivity. TABLE 2 presents the normalized hydraulic conductivity 

values. As can be seen, hydraulic conductivity increased dramatically after the first cycle of 

freeze–thaw. The increase was in the range of 2.7 to 24 times the baseline value. Specimen B1 

and Specimen A2 underwent five cycles only, which were considered sufficient.  
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TABLE 1 – Results of hydraulic conductivity test 

 Soil Sample A Soil Sample B 

 
Specimen A1 

 (0 kPa) 

Specimen A2  

(0 kPa) 

Specimen B1  

(0 kPa) 

Specimen B2  

(10 kPa) 

Specimen B3  

(25 kPa) 

Freeze–thaw  

cycles 
K (m/s) K (m/s) K (m/s) K (m/s) K (m/s) 

0 2.0 x 10-8 1.1 x 10-8 7.0 x 10-9 6.5 x 10-9 6.3 x 10-9 

1 1.6 x 10-7 1.8 x 10-8 1.4 x 10-7 5.7 x 10-8 5.3 x 10-8 

2 1.3 x 10-7 1.6 x 10-8 7.5 x 10-8 5.8 x 10-8 4.6 x 10-8 

3 8.2 x 10-8 1.8 x 10-8 1.5 x 10-7 5.6 x 10-8 4.4 x 10-8 

4 9.0 x 10-8 2.0 x 10-8 8.7 x 10-8 5.9 x 10-8 4.4 x 10-8 

5 7.0 x 10-8 2.2 x 10-8 6.6 x 10-8 5.9 x 10-8 4.3 x 10-8 

6 6.8 x 10-8 - - 6.2 x 10-8 4.6 x 10-8 

 

TABLE 2 – Normalized hydraulic conductivity test results (K/Kb) for all specimens  

 Soil Sample A Soil Sample B 

Freeze–thaw  

cycles 

Specimen A1 

 (0 kPa) 

Specimen A2  

(0 kPa) 

Specimen B1  

(0 kPa) 

Specimen B2  

(10 kPa) 

Specimen B3  

(25 kPa) 

0 3.0 1.7 1.1 1.0 1.0 

1 24.2 2.7 21.2 8.6 8.0 

2 19.7 2.4 11.4 8.8 7.0 

3 12.4 2.7 22.7 8.5 6.7 

4 13.6 3.0 13.2 8.9 6.7 

5 10.6 3.3 10.0 8.9 6.5 

6 10.3 - - 9.4 7.0 
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Effect of Sample Preparation  

FIG. 4 presents the initial hydraulic conductivity of all tested specimens. Specimens from soil 

sample B showed low and consistent readings, even after three days of permeation, with an 

average hydraulic conductivity value of 6.6 x 10-9 m/s. Specimens from soil sample A showed 

higher initial hydraulic conductivity. Specimen A1 compacted wet of optimum water content had 

an average initial hydraulic conductivity of 2.0 x 10-8 m/s, which was about three times the 

baseline hydraulic conductivity. Specimen A2 had an average initial hydraulic conductivity of 

1.1 x 10-8 m/s. This value was about 1.7 times higher than the baseline hydraulic conductivity.  

 
FIG. 4–Initial hydraulic conductivity for specimens from soil sample A and B 

Effect of Freeze–Thaw and Surcharge Load 

After being subjected to the first freeze–thaw cycles (FIG. 5), all loaded specimens exhibited 

significant increase in the hydraulic conductivity. The hydraulic conductivity of Specimen B2 

loaded with 10 kPa, initially increased by about nine times the baseline hydraulic conductivity 

and remained almost the same up to sixth freeze–thaw cycle. In the same way, the hydraulic 

conductivity of Specimen B3 loaded with 25 kPa, initially increased by about eight times the 
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baseline hydraulic conductivity. This initial increase in the hydraulic conductivity of Specimen 

B3 decreased to about seven times the baseline hydraulic conductivity after the second freeze–

thaw cycle and, remained almost the same for the subsequent freeze–thaw cycles.  

Effect of Freeze–Thaw and Compaction  

After the first freeze–thaw cycle, the hydraulic conductivity of specimens of the soil sample A 

compacted at desired water contents increased (FIG. 5). The initial increase in hydraulic 

conductivity for Specimen A1 and Specimen A2 was 24 and 3 times the baseline hydraulic 

conductivity respectively. The hydraulic conductivity of Specimen A1 decreased to about eleven 

times the baseline hydraulic conductivity at the end of fifth freeze–thaw cycle. This increase and 

decrease in hydraulic conductivity for Specimen A1 was almost similar to that of Specimen B1, 

which was compacted at received water content and same degree of compaction as Specimen 

A1. Whereas, the hydraulic conductivity of Specimen A2, increased by about three times the 

baseline hydraulic conductivity at the end of fifth freeze–thaw cycle.  

 
FIG. 5–Normalized hydraulic conductivity of specimens versus freeze–thaw cycles  
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Discussion 

According to Vappali et al. [12], the fine-grained soils have two levels of structure, 

microstructure and macrostructure level, both of which are present in natural and compacted clay 

soils. Regardless of identical mineralogy, texture and method of preparation, the resulting 

macrostructure of the specimens prepared at different initial water content is different. The 

structure and aggregation of fine-grained soil is highly influenced by initial or molding water 

content. Clayey soils with high initial water content are more homogeneous with the large pore 

spaces not interconnected or in a closed state. These, specimens offer more resistance to water 

flow. Consequently, the microstructure of specimens compacted wet of optimum water content, 

controls the water flow. On the other hand, specimens with low initial water content (i.e. dry of 

optimum water content) contain relatively large pore spaces, which are located between the clods 

of the soil. Thus, the macrostructure controls the initial discharge. Benson and Daniel [13] 

studied the influence of clods on hydraulic conductivity of unfrozen highly plastic clay. Their 

results show that, the outcome of clods and interclods pores occurring during soil processing and 

compaction controlled the hydraulic conductivity of the compacted soil. The clod size had a 

large influence upon the hydraulic conductivity of the compacted soils. Samples of soil with 

initially small clods had lower hydraulic conductivity than samples compacted from material 

with initially large clods.  

 The differences in the initial hydraulic conductivity observed between specimens of the two 

soil samples A and B were due to different aggregations and soil water affinity, which were 

attributed by variations in initial water content and sample preparation. Specimens from soil 

sample B contained higher initial water content, which during compaction reached saturation 

level. Saturated specimens have low soil suction. Although natural clods might be available, yet 

the higher water content allowed these clods to flow during compaction, which blocked 

interclods pores. Thus, the specimens exhibited microstructure soil–water characteristic. As a 

result, the microstructures controlled the flow at low soil suction, which resulted into low initial 

hydraulic conductivity. On the other hand, Specimen A1, which was molded and compacted at 

received water content; indicated no degree of saturation during compaction, which means that 

the molding water content was not sufficient to mold and saturate the whole specimen. It can be 

postulated that, the molding water were utilized in building up soil lumps (clods). According to 
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Sharma [14], clods are formed by two mechanisms; one, by coating deflocculated clay paste, and 

two, by soil compaction. Consequently, during molding and compaction, the clods were formed 

and bridged between each other leaving interconnected large pores (FIG. 6), which provided 

means for hydraulic paths. For that reason, the macrostructure controlled the flow at high soil 

suction, which resulted into high initial hydraulic conductivity. While, for Specimen A2, the 

mixing water was inadequate to build clods; therefore, the molding water was utilized in 

lubricating soil particles, which became more friable. Thus, during compaction, the fine and 

large particles successfully interlocked together filling in both the large and small pores, this 

blocked many of the pores between particles. Consequently, the microstructures controlled the 

initial hydraulic conductivity at high soil suction compared to specimens from soil sample B. 

Although clayey till is classified as a non-cohesive soil [1], the water contents within 

specimens gave it ability to expand upon freezing. According to De Bruyn et al. [15], in order for 

the soil to expand when it freezes, it must be able to bind some amount of water that does not 

drain away by the force of gravity. Under the closed system, the only water that could freeze was 

the capillary and bound water and some remaining water in the hydraulic paths. During freezing 

soil suction increased to the point of (or beyond) air entry suction value (in the soil–water 

characteristic curve). At this point or beyond, it became difficult to remove water from soil 

particles due to high soil affinity [12]. Thus, the negative pore pressures generated between the 

bound water and soil particles created inter-particle bonds resulting into formation of stable 

clods. The formed clods bridge one another creating inter–clods pores (large pores), which 

became the ultimate hydraulic path at the time of permeation. Throughout repeated process of 

desaturation (freezing), the aggregations of fines into strings and bulky clods continued and, 

during saturation (thawing and permeation), the inter–clods pores controlled the flow of water.  

Depending on the initial or molding water content and degree of saturation, the 

agglomeration of clods and ultimate completion in formation of stable macrostructure can occur 

in either the first freeze–thaw cycle or after subsequent freeze–thaw cycles. It follows that, fine 

particles in specimens from soil sample B and Specimen A1, which were compacted wet of 

optimum, aggregated into clods and stable macrostructures during the first freezing. Throughout 

the first freezing all possible clods were formed in specimens B1, B2, B3 and, during thawing 

and permeation the inter–clods pores became full of water and the whole specimens became 
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saturated again. Thus, during subsequent permeation, no extra-unsaturated pores were available 

to increase the hydraulic conductivity. The macrostructure controlled the flow at low soil 

suction, resulting into decrease or maintained of increased hydraulic conductivity. Specimen A1 

on the other hand, required about five cycles to saturate the inter–clods pores after which, the 

macrostructure controlled the hydraulic conductivity at the magnitude of about ten times baseline 

hydraulic conductivity. While, the continued increase in the hydraulic conductivity exhibited by 

Specimen A2 suggested that, the aggregation of fine particles into clods and formation of 

macrostructures continued even after five cycles of freeze–thaw.  

The surcharge loads reduced or maintained the size of inter–clods pores. Accordingly, 

Specimen B2 and B3 had low increase in hydraulic conductivity compared to Specimen B1. 

According to Benson and Daniel [13], in order to achieve low hydraulic conductivity in soils that 

form clods, large inter–clods pores must be eliminated during compaction. However, freezing 

action attributes to the formation of clods as discussed earlier and sufficient overburden stress 

might be required to completely break the clods and close the inter–clods pores.  

 
FIG. 6–Exaggerated schematic sketch for macro-structure levels of natural or compacted clay. 

Individual clod represents microstructure level  
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Conclusion 

The increase in the hydraulic conductivity of clayey till due to freeze–thaw actions was 

investigated. The effects of laboratory sample preparations, surcharge load, degree of 

compaction and initial or molding water content on the hydraulic conductivity of clayey till 

frozen and thawed in laboratory was considered. The following concluding remarks are drawn:  

 Freezing action on clayey till results into agglomerations of clods and formation of 

macrostructures, which in turn increases the hydraulic conductivity of thawed clayey till.  

 For clayey till compacted wet of optimum water content, the hydraulic conductivity after 

the first freeze–thaw increased by magnitude of 8 to 24 times the hydraulic conductivity 

of unprocessed clayey till. All the significant increases in the hydraulic conductivity were 

observed after the first freeze–thaw cycle.  

 For clayey till compacted at optimum water content and subjected to laboratory freeze–

thaw action, several freeze–thaw cycles might be required to obtain the ultimate increase 

in the hydraulic conductivity. 
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Freeze-thaw cycling concurrent with cation exchange and the hydraulic conductivity of 

geosynthetic clay liners  

 
 By Gregory P. Makusa1, Sabrina L. Bradshaw2, Erin Berns3, Craig H. Benson4, and Sven Knutsson5 

Abstract 

 Tests were conducted to assess the effect of cation exchange coincident with freeze-thaw 
cycling on the hydraulic conductivity of a geosynthetic clay liner (GCL). GCLs were 
prehydrated by contact with silica flour moistened with synthetic subgrade pore water and 
subsequently permeated with a solution representing the pore water in the cover soil over a 
tailings facility. Control tests were conducted using the same procedure except deionized water 
(DI) was used as the permeant liquid to preclude cation exchange from the permeant liquid. The 
GCLs were subjected to 1, 3, 5, 15, and 20 freeze-thaw cycles, and the hydraulic conductivity 
and exchange complex were determined after each freeze-thaw increment to assess chemical 
changes that occurred during freezing, thawing, and permeation. GCLs undergoing freeze thaw 
cycling experienced little to no cation exchange until 15 freeze-thaw cycles. After 20 freeze-thaw 
cycles, however, 50% of the sodium (Na) initially in the exchange complex was replaced by 
calcium (Ca). Dissolution of calciate within the bentonite is a likely source of the Ca. Hydraulic 
conductivity of GCLs exposed to freeze-thaw cycling was lower than the hydraulic conductivity 
of a new GCL permeated with DI water (< 2.2x10-11 m/s). A small increases in hydraulic 
conductivity (~2.3 times), which may have been caused by cation exchange, occured at 15 and 
20 freeze-thaw cycles but the hydraulic conductivity remained below that obtained by direct 
permeation with DI water.  

Keywords: Geosynthetic clay liner, hydraulic conductivity, cation exchange, exchange complex, 

freeze-thaw, prehydration, bentonite, barrier 
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Introduction 

 Geosynthetic clay liners (GCLs) are widely used in waste containment facilities as 

hydraulic barriers. GCLs consist of a thin layer of granular or powdered bentonite clay encased 

between two geotextiles or glued to a geomembrane. Montmorillonite, the predominant clay 

mineral in bentonite, is largely responsible for the low hydraulic conductivity of GCLs. 

Montmorillonite has high cation exchange capactity (CEC), large specific surface area, and can 

be associated with a thick layer of bound water that is essentially immobile (Grim 1968; Mitchell 

and Soga 2005). Hydraulic conductivity of bentonite is controlled by the relative amount of the 

pore water that is bound in the montmorillonite fraction; when a large fraction of the pore water 

is bound, the flow paths are narrower and more tortuous, resulting in lower hydraulic 

conductivity (Chapuis 1990).  

 Montmorillonite hydrate in two stages, known as crystalline and osmotic swelling. When 

monovalent cations (e.g. sodium, Na) are predominant in the exchange complex, bentonites 

undergo both crystalline and osmotic swelling during hydration. In contrast, when polyvalent 

cations (e.g. calcium, Ca; magnesium, Mg) are predominant in the exchange complex, bentonites 

only undergo crystalline swelling during hydration (Norrish 1954; Norrish and Quirk 1954). 

Crystalline and osmotic swelling both contribute to bound water. However, the volume of pore 

water involved in osmotic swelling typically is much larger than in crystalline swelling. 

Consequently, conditions that promote osmotic swelling result in a larger fraction and greater 

amount of bound water, and lower hydraulic conductivity (Mesri and Olson 1971; Jo et al. 2001; 

2004; Kolstad et al. 2004; Guyonnet et al. 2005).  

 In a new GCL, Na is generally the primary interlayer cation (Jo et al. 2001; Kolstad et al. 

2004). After installation, the Na cations are susceptible to replacement by other cations present in 

the surrounding pore water, and from dissolution of calcite within the GCL itself (James et al. 

1997; Guyonnet et al. 2005; Rauen 2007; Bradshaw et al. 2013). Replacement of Na by divalent 

cations such as Mg and Ca is common, as exchange reactions are thermodynamically favorable 

(Sposito 1981), and Ca and Mg are ubiquitous in the geoenvironment. The replacement of Na by 

Ca and Mg can affect sweeling of the bentonite and alter the hydraulic conductivity. Several case 

histories have demonstrated near complete replacement of Na by Ca and Mg and increases in 

hydraulic conductivity one to several orders of magnitude have been reported in some cases 
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(Melchior 2002; Egloffstein 2002; Benson et al. 2008, 2010; Meer and Benson 2007; Scalia and 

Benson 2011).  

 Cation exchange during permeation can also affect the hydraulic conductivity, even when 

the permeant liquid is dilute (Jo et al. 2001; Benson et al. 2008; Jo et al. 2004; Ruhl and Daniel 

1997; Shackelfold et al. 2000). Even with low concentrations of divalent cations in the permeant 

liquid, near complete cation exchange (replacement of Na) and increases in hydraulic 

conductivity can occur given sufficient time (Egloffstein 2002; Meer and Benson 2007). 

 Several studies have shown that GCLs “prehydrated” with water prior to permeation can 

have low hydraulic conductivity compared to non-prehydrated GCLs permeated with the same 

solution (Ruhl and Daniel 1997; Shackelford et al. 2000; Jo et al. 2004; Benson et al. 2008). In 

many cases, prehydration is accomplished by permeation with deionized (DI), distilled or tap 

water prior to permeation with the permeant liquid of interest (Jo et al. 2004). According to 

Shackelford et al. (2000), the benefit of prehydration can be temporary and may not be reliable 

for the long term. Additionally, Ruhl and Daniel (1997) recommend that test specimens in 

laboratory should not be prehydrated unless the GCL will be prehydrated with water prior to 

permeation in the field. 

  When GCLs are installed in a composite barrier system, the GCL is deployed from a roll 

onto a moist compacted subgrade followed by covering with a geomembrane and cover soil. The 

geomembrane practically ensures that the GCL will be prehydrated by moisture migrating 

upward from the subgrade rather than by liquid migrating downward from the overlying cover 

soils (Scalia and Benson 2011; Bradshaw et al. 2013). The prehydration water content achieved 

by placing a GCL on a moist subgrade is directly related to the water content of the subgrade, the 

contact time, and the overburden stress (Daniel et al. 1993; Scalia and Benson 2011; Bradshaw et 

al. 2013)  

 Kraus et al. (1997), Hewitt and Daniel (1997), and Podgorney and Bennett (2006) have 

shown that the hydraulic conductivity of GCLs is unaffected by freeze-thaw cycling even though 

ice lenses form in the frozen bentonite. This behavior contrasts that of compacted clays, which 

undergo increases in hydraulic conductivity of several orders of magnitude when exposed to 

freezing and thawing (Chamberlain and Gow 1979; Zimmie and LaPlante 1990; Kim and Daniel 

1992; Benson and Othman 1993; Othman et al. 1994). Kraus et al (1997) show that GCLs 

behave differently from compacted clay because the soft, hydrated bentonite consolidates during 
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thawing, closing cracks formed by ice lenses. In fact, Kraus et al (1997) show that “thaw 

consolidation” causes a small but statistically significant reduction in hydraulic conductivity. 

However, none of the past studies evaluated GCLs exposed to cation exchange during hydration, 

freezing and thawing, or permeation. Thus, the relevance of past studies to field conditions has 

been questioned. 

 The objective of this study was to evaluate the effect of freezing and thawing on hydraulic 

conductivity of GCLs under conditions where cation exchange could occur during hydration, 

freezing and thawing, and permeation. Tests were conducted under conditions simulating a 

composite barrier layer (geomembrane over GCL) in a cover system located in the far northern 

America. The GCLs were prehydrated by contact with synthetic subgrade pore water, subjected 

to freezing and thawing, and permeated with synthetic cover pore water. Hydraulic conductivity 

and cationic composition of the exchange complex were determined as a function of the number 

of freeze-thaw cycles. 

Materials 

Geosynthetic clay liner  

 The geosynthetic clay liner (GCL) used in this study was Bentomat ST manufactured by 

CETCO Lining Technologies (Hoffman Estates, IL USA). Bentomat ST consists of granular 

sodium bentonite sandwiched between woven and nonwoven geotextiles bonded together with 

needle punching. The GCL had an average mass/area of 5.5 kg/m2 and an average initial 

thickness of 6.0 mm. The bentonite had an average initial water content of 19.3%. X-ray 

diffraction (Mineralogy Inc., Tulsa, OK) conducted using the method in Moore and Reynolds 

(1989) showed that the bentonite contained 84% montmorillonite, 9% quartz, 3% plagioclase 

feldspar, 2% clinoptilolite, 1% calcite, 1% illite, and traces of other minerals. 

 Bound cations, soluble cations, and CEC of the bentonite were determined using the 

method in ASTM D 7503. Soluble and bound cation concentrations were determined for major 

cations (Na, Ca, Mg, and K) by ICP-OES following USEPA Method 6010B. CEC of the 

bentonite was 83 ± 5 cmol+/kg. Mole fractions (X) of the major cations in the exchange complex 

were as follows: XNa = 0.55, XCa = 0.29, XMg = 0.14, and XK = 0.03. 
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Permeant and hydration liquids 

 Two permeant liquids were used to evaluate the hydraulic conductivity of the GCLs: Type 

II deionized water (DI) as defined in ASTM D 1193 (control) and a synthetic cover pore water 

(CW). The synthetic cover pore water replicated the pore water in the surface layer overlying a 

composite barrier used for covering a tailings disposal unit at a mine site in the far northern area 

of North America. Concentrations of major cations (Ca, Na, Mg, K), pH, specific conductance, 

ionic strength (I), and the relative preponderance of monovalent cations to divalent cations in the 

permeant liquids are shown in TABLE 1. The parameter RMD was used to describe the relative 

abundance of monovalent and polyvalent cations in the permeant and hydrating liquids, and is 

defined as (Kolstad et al. 2004): 

              
D

M

M
M

RMD                   (1) 

where MM is the total molar concentration of monovalent cations and MD is the total molar 

concentration of divalent and polyvalent cations. The CW solution was prepared by dissolving 

chloride salts in Type II DI water with the pH adjusted with nitric acid (HNO3) to match site 

conditions (TABLE 1). 

Hydrating subgrade material 

 Acid-washed silica flour with silt-size particles was used to simulate the tailings layer on 

which the GCL was to be deployed. The beads were moistened with synthetic pore water similar 

to the pore water in the tailings at the mine site (TABLE 1). The synthetic pore water was 

prepared using the same methodology as the CW.  

Methods 

GCL specimen preparation  

 GCL specimens were prepared by cutting a circular disc (diameter=102 mm) from a GCL 

roll using a razor blade and a steel ring following the methods in Jo et al. (2001). Edges of the 

specimens were trimmed using scissors. Permeant liquid is often applied to the edge of GCL 

specimens in order prevent loss of bentonite. However, for this study, the edge was not hydrated 

to ensure uniform prehydration. GCL specimens were handled with extreme care to prevent loss 

of bentonite. Bentonite loss was checked by comparing the weight of the trimmed specimen to 
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the expected weight of single specimen without loss of bentonite (44.3 g). The trimmed 

specimens had a mass between 39.3 and 44.1 g, with an average of 41.5 g, indicating minimal 

loss of bentonite. 
TABLE 1: Chemical characteristics of cover soil and subgrade pore water  

Parameter Cover Soil Pore Water Subgrade Pore Water 

Target Actual Target Actual 

Major Cations (mM)     

Ca 0.07 0.07 5.96 5.970 

Mg 0.07 0.07 0.20 0.200 

K 0.05 0.05 0.001 0.001 

Na 0.21 0.21 0.41 0.410 

pH 4.4 4.4 2.9 3.0 

Specific Conductance (mS/m) 5.2 7.9 166 189 

I (mM)* 0.82 1.3 27 30 

RMD (M1/2) 0.023 0.023 0.005 0.005 

*Estimated from specific conductance using Snoeyink and Jenkins (1980) 

Prehydration  

 The GCL specimens were prehydrated to a target water content of 70 ± 5%, by contact 

with a synthetic subgrade comprised of moist glass beads. The hydration water content of 70% is 

based on GCL-subgrade hydration experiments reported in Bradshaw et al. (2013) and was 

intended to simulate the field subgrade hydration condition expected in the composite barrier. 

The glass beads were packed into a 0.7 x 1.3 m plastic bin. 

 Synthetic pore water was slowly poured into the bin until the liquid level was just below 

the surface of the beads. The GCLs were placed with non-woven side down on the glass beads 

and covered with a 0.1mm thick plastic sheet to prevent moisture loss and to simulate a 

geomembrane. A small 10 kPa dead load was placed on plastic sheet to ensure contact between 

the GCL and the glass beads and to simulate the stress applied by overlying cover soil. The GCL 

specimens were periodically removed and weighed to ensure the target water content was met. 

Final subgrade hydration water contents ranged from 65.6 to 68.5% with an average water 

content of 68.0%. After hydration was complete, the weight and thickness of the GCL specimen 

was measured within ± 0.1 g and 0.01 mm. 
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 The exchange complex of the GCL was determined and found to be nearly identical to the 

initial exchange complex (TABLE 2), indicating that cation exchange during subgrade 

prehydration was negligible. Bradshaw et al. (2013) report similar findings for GCLs hydrated 

on subgrades for 30 days.  

Hydraulic conductivity testing 

 Hydraulic conductivity tests were performed on the GCL specimens in general accordance 

with ASTM D 5084 using the falling-head water constant-tail water method. One GCL was 

permeated with DI water to establish the baseline hydraulic conductivity for a new GCL. GCLs 

hydrated on the subgrade were immediately transferred into a flexible-wall permeameter after the 

target hydration water content was achieved. The GCL specimens were placed between two 

geotextiles (mass/area = 240 g/m2) to promote uniform stress and evenly distribute the permeant 

liquid. An average effective stress of 15 kPa was applied to simulate the presence of cover soil 

above the GCL. Back pressure was not used to simulate the field condition and to prevent 

chemical alteration on the permeant liquid.  

 The GCL specimens were permeated with DI (control) or CW prior to freeze-thaw cycling. 

The average gradient was 150, which is not a typical of field conditions, but is common when 

testing GCLs in the laboratory. Shackelford et al. (2000) show that elevated hydraulic gradients 

have a much smaller impact on the effective stress and hydraulic conductivity of GCLs 

compared to conventional specimens of clay. Permeation continued until hydraulic equilibrium 

was met as outlined in ASTM 5084. 

Freeze-thaw  

 GCL specimens were subjected to 1, 3, 5, 15, and 20 freeze-thaw cycles in general 

accordance with the method in ASTM D 6035. A 12-hr period was used for both freezing and 

thawing so that one cycle could be completed in a 24 hr period. GCL specimens were removed 

from the permeameter, sealed in a plastic bag and gently placed in a freezer set at -20 °C in the 

same orientation as employed during hydraulic conductivity testing. After 12-hr in the freezer, 

the specimens were removed, inserted between two geotextiles soaked with permeant liquid and 

placed in a permeameter at room temperature (23 ºC). The GCL specimens were thawed in the 

permeater with the stress applied (15 kPa) for 12-hr with the influent and effluent lines remained 

closed during thawing period. Specimens requiring additional freeze thaw cycles before 
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hydraulic conductivity testing were immediately transferred to the freezer after thawing. 

Specimens that were ready for hydraulic conductivity testing were permeated immediately after 

the thawing period (i.e., the influent and effluent lines were opened after 12 hr). 

TABLE 2: Summary of bound cations (cmol+/kg) in GCL specimens permeated with cover pore water or deionized 

(DI) water and subjected to prescribed freeze-thaw cycles 

    Permeant Liquid 

Pre-

hydration 

Condition 

Freeze-

Thaw 

Cycles 

Cover Water DI Water 

Bound Cations (cmol+/kg) 

Na Ca Mg K Na Ca Mg K 

none 0 - - - - 48.9 23.7 11.6 2.4 

Subgrade 

Prehydration 

0 49.0 25.4 12.3 2.5 48.4 24.8 12.2 2.4 

1 47.5 25.6 12.7 2.5 45.9 23.6 12.1 2.3 

3 45.6 24.8 13.5 2.4 42.3 23.1 12.2 2.1 

5 42.8 24.0 12.6 2.2 44.2 24.9 13.3 2.5 

15 28.3 36.7 12.4 1.9 29.3 34.8 13.1 2.0 

20 23.6 36.4 11.5 1.9 24.5 32.5 12.5 1.2 

1-20 23.2 38.5 13.5 2.0 24.3 38.8 12.6 1.9 

Results and Discussion 

 Two sets of six GCL specimens were subjected to a prescribed number of freeze-thaw 

cycles (i.e., 0, 1, 3, 5, 15, or 20 cycles) and then permeated after the prescribed number of freeze-

thaw cycles was met (henceforth “single permeation” GCLs). Bentonite in these GCL specimens 

was analyzed for bound cations after the hydraulic conductivity test was terminated. Two 

additional GCL specimens were permeated after each freeze-thaw increment (i.e., at 0, 1, 3, 5, 

15, and 20 cumulative cycles), and are referred to henceforth as “intermittent permeation” GCLs. 

Bentonite from these GCLs was analyzed for bound cations after all hydraulic conductivity 
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testing was completed (i.e., after the 20th freeze-thaw cycle). These approaches were used to 

evaluate the effect of intermittent versus systematic exposure to CW or DI during freeze-thaw. 

Cation exchange during freeze-thaw cycling 

 Bound cation concentrations in the GCL before and after freeze-thaw cycling are 

summarized in TABLE 2. The change in major bound cation concentrations occurring during 

freeze-thaw cycling is shown in Fig. 1 in terms of the “exchange ratio”, defined as the bound 

cation concentration after hydraulic conductivity testing to the bound cation concentration of a 

new GCL (TABLE 2). The solid lines in Fig. 1 represent exchange ratios of 1.0 + 0.1 and are 

indicative of the reproducibility of the exchange complex measurement (Scalia et al. 2011).  
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Fig. 1: Exchange ratio (final bound cation concentration normalized over original bound cation concentration) as a 

function of number of freeze-thaw cycles for GCL specimens undergoing single permeation 

 Little to no cation exchange occurred for GCLs permeated with DI or CW during 1, 3, and 

5 freeze-thaw cycles. However, after 15 freeze-thaw cycles, Ca replaced Na (predominantly) in 

speciemens permeated with both DI and CW, whereas bound Mg remained unchanged. Even 

though Ca and Mg had similar concentrations in the CW, Ca had a greater role in exchange over 

Mg, which reflects the preference of Ca positioned over Mg in the lyotropic series (Mitchell and 

Soga 2005).  
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 Replacement of Ca for Na was not anticipated for the specimens permeated with DI water, 

which was used specifically to preclude exchange. Moreover, cation exchange that occurred in 

specimens permeated with DI water was nearly identical to cation exchange in the specimens 

permeated with CW, suggesting that a source other than permeant water was supplying the 

exchangeable Ca. One likely source of the Ca is dissolution of calcite from within the GCL (the 

bentonite contain 1% calcite). Bradshaw et al. (2013) observed similar Ca-for-Na replacement in 

GCLs that were hydrated on a subgrade and then permeated with DI, and determined that calcite 

within the bentonite was the source of Ca. Similarly, laboratory studies by Guyonnet et al. (2005) 

and Rauen (2007) found 9-57% replacement of Ca-for-Na in GCL permeated directly with DI 

water or dilute (1.2 mM) NaCl solutions. 

 The concentration of bound cations after 20 freeze-thaw cycles is shown in Fig. 2 for 

GCLs undergoing intermittent permeation and single permeation. The cumulative pore volume 

of flow (PVF) during permeation ranged between 2.8 to 3.0 regardless of the mode of 

permeation (intermittent or single permeation). Thus, the bentonite in the GCLs was in contact 

with a similar volume of water and mass of solute. Except for Ca, the data fall along the 1:1 line 

indicating that cation exchange is nearly identical during intermittent permeation and single 

permeation. This was expected since the PVF was similar for all tests. However, the GCL 

permeated intermittently with CW and DI water had slightly more Ca (1.1 to 1.2 times) in the 

exchange complex than the GCL undergoing single permeation. The additional Ca in the 

exchange complex may be evidence that calcium exchange due to calcite dissolution occurs 

primarily during permeation after thawing. 

Hydraulic conductivity 

 Hydraulic conductivity to DI and CW for GCLs is shown in Fig. 3 as function of number 

of freeze-thaw cycles along with data from other studies where GCLs were exposed to freeze-

thaw cycling and then permeated with DI or tap water under similar stress conditions (12-20 

kPa). A summary of hydraulic conductivities is in TABLE 3. 

 Although Ca replaced Na in the exchange complex of GCLs after 15 and 20 freeze-thaw 

cycles (Fig. 1), the hydraulic conductivity remained low (< 2.2x10-11 m/s) regardless of the 

number of freeze-thaw cycles. In fact, as shown in past studies, the hydraulic conductivity 

gradually decreased over the first 5-10 freeze-thaw cycles due to thaw consolidation, and was 
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lower than the hydraulic conductivity obtained by direct permeation with DI water after 20 

cycles. The hydraulic conductivity after 15 cycles was 0.4 to 0.7 times lower than the initial (0 

cycles) hydraulic conductivity, which is similar to the decrease in hydraulic conductivity 

reported by Kraus et al. (1997) (between 0.55 and 0.66 after 20 freeze-thaw cycles). 
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Fig. 2: Comparison of bound cation concentrations of GCLs that underwent intermittent or single permeation after 

twenty freeze-thaw cycles. 

 The hydraulic conductivity appears to increase slightly (~2.3x) between 15 and 20 cycles, 

which may be related to replacement of Na by Ca. For example, Jo et al. (2004) show that GCLs 

permeated with dilute (20 mM) calcium chloride solutions exhibited very slow increases in 

hydraulic conductivity concurrent with cation exchange. However, without additional data, a 

conclusion cannot be drawn regarding the mechanism causing the change in hydraulic 

conductivity or if additional changes would be realized after additional freeze-thaw cycles. 

 Hydraulic conductivities of the GCLs permeated with CW are compared to the hydraulic 

conductivities of GCLs permeated with DI water in Fig. 4. GCLs permeated with DI water are 

almost always had slightly higher (~1.3 times) hydraulic conductivity than GCLs permeated with 
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CW, with the exception of those undergoing single permeation with DI at 15 and 20 freeze-thaw 

cycles. However, a paired t-test conducted at a significance level of 0.05 showed no statistical 

significance difference between the hydraulic conductivity to CW and DI at each freeze-thaw 

increment. 
TABLE 3: Hydraulic conductivities of GCL specimens hydrated on subgrades and cumulative pore volumes of flow 

at the end of testing of specimen. “-” indicates PVF not determined for test condition. For GCL directly permeated 

with DI water and no freeze-thaw cycling, the hydraulic conductivity was 2.6 x 10 -11 m/s and the PVF was 1.5.  

No. Freeze-

Thaw Cycles 

Permeation Hydraulic Conductivity 

x 10-11 m/s 

Cumulative Pore Volume of 

Flowa 

DI water Cover water DI water Cover water 

0 Single 1.3 – 2.4b 1.7 – 2.4b 0.8 1.8 

Intermittent 2.0 1.7 - - 

1 Single 1.5 2.1 1.3 1.8 

Intermittent 1.6 1.1 - - 

3 Single 1.0 1.1 1.7 1.9 

Intermittent 1.4 1.0 - - 

5 Single 1.2 1.0 1.7 2.8 

Intermittent 1.2 0.8 - - 

15 Single 0.7 0.8 1.7 1.8 

Intermittent 1.2 0.9 - - 

20 Single 0.9 0.7 2.9 2.9 

Intermittent 1.3 1.0 3.0 2.8 

Notes: aPVF at end of test series, brange is from six replicate tests 
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Fig. 3: Hydraulic conductivity of GCLs as a function of freeze-thaw cycles for single or intermittent permeation 

with CW and DI. GCLs from other studies had no prehydration and were permeated with DI or tap water at a 

confining stresses between 12.5 and 20 kPa  

 
Fig. 4: Hydraulic conductivity of GCLs to CW compared to GCL permeated with DI water for the same number of 

freeze-thaw cycles 
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Conclusions 

 Laboratory tests were conducted to determine if freeze-thaw cycling affects the hydraulic 

conductivity of a GCL under conditions where cation exchange can occurs during subgrade 

hydration and permeation. The experiments were conducted to simulate a GCL used in a cover 

deployed on a tailings disposal facility in the far north of northern area of North America. GCLs 

were prehydrated by contact with a moist subgrade containing synthetic subgrade pore water, 

and then permeated with liquid representing the pore water in the overlying cover soil. Control 

tests were also conducted with DI water. GCL specimens were subjected to freeze-thaw cycles, 

with permeation conducted once (after 1, 3, 5, 15, or 20 cycles, “single permeation” tests) or 

after every freeze-thaw increment (“intermittent permeation” test). Cation concentrations in the 

exchange complex were determined for each freeze-thaw increment for single permeation and 

after 20 cycles for intermittent permeation.  

 Based on the findings of this study, the following observations and conclusions are made:  

 GCLs undergoing freeze thaw cycling experience little to no cation exchange until 15 

freeze-thaw cycles, but replacement of Na by Ca occurs with additional freeze-thaw 

cycling. 

 GCLs exposed to as many as 20 freeze-thaw cycling have lower hydraulic conductivity 

than GCLs not exposed to freeze-thaw cycling, most likely due to thaw consolidation, 

even when exposed to the potential for cation exchange during subgrade hydration and 

permeation. This change in hydraulic conductivity is similar to the changes reported by 

others from tests conducted without the potential for cation exchange during subgrade 

hydration or from the permeant solution. 

 Small increases in hydraulic conductivity were observed between 15 and 20 freeze-thaw 

cycles, but insufficient data are available to determine the significance of the trend or a 

mechanism causing change. However, even at 20 cycles, the hydraulic conductivity of 

the GCLs exposed to freezing and thawing and permeated with DI water or cover water 

was lower than the hydraulic conductivity of a GCL permeated directly with deionized 

water. 



15 

 

 GCLs permeated with deionized water and cover pore water experienced similar 

replacement of Na by Ca at 15 and 20 freeze-thaw cycles. Dissolution of calcite within 

the bentonite, rather than permeation, is the likely source of Ca causing exchange. 
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