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Abstract 

An experimental program was developed to investigate the influence of three viscous–dominant 

contaminants on the stress–strain response of clay soils. Four degrees of contamination (by weight), i.e. 

Cc=2%, 4%, 6% and 8%, were examined. Natural and contaminated samples were prepared at their 

respective Proctor optimum condition, and further subjected to unconfined compression tests. The 

dimensional analysis concept was implemented to quantify the stress–strain response. A sensitivity 

analysis with respect to the proposed dimensional models was also performed to examine the impact of 

various contamination scenarios on the strength properties. Lubrication at particle contact level caused 

by the viscous nature of the contaminant agent portrayed a significant role in describing the 

stress–strain response. The stress–strain relationship was adversely affected by contamination. The peak 

strength and stiffness were inversely related to contaminant viscosity μc and Cc, with the former 

representing a more dominant role. An increase in μc and/or Cc, however, promoted a notable 

improvement in the ductility. The predictive capacity of the proposed dimensional models was 

examined and validated by statistical techniques. The proposed models contain a limited number of 

fitting parameters, which can be calibrated by minimal experimental effort and hence implemented for 

predictive purposes. 

Environmental Geotechnics 



Accepted manuscript 
doi: 10.1680/jenge.18.00018 

4 
 

 

Notation 

Cc degree of contamination (=Wc/Ws) 

D dielectric constant 

E Young’s modulus or modulus of elasticity 

LL liquid limit 

MAPE mean absolute percentage error (in %) 

NRMSE normalized root mean squares error (in %) 

P(xi)− likelihood of decrease in y as a result of increase in xi 

P(xi)+ likelihood of increase in y as a result of increase in xi 

PI plasticity index (=LL–PL) 

PL plastic limit 

qu unconfined compressive strength 

R2 coefficient of determination 

RMSE root mean squares error 

S(xi) sensitivity of y with respect to variations in xi  

SSA specific surface area 

Wc weight of contaminant agent 

Ws weight of dry soil 

Ww weight of water 

xi independent variable (=μc and Cc) 

y dependent variable (=qu or E) 

α0, α1 and α2  fitting parameters with respect to the proposed dimensional model for qu 

β0, β1 and β2  fitting parameters with respect to the proposed dimensional model for E 

γd0 initial dry unit weight 
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γdmax maximum dry unit weight 

εu axial strain at failure 

η(xi)− negative magnitude on y caused by increase in xi 

η(xi)+ positive magnitude on y caused by increase in xi 

μ* dimensionless viscosity number 

μc absolute viscosity of the contaminant agent 

μw absolute viscosity of water 

π0 dependent π term 

π1, π2 and π3  independent π terms 

ω′0 initial moisture content (=[Wc+Ww]/Ws) 

ω′opt optimum moisture content 

ω0 initial water content (=Ww/Ws) 

ωopt optimum water content 
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Introduction 

Studying the mechanical response of soils under the influence of contamination has been a 

subject of major interest for the past few decades. Extensive soil contamination has taken place 

in the past and still continues as a consequence of common industrial and agricultural activities 

(Meegoda et al. 1996; Meegoda et al. 1998; Ratnaweera and Meegoda 2006). From a 

geotechnical perspective, contaminants can be classified into two categories based on their 

originating composition, i.e. inorganic and organic. Inorganic contaminants are defined as 

mineral–based compounds such as metals, which naturally occur in the geology or are caused by 

human activities through mining and agriculture. Organic contaminants, however, consist of 

carbon–based chemicals (e.g. petrochemical products, industrial solvents, detergents and 

pesticides), which mainly originate from crude oil refinement. The occurrence of organic 

contaminants in the soil can be a consequence of agricultural operations as well as leakage from 

underground or aboveground storage tanks and accidental spills (Khamehchiyan et al. 2007; 

Estabragh et al. 2014). Exposure to leachate produced from the decomposition of municipal, 

industrial and clinical waste, particularly in landfill sites, can also be a source of severe 

contamination (Kjeldsen et al. 2002; Moavenian and Yasrobi 2008). 

The mechanical response of a contaminated soil not only depends on the local environment, 

but is also strongly influenced by factors such as particle size, bonding characteristics among 

particles, and ion exchange capacity (Fang 1997). In this context, Fang (1997) suggested an 

index parameter, referred to as the pollution sensitivity index PSI, and introduced a framework 

for the classification of contamination vulnerability with respect to the soil’s particle size 

distribution. The PSI ranges between 0 and 1, with higher values indicating a higher 

vulnerability to contamination. For gravels and sands, the PSI ranges between 0.05 and 0.10 (i.e. 

very low to low sensitivity), while 0.1<PSI<0.5 has been suggested for silts (i.e. medium 
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sensitivity). Clays are recognized with high to very high sensitivity, and correspond to 

0.5<PSI<0.9. Therefore, fine–grained soils, clays in particular, are more likely to be influenced 

by contamination, and thus require additional consideration. Depending on the mineralogical 

composition of the soil exposed to contamination, different mechanical responses could be 

expected. In the case of clay minerals, for instance, montmorillonite would be more sensitive to 

contamination compared to illite and kaolinite (Fang 1997). Contamination alters the pore–fluid 

of a clay soil by partially or fully replacing the original pore–fluid composition with new 

chemical components. This is often accompanied by a series of short– and long–term 

physico–chemical interactions, which result in different fabric of soil, and thus different 

mechanical behavior (Meegoda and Rajapakse 1993; Meegoda et al. 1998; Ratnaweera and 

Meegoda 2006; Estabragh et al. 2016a). 

The need to expand industrial activities, often around urban areas to satisfy demands of a 

growing population, has placed more soils and lands in jeopardy of contamination if not yet 

exposed. Shortage of land for development as well as increasing costs associated with 

construction and raw materials has encouraged maximum utilization of local materials, one 

being contaminated soils (Benson et al. 1998; Meegoda et al. 1998). Potential applications 

and/or beneficial reuse of contaminated soils with emphasis on maintaining design criteria, 

however, requires an in–depth knowledge of the geotechnical properties of these soils. Some of 

the earlier studies introduced theoretical concepts governing the contamination phenomenon 

with respect to permeability, compressibility and shear strength (e.g. Michaels and Lin 1954; 

Mesri and Olson 1971; Sridharan and Venkatappa Rao 1973, 1979; Fernandez and Quigley 1985; 

Rao and Sridharan 1985; Bowders Jr. and Daniel 1987; Abdul et al. 1990; Meegoda and 

Rajapakse 1993; Sridharan and Prakash 1999; Chen et al. 2000; Kaya and Fang 2000). These 

theoretical concepts where further examined by a number of researchers through extensive 
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experimental investigations covering a variety of testing approaches, soil types and contaminant 

agents. A summary of the studies on soil contamination is presented in Table 1. As demonstrated 

in the table, the majority of documented studies have mainly addressed either coarse–grained 

soils or low–plasticity clays. A rather common emphasis on properties such consistency limits, 

compaction characteristics, permeability, shear strength (by means of direct shear testing) and 

compressibility can be observed. Other aspects such swelling, bearing capacity and unconfined 

compressive strength, however, seem to be researched to a lesser degree. In addition, crude oil 

and other hydrocarbon–related fuels have been the spotlight of nearly all studies, while other 

equally important organic blends (e.g. alcohol–based blends), which are widely distributed and 

consumed by human–life, have yet been fully addressed. Furthermore, a fair agreement is not 

present among the findings of these studies, in what can describe the soil contamination topic as 

a complex phenomenon demanding further investigation. Where contamination poses no 

significant threat to the environment (i.e. low degrees of contamination), the application of 

contaminated soils as a construction material for earthworks, e.g. embankments, backfills and 

pavements, suggests an attractive and economic scheme (Al-Sanad et al. 1995; Meegoda et al. 

1998; Estabragh et al. 2014, 2016a). Considering recent breakthroughs in stabilization of 

contaminated soils by low inclusions of cementitious agents, e.g. cement, lime and fly–ash, the 

proposition has gained increased attention among practicing engineers (e.g. Tuncan et al. 2000; 

Trembley et al. 2002; Al-Rawas et al. 2005; Hassan et al. 2005; Estabragh et al. 2016b, 2016c, 

2017). 

In this paper, an experimental program was developed to investigate the influence of three 

viscous–dominant contaminant agents, i.e. glycerol, ethanol and ethylene glycol, on the 

stress–strain response of two clay soils. An attempt was also made to implement the dimensional 

analysis concept to quantify the stress–strain response of the contaminated soil. Finally, a 
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sensitivity analysis with respect to the proposed dimensional models was performed to examine 

the impact of various contamination scenarios on the shear strength properties. 

 

Experimental work 

Materials 

Soils 

Two clay soils, hereafter referred to as soils A and B, were used for the experimental program. 

Soil A was characterized as clay with intermediate plasticity (CI) in accordance with the Unified 

Soil Classification System (USCS). Soil B, however, was classified as clay with high plasticity 

(CH). Both of the soils can be classified as neutral substances, which correspond to pH values of 

7.9 and 8.3 for soils A and B, respectively. The electrical conductivity (EC) and cation exchange 

capacity (CEC) were also measured, which resulted in 7.76 dS/m and 15.52 meq/100gr for soil 

A, and 10.25 dS/m and 17.95 meq/100gr for soil B, respectively. Mechanical properties of the 

soils, determined as per relevant ASTM standards, are presented in Table 2. Soil A had an 

optimum water content and maximum dry unit weight of 19.05% and 16.71 kN/m3, respectively. 

For soil B, these values were measured as 23.40% and 14.95 kN/m3, respectively. 

 

Contaminants 

Three liquids, i.e. glycerol (propane–1,2,3–triol in International Union of Pure and Applied 

Chemistry or IUPAC), ethanol and ethylene glycol (ethane–1,2–diol in IUPAC), were used as 

the contaminants. These water–soluble organic compounds, commonly involved as key 

substances over a variety of industrial activates, have been the subject of extensive production 

over the past few decades. Major applications of glycerol can be found in the detergents industry 

as well as pharmaceutical productions. Ethylene glycol is commonly recognized as the raw 

material in the manufacturing of polyester fibers and polyethylene terephthalate resins. Ethanol, 
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probably the most well–known in this context, assumes a significant role in almost every major 

industry including its well–established use for medical applications. 

To cover a wide range of desired viscosities, the three contaminant agents were used as 

diluted solutions with a concentration of 40% (i.e. contaminant to water weight ratio). To avoid 

structural rearrangements as a result of a varying pore–fluid composition, the electrical 

conductivity of the contaminant solutions was maintained at EC=8.40×10–3 dS/m (i.e. EC of 

deionized water). This was achieved by adding the required amount of sodium chloride (NaCl) 

to each solution (Meegoda et al. 1998; Ratnaweera and Meegoda 2006; Estabragh et al. 2014, 

2016a). Four degrees of contamination (i.e. contaminant to dry soil weight ratio), i.e. Cc=2%, 

4%, 6% and 8%, were examined. The four Cc choices were selected in accordance with the state 

of New Jersey classification criteria, which recognizes oil contents greater than or equal to 3% as 

hazardous waste (Meegoda and Ratnaweera 1995). Physical and chemical properties of the 

contaminant agents (at 40% concentration), as provided by the manufacturer, are presented in 

Table 3. The three contaminant agents can be classified as viscous–dominant, each having an 

absolute viscosity greater than that of deionized water (i.e. μw=0.894 cP). For glycerol, ethanol 

and ethylene glycol, the absolute viscosity was provided as μc=4.310 cP, 2.148 cP and 1.181 cP, 

respectively. 

 

Method of contamination and sample preparation 

The required amount of contaminants corresponding to the desired degrees of contamination, i.e. 

Cc=2%, 4%, 6% and 8%, by weight was evenly sprayed on 5 kg of spreaded soil. The 

contaminated soils were then thoroughly mixed by hand in a covered bowl to minimize 

evaporation. Extensive care was dedicated to pulverize the lumped particles, targeting 

homogeneity of mixtures. The contaminated mixtures were then enclosed in plastic bags, and 

stored in a polystyrene container under room temperature conditions. A minimum curing time of 
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7 days, as suggested in the literature (e.g. Meegoda and Gunasekara 1992; Meegoda and 

Ratanweera 1995, 2008; Singh et al. 2008; Estabragh et al. 2016b, 2016c), was considered to 

ensure an even distribution of moisture throughout the soil mass. 

Standard Proctor compaction tests were carried out on the natural soil and various 

contaminated mixtures in accordance with the ASTM D698 standard, and the results are 

provided in Table 4. In general, the greater the contaminant viscosity and/or degree of 

contamination the higher the maximum dry unit weight and the lower the optimum moisture 

content, following a monotonic decreasing trend. Such a behavior can be attributed to the 

viscous character of the contaminant agent which acts as a lubricant, and thus reduces the surface 

tension of water during compaction. This property facilitates the movement and sliding of 

particles with much less effort, thereby promoting a higher maximum dry unit weight compared 

with the natural soil (Meegoda et al. 1998; Park et al. 2006; Soltani et al. 2017a). All samples in 

this study were prepared by static compaction at their respective optimum moisture content and 

maximum dry unit weight. A special mold, similar to that described by the authors’ in Soltani et 

al. (2017b), was designed and fabricated from stainless steel to accomplish static compaction. 

The mold consisted of three sections, i.e. the top collar, the middle section and the bottom collar. 

The middle section measures 100 mm in height and 50 mm in diameter, and accommodates the 

sample for the unconfined compression test. The inner surface of the mold was coated with a 

very thin layer of silicon grease to reduce friction during compaction. The mixtures, either 

natural or contaminated, were thoroughly mixed with the required amount of water, each 

mixture having attained its respective optimum moisture content. The mixtures were then 

compressed in the mold in three layers, each layer having attained its desired maximum dry unit 

weight. The surface of the first and second compacted layers were scarified to ensure a good 
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bond between adjacent layers of the mixture. Mechanical properties of the prepared samples 

including consistency limits and compaction characteristics are summarized in Table 4. 

 

Unconfined compression test 

Unconfined compression tests were carried out on the natural soil and various contaminated 

samples, prepared as per Section 2.2, in accordance with the ASTM D2166 standard. Samples 

were compressed by a constant displacement rate of 1 mm/min, as commonly adopted in the 

literature (e.g. Fatahi et al. 2012; Estabragh et al. 2016b, 2016c, 2017; Soltani et al. 2017a). 

Axial stress and its corresponding axial strain were recorded during various loading stages to a 

point in which maximum axial stress required for sample failure (defined as the unconfined 

compressive strength qu), and its corresponding axial strain (denoted as εu) could be achieved. 

Slope of the tangent to the initial segment of the stress–strain curve, a measure of the material’s 

stiffness (defined as Young’s modulus or modulus of elasticity E), was also measured for the 

tested samples. 

 

Discussion of test results 

The consistency limits, the liquid limit in particular, can be employed to infer the development of 

soil fabric, and thus arrive at initial inferences on the mechanical performance of contaminated 

soils (Wroth and Wood 1978; Mitchell and Soga 2005; Kim and Palomino 2009; Soltani et al. 

2018a). Based on the results presented in Table 4, for a given degree of contamination Cc, an 

increase in contaminant viscosity μc led to a significant decrease in both the liquid limit LL and 

the plasticity index PI. Similarly, for a given μc, an increase in Cc was accompanied by a notable 

yet less pronounced decrease in LL and PI. Soil A exhibited a liquid limit of LL=43.12%. As a 

result of Cc=2%, 4%, 6% and 8% ethanol contamination, for instance, LL decreased to 41.73%, 

40.11%, 39.47% and 38.03%, respectively. A similar yet more pronounced decreasing trend was 
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also observed soil B–ethanol mixtures, where LL decreased from 85.30% to 81.15%, 78.03%, 

77.62% and 74.52% for Cc=2%, 4%, 6% and 8%, respectively. A decrease in the consistency 

limits, the liquid limit in particular, implies that a dispersed fabric dominates the 

clay–contaminant matrix (Mitchell and Soga 2005). As opposed to an edge–to–face flocculated 

fabric, a face–to–face aggregated (or dispersed) fabric offers less resistance to shear (or cone 

penetration), thereby leading to a decreased liquid limit. The location of the tested contaminated 

mixtures on Cassgrande’s plasticity chart is illustrated in Figures 1a and 1b for soils A and B, 

respectively. All soil A mixtures lie within the CI region (clay with intermediate plasticity) (see 

Figure 1a), while similar soil B mixtures position themselves within the CH region (clay with 

high plasticity) of the plasticity chart (see Figure 1b). The variations of PI against LL for both 

soil types followed a linear path. In this case, a conventional regression analysis indicated the 

existence of a rather strong linear agreement in the form of PI=0.49(LL+4.35) (with R2=0.964) 

for soil A, and PI=0.55(LL+21.57) (with R2=0.983) for soil B. For a given Cc, an increase in μc 

relocated both soil types towards lower plasticity regions. Similarly, for a given μc, an increase in 

Cc was accompanied by a similar yet slightly less pronounced relocation towards lower plasticity 

regions. In general, the magnitude of decrease in LL and PI was observed to be more significant 

for the soil of higher plasticity or soil B. 

Typical stress–strain curves for the natural soil and various ethanol–contaminated samples 

are provided in Figures 2a and 2b for soils A and B, respectively. A review of the stress–strain 

relationship indicated a rather strong inverse relationship between degree of contamination Cc 

and both the strength qu and stiffness E of the contaminated soil, meaning that the greater the 

degree of contamination the greater the decrease in qu and E (see the strength paths in Figure 2). 

On the contrary, an increase in Cc promoted a noticeable improvement in εu, thus avoiding brittle 

sample failure (see the strength paths in Figure 2). Maximum reduction in qu and E was 

Environmental Geotechnics 



Accepted manuscript 
doi: 10.1680/jenge.18.00018 

14 
 

observed in the case of Cc=8% ethanol inclusion. In this case, qu and E dropped from 426.82 kPa 

and 30.06 MPa (corresponding to εu=2.6%) to 236.27 kPa and 11.04 MPa (corresponding to 

εu=3.4%) for soil A, respectively. For soil B, however, the magnitude of reduction was slightly 

greater, and qu and E dropped from 359.70 kPa and 16.35 MPa (corresponding to εu=3.3%) to 

163.36 kPa and 4.21 MPa (corresponding to εu=4.3%), respectively. 

Typical stress–strain curves for the natural soil and the samples contaminated with Cc=6% 

glycerol, ethanol and ethylene glycol are provided in Figures 3a and 3b for soils A and B, 

respectively. An increase in μc adversely affected the stress–strain response, leading to a 

significant decrease in both qu and E (see the strength paths in Figure 3). Regarding εu, however, 

a noticeable increasing trend was observed with increase in μc (see the strength paths in Figure 

3). These results justify the significant role portrayed by pore–fluid viscosity in describing the 

stress–strain response of the contaminated soil. For a given degree of contamination, Cc=6% for 

instance, maximum reduction in qu and E was consistently observed for glycerol–contaminated 

samples, which also corresponds to the highest absolute viscosity (i.e. μc=4.310 cP). In this case, 

qu and E experienced a significant decrease of 176.30 kPa and 18.57 MPa (corresponding to a 

1% increase in εu) for soil A, and 184.52 kPa and 11.86 MPa (corresponding to a 1.2% increase 

in εu) for soil B, respectively. 

Figures 4 and 5 illustrate the variations of qu, E and εu against Cc for soils A and B, 

respectively. For a given type of soil, either soil A or B, the variations of qu can be considered as 

a function of μc and Cc (see Figures 4a and 5a). At a constant degree of contamination, an 

increase in μc leads to a significant decrease in qu. Similarly, for a given μc, an increase in Cc is 

accompanied by a considerable yet less pronounced decrease in qu. A review of Figures 4b and 

5b suggests a similar dependency for E. An opposite effect, however, can be concluded for εu, 

where an increase in either μc or Cc promotes a noticeable improvement in εu (see Figures 4c and 
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5c). Minimum reduction in qu and E (corresponding to a minimum increase in εu) was observed 

for the samples contaminated with Cc=2% ethylene glycol (i.e. μc=1.181 cP). In this case, qu and 

E exhibited a rather small decrease of 7.44 kPa and 2.83 MPa (corresponding to no increase in εu) 

for soil A, respectively. The magnitude of reduction for soil B was slightly more pronounced, 

where qu and E experienced a decrease of 19.71 kPa and 2.64 MPa (corresponding to no increase 

in εu), respectively. The inclusion of Cc=8% glycerol (i.e. μc=4.310 cP) resulted in the lowest qu 

and E (corresponding to the highest εu). In this case, qu and E dropped from 426.82 kPa and 30.06 

MPa (corresponding to εu=2.6%) to 206.09 kPa and 8.38 MPa (corresponding to εu=3.7%) for 

soil A, respectively. For soil B, a more apparent reduction can be observed, where qu and E 

dropped from 359.70 kPa and 16.35 MPa (corresponding to εu=3.3%) to 130.98 kPa and 2.78 

MPa (corresponding to εu=4.8%), respectively. 

The test results are largely consistent with the majority of reported results found in the 

more recent literature sources (e.g. Ratnaweera and Meegoda 2006; Khamehchiyan et al. 2007; 

Estabragh et al. 2016b, 2016c; Nasehi et al. 2016; Estabragh et al. 2017). Any inconsistency can 

be attributed to the differences between the type of soil, the type of contaminant agent, and the 

range of tested degrees of contamination. The stress–strain response of a clay soil in the face of a 

varying pore–fluid composition is mainly governed by the net result of two different opposing or 

non–opposing mechanisms, i.e. physico–chemical interactions and mechanical factors 

(Ratnaweera and Meegoda 2006; Dolinar and Trauner 2007; Zhan et al. 2008; Olgun and Yıldız 

2010; Liu et al. 2015; Estabragh et al. 2016b, 2016c, 2017). The physico–chemical effects are 

commonly interpreted by means of the diffuse double layer concept, which has been 

well–documented in the literature. Mechanical factors are mainly attributed to the pore–fluid 

viscosity, which in comparison has been less regarded in the literature. 
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In natural conditions, the pore–fluid of a clay soil contains a wide range of dissolved salts 

or cations and anions. A group of these cations are tightly attached to the clay surface, which 

neutralize the electrical charge on the clay surface. The excessive cations and anions are present 

as salt precipitates. With the addition of water, the precipitated salts go into solution. Desorption 

of cations from the clay surface leads to a higher concentration of cations near the clay surface, 

which in turn promotes a tendency among cations to diffuse away. This tendency for diffusion, 

however, is restricted by the attractive forces present between the cations and the surface of the 

negatively charged clay particle. The outcome of these opposing actions promotes the 

development of an ion distribution in the vicinity of the clay particle. The negatively charged 

surface of the clay particle, along with the distributed ions in the adjacent phase, is referred to as 

the diffuse double layer or DDL (Mitchell and Soga 2005). The DDL can develop for individual 

clay particles. These individually developed DDLs can interact with each other. This can lead to 

a change in thickness of the DDL, which is accompanied by a net repulsive or attractive force 

between two clay particles. Changes in thickness of the DDL results in different fabric of soil, 

and thus different mechanical behavior. Thickness of the DDL is often interpreted in accordance 

with the Gouy and Chapman theory, which can be expressed by the following relationship 

developed by Mitchell and Soga (2005): 

22

0

0

2

1

υeη

DKTε

k
                  (1) 

where 1/k=equivalent thickness of the DDL (in Å); ε0=permittivity of vacuum (=8.8542×10–12 

C2J–1m–1); D=dielectric constant of the pore–fluid; K=Boltzmann constant (=1.38×10–23 JoK–1); 

T=absolute temperature (in oK); η0=pore–fluid concentration (in ions/m3); e=electronic charge 

(=1.602×1023 C); and ν=cation valence. 
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Based on Equation (1), thickness of the DDL is proportional to the square root of the 

pore–fluid’s dielectric constant. Therefore, any noticeable decrease in the pore–fluid’s dielectric 

constant is expected to decrease the DDL thickness, and thus promote a flocculated soil fabric 

(owing to the presence of a dominant net attractive van der Waals force) accompanied by an 

improvement in strength characteristics (Sridharan and Venkatappa Rao 1973; Moore and 

Mitchell 1974; Sridharan and Venkatappa Rao 1979; Anandarajah and Zhao 2000; Olgun and 

Yıldız 2010; Khosravi et al. 2013; Estabragh et al. 2016a). As demonstrated in Table 3, 

however, D0.5 for the used contaminant agents is approximately equal to that of deionized water 

(i.e. D0.5=8.86). Therefore, the stress–strain response can be considered as independent from the 

physico–chemical effects, and thus strongly dominated by mechanical factors such as pore–fluid 

viscosity. In general, an increase in pore–fluid viscosity, as the case with the used contaminant 

agents in this study (see Table 3), facilitates sliding of particles during unconfined loading due 

to lubrication of soil particles. This in turn promotes a reduced friction among particles, which is 

accompanied by a decreased strength and stiffness often coupled with an improved ductility 

(Meegoda and Ratnaweera 1994; Ratnaweera and Meegoda 2006; Khamehchiyan et al. 2007; 

Singh et al. 2008; Liu et al. 2015; Estabragh et al. 2016b, 2016c; Nasehi et al. 2016; Estabragh et 

al. 2017; Soltani et al. 2017a). 

 

Dimensional analysis 

Model development 

The derivation of a dimensional model accounting for all variables governing a physical 

problem, the shear strength phenomenon in this case, is a formidable task. A practical 

dimensional model can be characterized as one that maintains a perfect balance between 

simplicity (ease of application) and accuracy, thus involving a limited number of conventional 

physical parameters capable of arriving at a reliable estimate of the problem in hand. It is 
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therefore essential avoiding the introduction of any physical parameters which are equally (or 

more) difficult to measure compared with the physical problem intended to be modeled. For a 

given type of soil exposed to a viscous–dominant contaminant agent, the variables governing the 

unconfined compressive strength qu can be categorized into three groups, each representing a 

component of the soil–water–contaminant system. The three groups and their respective 

variables can be given as: 

 Soil: Ws=weight; γd0= initial dry unit weight; and SSA=specific surface area. 

 Water: Ww=weight; and μw=absolute viscosity. 

 Contaminant: Wc=weight; and μc=absolute viscosity. 

Therefore, one can represent qu by the following functional expression: 

),,,,,,(

tContaminan

Water

Soil

0 



 ccwwdsu
μWμWSSAγWfq               (2) 

where f=an unknown multi–variable function. 

The empirical relationship developed by Locat et al. (1984) can be employed to obtain the 

specific surface area of the contaminated soil by means of the plasticity index: 

5
7.0


PI
SSA                  (3) 

where SSA=specific surface area (in m2/gr); and PI=plasticity index (in %, as provided in Table 

4). 

Although the shear strength of an unsaturated geomaterial, such as the contaminated soil in 

this study, is well–known to be related to its matric suction, one may argue that an accurate 

measurement of suction, for fine–grained soils in particular, is a rather difficult and 

time–consuming task (Johari et al. 2006; Agus et al. 2010; Malaya and Sreedeep 2011). A typical 

unconfined compression test (the problem in hand), however, is deemed as a routine test 

commonly performed in most laboratories with much less effort. To maintain model 
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simplicity/practicality, it was therefore decided to disregard introducing suction as a governing 

variable. Such a simplification also complies with most of the existing literature, where various 

forms of empirical and dimensional models have been developed (and validated) for different 

geomaterials without regarding suction as an input variable (e.g. Rao et al. 2004; Buzzi et al. 

2011; Williamson and Cortes 2014; Berrah et al. 2016; Zhao et al. 2016). 

The Buckingham π theorem provides a method for computing sets of dimensionless 

parameters from given variables, even if the form of the equation remains unknown 

(Buckingham 1914). The concept is recognized as a well–established rule in fluid mechanics, 

while it has been less regarded in geotechnical–related disciplines (e.g. Butterfield 1999; Buzzi 

2010; Buzzi et al. 2011; Williamson and Cortes 2014; Berrah et al. 2016; Zhao et al. 2016). In 

accordance with the Buckingham concept, the system of 7 independent variables (γd0 is related to 

Ws) and 3 dimensions (i.e. mass [M], length [L] and time [T]) given in Equation (2) can be 

further reduced to 7–3=4 dimensionless parameters, referred to as π terms, which can be given 

as: 

SSAγμ

q
π

dw

u

0

0
                 (4) 

c

s

c C
W

W
π 

1
                 (5) 

02
ω

W

W
π

s

w                   (6) 

w

c

μ

μ
π 

3
                  (7) 

The variations of π0 (i.e. the dependent π term) against π1, π2 and π3 (i.e. the independent π 

terms) were plotted over an arithmetic plot, as shown in Figure 6. The three independent π terms 

seem to strongly influence π0, and thus hold physical significance for model development. 
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Through trial and error, a new dimensionless parameter (denoted as the dimensionless viscosity 

number μ*) was obtained, which can be given as: 

w

cc

μω

μC

π

ππ
μ

02

31*                  (8) 

where for the natural soil (i.e. water as the pore–fluid) μ*=0. 

It should be noted that the initial moisture content of the soil–water–contaminant mixture 

(i.e. ω′0 which is equal to the optimum moisture content ω′opt, as provided in Table 4) was 

defined as the addition of the initial water content, i.e. ω0=Ww/Ws, and the degree of 

contamination, i.e. Cc=Wc/Ws. The variations of π0 against the newly introduced dimensionless 

parameter μ* were plotted for both soils A and B over an arithmetic space, as shown in Figure 

7a. A review of the π0–μ* plot indicated the existence of a rather strong relationship in the form 

of a conventional three–parameter exponential function between π0 and μ*. Therefore, one can 

conclude the following: 

)exp( *

2100
μαααπ                 (9) 

where α0, α1 and α2=fitting parameters. 

By equating Equations (4) and (9) and rearranging, the following can be derived for qu: 

 )exp( *

2100
μαααSSAγμq dwu              (10) 

An attempt was made to extend the aforementioned concept proposed for qu to the modulus 

of elasticity E. In this case, the π0–μ* plot corresponding to E data also exhibited an exponential 

trend similar to that of observed for qu (see Figure 7b). Therefore, one can conclude the 

following for E: 

 )exp( *

2100
μβββSSAγμE dw              (11) 

where β0, β1 and β2=fitting parameters. 
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The fitting parameters α0 to α2 and β0 to β2 were obtained by means of the non–linear least 

squares optimization technique. Statistical fit–measure indices, i.e. the coefficient of 

determination R2, the root mean squares error RMSE (in kPa), the normalized root mean squares 

error NRMSE (in %), and the mean absolute percentage error MAPE (in %), were obtained for 

model validation by the following relationships: 





n
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ajmj
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n 1
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1

RMSE              (12) 

100
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             (13) 
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y
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n
=              (14) 

where ym=predicted value of the dependent variable y (=qu or E); ya=actual value of the 

dependent variable y; yamax=maximum value of ya data; yamin=minimum value of ya data; j=index 

of summation; and n=number of data points used for model development (=13 for each soil). 

 

Sensitivity analysis 

In order to quantify the influence of the contaminant properties, i.e. μc and Cc, on the strength 

characteristics, i.e. qu and E, a sensitivity analysis was carried out. Since qu and E are currently 

defined as continuous mathematical functions, i.e. Equations (10) and (11), the partial derivative 

sensitivity analysis technique may be the most suitable approach (Estabragh et al. 2016d; Soltani 

2017; Soltani et al. 2017c, 2018b). For this purpose, Equations (10) and (11) were first revised in 

accordance with the definition of μ* to obtain relationships which are directly defined as a 

function of μc and Cc. In this case, the following can be obtained for qu and E, respectively: 
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Assuming μc and Cc as xi, the relative impact of the independent variable xi on the 

dependent variable y (=qu or E), referred to as sensitivity or S(xi), can be defined as: 


 




n

j
ji

i

i
x

y

ynσ

xσ
xS

1)(

)(
)(

 

(

17) 

where ∂y/∂xi=partial derivative of y (=qu or E) with respect to xi (=μc and Cc); σ(y)=standard 

deviation of predicted y data; and σ(xi)=standard deviation of xi data. 

The partial derivative ∂y/∂xi with respect to xi=μc and Cc can be expressed by the following: 
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The partial derivative term ∂y/∂xi represents the likelihood of y increasing or decreasing as 

a result of increase in xi. Therefore, the likelihood of increase, i.e. P(xi)
+, or decrease, i.e. P(xi)

−, 

in y as a result of increase in xi can be given as: 

100
)(

)( 
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where m(xi)
+=number of observations where ∂y/∂xi>0; and m(xi)

−=number of observations 

where ∂y/∂xi<0. 
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The positive, i.e. η(xi)
+, and negative, i.e. η(xi)

−, magnitudes on y caused by increase in xi 

can be defined as: 

0;
)(
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where the positive and negative magnitudes resemble positive and negative fractions of the 

sensitivity parameter S(xi), meaning that for a given xi, S(xi)=η(xi)
++η(xi)

−. 

 

Discussion of model prediction 

The regression analysis outputs with respect to the proposed dimensional models for qu and E, 

i.e. Equations (10) and (11), are summarized in Table 5. The proposed relationships well 

correlate with experimental data. The high R2 and low RMSE, NRMSE and MAPE values imply 

a high agreement between actual and predicted data, both in terms of correlation and error. The 

R2 values were mainly above the 0.98 margin, meaning that approximately 98% of the variations 

in experimental observations are explained by the proposed relationships. The NRMSE and 

MAPE values were observed to be less than the 5% for majority of cases, indicating an average 

offset of 5% associated with the predictive capacity of the dimensional models. Figures 8a and 

8b illustrate actual versus predicted qu and E data along with corresponding 95% confidence 

intervals, respectively. All data points fall between the upper and lower 95% confidence 

intervals, indicating no particular outliners associated with the predictions. The R2 was also 

obtained for these combined datasets, which resulted in a net R2 of 0.981 and 0.994 for qu and E, 

respectively. It should be noted that the proposed dimensional models given in Equations (10) 

and (11) were developed based on two tested soils. Moreover, the equations are only valid when 
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soils are compacted at Proctor optimum condition, which is often implemented in the field. 

Additional testing at dry of optimum and wet of optimum conditions should be carried out to 

arrive at generalized equations capable of quantifying the stress–strain response of the 

contaminated soil at varying initial placement conditions. The proposed dimensional models 

each contain a total of three model (or fitting) parameters. The model parameters can be 

adequately estimated by a total of three unconfined compression tests. For a given soil type, 

three scenarios consisting of the natural soil and two contaminated samples are suggested for the 

calibration phase. The choice of contaminant viscosity and degree of contamination for the two 

contaminated samples would be arbitrary. From a statistical perspective, however, a high and 

low viscosity both corresponding to a median degree of contamination is expected to yield a 

more reliable estimate of the model parameters (Mirzababaei et al. 2018). 

The sensitivity analysis results for μc and Cc with respect to the proposed dimensional 

models are summarized in Table 6. A review of the sensitivity parameter S(xi) indicates that the 

variations in both qu and E are mainly controlled and dominated by μc. All S(xi) values for μc 

were observed to be greater than those determined for Cc (S(μc)>S(Cc)). For qu, S(μc) and S(Cc) 

were observed to be 0.62 and 0.49 for soil A, respectively. For soil B, however, these values 

were slightly greater, and were obtained as S(μc)=0.65 and S(Cc)=0.53. A similar case can also be 

made regarding E (i.e. S(μc)=0.66 and S(Cc)=0.54 for soil A; and S(μc)=0.71 and S(Cc)=0.60 for 

soil B). Such trends indicate that soil B (i.e. CH type) is more sensitive to the variations of μc and 

Cc, and thus contamination in general, compared to soil A (i.e. CI type). The likelihood of 

increase in qu or E as a result of increase in μc and Cc was observed to be P(xi)
+=0 for all cases, 

which strongly indicates the existence of an inverse relationship between qu or E and μc and Cc. 

Therefore, the magnitude of decrease in qu or E as a result of increase in μc and Cc suggested 
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equal values to that of S(xi), i.e. S(xi)=η(xi)
‒, which essentially justifies the inverse relationship 

between qu or E and μc and Cc. 

 

Summary and conclusions 

An experimental program was developed to investigate the influence of three viscous–dominant 

contaminants on the stress–strain response of two clay soils. The dimensional analysis concept 

was also implemented to the test results, thereby deriving a practical model capable of predicting 

the stress–strain response of contaminated soils. The following conclusions can be drawn from 

this study: 

 Lubrication at particle contact level caused by the viscous nature of the contaminant 

agent portrayed a significant role in describing the stress–strain response of the 

contaminated soil. The stress–strain relationship was adversely affected by 

contamination. The strength properties qu and E were observed to be inversely related to 

μc and Cc. At a constant Cc, an increase in μc led to a significant decrease in qu and E, 

while a noticeable improvement in εu was observed. Similarly, for a given μc, an 

increase in Cc suggested a considerable yet less pronounced decrease in qu and E. 

 The dimensional analysis concept was successfully implemented to quantify the 

stress–strain response of the contaminated soil. A new dimensionless parameter, 

denoted as the dimensionless viscosity number μ*, was introduced as the governing 

variable capable of describing the stress–strain behavior of the contaminated soil, i.e. qu 

and E=f(μ*). The predictive capacity of the proposed dimensional models was examined 

and further confirmed by statistical techniques. The proposed dimensional models 

contain a limited number of fitting parameters, which can be calibrated by minimal 

experimental effort, and thus can be useful for predictive purposes. 
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Table 1. A summary of the studies on soil contamination 

 

Reference Soil(s) Contaminant(s) Highlights 1 

Meegoda and 

Ratnaweera 

(1994) 

ML 2 

CH 3 

Glycerol 

Propanol 

▪ Increase in both the liquid limit and the compression index for the 

ML soil contaminated with propanol (no significant variation nor 

trend was observed for the CH soil contaminated with glycerol) 

▪ Decrease in the plastic limit 

Al-Sanad et al. 

(1995) 
SP 4 

Benzene 

Crude oil 

Gas oil 

▪ Increase in the maximum dry unit weight (expect for high oil 

inclusions), CBR 5 (expect for high oil inclusions), and compression 

index 

▪ Decrease in the optimum moisture content, coefficient of 

permeability, angle of internal friction (a modest decrease up to about 

2o for triaxial tests, and up to 7o for direct shear tests), and stiffness 

Ratnaweera 

and Meegoda 

(2006) 

SM 6 

CL 7 

CH 

Acetone 

Glycerol 

Propanol 

▪ Increase in the ductility (for the CL and CH soils), and drained shear 

strength (peak and residual) in some cases for the SM soil 

▪ Decrease in both the unconfined compressive strength and stiffness 

with increase in pore–fluid viscosity for the CL and CH soils 

Khamehchiyan 

et al. (2007) 

SP 

SM 

CL 

Crude oil 

▪ Increase in the angle of internal friction (for the CL soil), and 

cohesion (for the SP and SM soils with a minor increase) 

▪ Decrease in the liquid and plastic limits (for the CL soil), maximum 

dry unit weight, optimum moisture content, coefficient of 

permeability, unconfined compressive strength (except for low 

inclusions of crude oil in the CL soil), angle of internal friction (for the 

SP and SM soils), and cohesion (for the CL soil) 

Moavenian 

and Yasrobi 

(2008) 

CH 
Ethylene glycol 

Toluene 

▪ Increase in the plastic limit, while the samples contaminated with 

pure ethylene glycol and toluene displayed a non–plastic behavior 

▪ Decrease in the liquid limit, plasticity index, and swelling potential 

Singh et al. 

(2008) 

CL 

CH 

Diesel 

Gasoline 

Kerosene 

UEO 8 

▪ Increase in both the liquid limit and the compression index (expect 

for the samples contaminated with kerosene) 

▪ Decrease in the coefficient of consolidation 

Olgun and 

Yıldız (2010) 
CH 

Acetic acid 

Ethanol 

IPA 9 

Methanol 

▪ Increase in the coefficient of permeability, angle of internal friction, 

and cohesion (in the case of low contaminant to water ratios, a minor 

increase in the undrained shear strength was observed)  

▪ Decrease in the liquid limit, plasticity index, compression index 

(minor in the case of acetic acid), and swelling index 

Di Matteo et 

al. (2011) 
MH 10 EGB 11 

▪ Decrease in both the liquid limit and compression index with 

increase in the dielectric constant and absolute viscosity of the 

pore–fluid (in the case of water as the pore–fluid, however, both the 

liquid limit and the compression index were observed to be 

significantly lower than the contaminated samples) 

Kermani and 

Ebadi (2012) 
CL Crude oil 

▪ Increase in the liquid and plastic limits, maximum dry unit weight, 

angle of internal friction, and compressibility characteristics 

▪ Decrease in the optimum moisture content, and cohesion 

Khosravi et al. 

(2013) 
CL Gas oil 

▪ Increase in the liquid limit and plasticity index (except for high 

inclusions of gas oil), unconfined compressive strength, stiffness, and 

cohesion 

▪ Decrease in the plastic limit, compression index, swelling index, and 

angle of internal friction (a minor decrease was observed for the 

majority of cases) 

Estabragh et 

al. (2014) 

CL 

CH 

Ethanol 

Glycerol 

▪ Increase in the compression index for the slurry samples, and 

pre–consolidation pressure for the pre–consolidated slurry samples 

(the increase in pre–consolidation pressure was minor in the case of 

Environmental Geotechnics 



Accepted manuscript 
doi: 10.1680/jenge.18.00018 

37 
 

glycerol) 

▪ Decrease in the compression index for the pre–consolidated slurry 

samples 

Liu et al. 

(2015) 
CL Diesel oil 

▪ Decrease in the liquid and plastic limits (accompanied by a minor 

increase in the plasticity index), swelling pressure, unconfined 

compressive strength, and stiffness 

Estabragh et 

al. (2016a) 
CL 

Ethanol 

Glycerol 

▪ Increase in the pre–consolidation pressure (minor increase in the 

case of glycerol), angle of internal friction, stiffness, and slope of the 

critical state line 

▪ Decrease in the compression index 

Estabragh et 

al. (2016b) 
CL Glycerol 

▪ Increase in the maximum dry unit weight, and ductility 

▪ Decrease in the liquid and plastic limits, plasticity index, optimum 

moisture content, unconfined compressive strength, and stiffness 

Estabragh et 

al. (2016c) 
CL MEG 12 

▪ Increase in the maximum dry unit weight, and ductility 

▪ Decrease in the liquid and plastic limits, plasticity index, optimum 

moisture content, unconfined compressive strength, and stiffness 

Nasehi et al. 

(2016) 

SP 

ML 

CL 

Gas oil 

▪ Increase in the liquid and plastic limits (accompanied by minor 

variations in the plasticity index), and cohesion 

▪ Decrease in the maximum dry unit weight, optimum moisture 

content, unconfined compressive strength (except for low inclusions 

of gas oil in the CL soil), and angle of internal friction 

Estabragh et 

al. (2017) 
CL MTBE 13 

▪ Increase in the ductility 

▪ Decrease in the unconfined compressive strength, and stiffness 

1 increase or decrease in soil properties as a result of contamination or increase in degree of contamination (i.e. contaminant to 

dry soil mass ratio); 2 silt with low plasticity; 3 clay with high plasticity; 4 poorly–graded sand; 5 California bearing ratio; 6 silty 

sand; 7 clay with low plasticity; 8 used engine oil; 9 isopropyl alcohol; 10 silt with high plasticity; 11 ethanol–gasoline blends; 12 

mono–ethylene glycol; and 13 methyl tert–butyl ether. 
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Table 2. Mechanical properties of the soils 

 

Properties Soil A Soil B Standard designation 

Specific gravity, Gs 2.71 2.76 ASTM D854 

Clay (<2 μm) (%) 29.70 41.15 ASTM D422 

Silt (2–75 μm) (%) 54.60 42.75 

Sand (0.075–4.75 mm) (%) 14.25 16.10 

Liquid limit, LL (%) 43.12 85.30 ASTM D4318 

Plastic limit, PL (%) 19.85 26.05 

Plasticity index, PI (%) 23.27 59.25 

USCS soil classification CI CH ASTM D2487 

Optimum water content, ωopt (%) 19.05 23.40 ASTM D698 

Maximum dry unit weight, γdmax (kN/m3) 16.71 14.95 

Unconfined compressive strength, qu (kPa) 1 426.82 359.70 ASTM D2166 

1 unconfined compressive strength at optimum water content and maximum dry unit weight (i.e. initial void ratio of 

e0=0.591 and 0.811 for soils A and B, respectively). 

Environmental Geotechnics 



Accepted manuscript 
doi: 10.1680/jenge.18.00018 

39 
 

 

Table 3. Physical and chemical properties of the contaminant agents (at 25 oC) 

 

Contaminant Glycerol Ethanol Ethylene glycol 

Chemical formulation C3H8O3 C2H6O C2H6O2 

Mass density, ρ (kg/m3) 1097.10 944.80 1077.40 

Absolute viscosity, μc (cP) 1 4.310 2.148 1.181 

Dielectric constant, D  67.10 54.82 65.40 

Square root of the dielectric constant, D0.5 8.19 7.40 8.09 

Electrical conductivity, EC (dS/m) 8.40×10–3 8.40×10–3 8.40×10–3 

1 1 cP (centipoise)=10–3 Pa.s (pascal–second). 
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Table 4. Mechanical properties of the prepared samples 

 

Soil Contaminant Cc (%) LL (%) PL (%) PI (%) ω′opt (%) γdmax (kN/m3) 

Soil A — 0 43.12 19.85 23.27 19.05 16.71 

Ethylene glycol 2 42.75 19.70 23.05 19.01 16.60 

4 42.05 18.70 23.35 18.80 17.02 

6 40.65 18.50 22.15 18.10 17.45 

8 38.67 17.50 21.17 17.44 17.55 

Ethanol 2 41.73 19.30 22.43 19.20 16.80 

4 40.11 18.10 22.01 18.90 16.60 

6 39.47 18.20 21.27 17.52 16.50 

8 38.03 17.20 20.83 16.56 16.90 

Glycerol 2 40.53 18.57 21.96 19.82 16.70 

4 38.86 17.62 21.24 18.50 17.35 

6 37.72 17.01 20.71 17.20 17.62 

8 36.27 16.23 20.04 15.40 17.85 

Soil B — 0 85.30 26.05 59.25 23.40 14.95 

Ethylene glycol 2 83.61 25.85 57.76 22.35 15.10 

4 81.90 25.22 56.68 21.75 15.40 

6 79.25 24.14 55.11 21.11 15.75 

8 77.91 23.72 54.19 20.35 16.05 

Ethanol 2 81.15 24.90 56.25 21.11 14.80 

4 78.30 23.65 54.65 20.34 14.90 

6 77.62 22.80 54.82 18.65 15.00 

8 74.52 21.31 53.21 18.80 15.50 

Glycerol 2 79.01 23.81 55.20 20.51 15.10 

4 76.85 22.52 54.33 19.33 15.80 

6 73.52 21.25 52.27 17.70 16.18 

8 70.31 19.83 50.48 17.04 16.80 

Cc=degree of contamination (=Wc/Ws×100); LL=liquid limit; PL=plastic limit; PI=plasticity index (=LL–PL); 

ω′opt=optimum moisture content (=[Wc+Ww]/Ws×100); and γdmax=maximum dry unit weight. 
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Table 5. Summary of the regression analysis outputs with respect to the proposed dimensional 

models, i.e. Equation (10) for qu, and Equation (11) for E 

 

Soil Variable α0 or β0 α1 or β1 
α2 or 

β2 
R2 

RMSE 

(kPa) 

NRMSE 

(%) 

MAPE 

(%) 

A 
qu (Pa) 9.41×103 9.93×103 –0.763 0.985 8.52×100 3.86 2.29 

E (Pa) 4.17×105 9.12×105 –1.080 0.989 6.76×102 3.11 3.84 

B 
qu (Pa) 4.36×103 6.81×103 –1.044 0.963 1.33×101 5.80 5.31 

E (Pa) 1.17×105 3.80×105 –1.885 0.981 5.41×102 3.98 7.48 
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Table 6. Summary of the sensitivity analysis results for μc and Cc with respect to the proposed 

dimensional models, i.e. Equation (10) for qu, and Equation (11) for E. 

 

xi 
1 Soil yi 

2 
 

n

j ji

i

x

y

n 1

1
 σ(xi) σ(yi) S(xi) P(xi)+ P(xi)− η(xi)+ η(xi)− 

μc A qu (Pa) 2.93×107 1.37×10–3 6.50×104 0.62 0 100 0.62 0 

B 2.98×107 1.37×10–3 6.24×104 0.65 0 100 0.65 0 

A E (Pa) 2.83×109 1.37×10–3 5.85×106 0.66 0 100 0.66 0 

B 1.67×109 1.37×10–3 3.22×106 0.71 0 100 0.71 0 

Cc A qu (Pa) 1.37×106 2.34×10–2 6.50×104 0.49 0 100 0.49 0 

B 1.42×106 2.34×10–2 6.24×104 0.53 0 100 0.53 0 

A E (Pa) 1.35×108 2.34×10–2 5.85×106 0.54 0 100 0.54 0 

B 8.30×107 2.34×10–2 3.22×106 0.60 0 100 0.60 0 
1 independent variables; and 2 dependent variable. 
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Figure 1. Location of the contaminated mixtures on Cassgrande’s plasticity chart: (a) Soil A; 

and (b) Soil B 
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Figure 2. Stress–strain curves for the natural soil and various ethanol–contaminated samples: (a) 

Soil A; and (b) Soil B 
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Figure 3. Stress–strain curves for the natural soil and the samples contaminated with Cc=6% 

glycerol, ethanol and ethylene glycol: (a) Soil A; and (b) Soil B 
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Figure 4. Strength properties against Cc for soil A: (a) Unconfined compressive strength qu; (b) 

Modulus of elasticity E; and (c) Axial strain at failure εu 
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Figure 5. Strength properties against Cc for soil B: (a) Unconfined compressive strength qu; (b) 

Modulus of elasticity E; and (c) Axial strain at failure εu 
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Figure 6. Variations of the dependent π term against the independent π terms: (a) π0–π1; (b) 

π0–π2; and (c) π0–π3 
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Figure 7. Variations of π0 against the dimensionless viscosity number μ*: (a) qu data; and (b) E 

data 
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Figure 8. Actual versus predicted data with respect to the proposed dimensional models: (a) qu 

or Equation (10); and (b) E or Equation (11) 
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