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ABSTRACT 

In this study, the effects of acrylamide polymer on the physical and mechanical 

behavior of the calcium sulfate-contaminated soils were investigated. The variation of the 

compacted compressive and tensile strength with calcium sulfate concentrations for the 

treated soils were quantified. Compressive stress-strain relationships of the sulfate soil, 

with and without lime and polymer treatment, have been quantified using two nonlinear 

constitutive models. Polymer-treated sulfate soils had higher compressive and tensile 

strengths and enhanced compressive stress-strain relationships compared to the lime-

treated soils. Also, the effects of calcium sulfate and contaminated soil treated with lime 

and fly ash on the index properties, compacted soil properties, free swelling, and 

compressive stress-strain relationship of a CL soil obtained from the field were 

investigated and quantified. Acrylamide polymer was used to modify the water-based 

bentonite mud to reduce the fluid loss and yield point and maximum shear stress produced 

by the mud during the drilling operation. Also, the hyperbolic model has a maximum shear 

stress limit whereas the other two models did not .  

The effect of nano silica proppant on the rheological properties, fluid loss, and 

electrical resistivity of the fracturing fluids and transport characteristics in the pre-cracked 

sandstone was investigated at various temperatures up to 85
o
C and up to a pressure of 700 

psi, , respectively. Two different mixes of the fracturing fluids were developed and used in 

this study to investigate the effects of nano silica proppant. The apparent permeability of 

the rock increased when the fracturing fluid was modified with nano silica at a temperature 

of 85
o
C and pressure of 700 psi.  The fluid loss and shear-thinning behavior of fracturing 

fluid with and without nano silica has been quantified using a new hyperbolic model. 
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The effect of temperature on the electrical resistivity and rheological properties of a 

water-based bentonite drilling mud modified with nanoclay and nanoFe was investigated. 

The electrical resistivity was considered a sensing property of the smart drilling mud so 

that the change in the properties can be monitored in real-time. The temperature was varied 

from 25
o
C to 85

o
C. The results also showed that 0.6% nanoclay decreased the electrical 

resistivity of the drilling mud from 15% to 36%, based on the bentonite content in the 

drilling mud. The electrical resistivity of drilling mud with and without nanoclay decreased 

with the increase of temperature. 

Short-term and long-term fluid loss tests of the drilling mud with different 

percentages of bentonite, up to 8%, were performed using API filter paper and porous 

media at a pressure of 100 psi. A new kinetic hyperbolic model was developed to predicate 

the fluid loss and permeability of the drilling mud through the API filter paper and the soil 

(porous media). The new kinetic model prediction was compared to the API model and 

predicted both short-term and long-term fluid loss very well. Hence, the new kinetic model 

can be used to better model the filter loss in real-time as a function of changes in 

permeability.  

In this study, the rheological properties and electrical resistivity of the oil well 

cement Class H was investigated. The sensing properties of smart cement modified with 

0.1% carbon fiber (CF) and water to cement (w/c) of 0.38, 0.44, and 0.54 were monitored 

immediately after mixing up to 7 days of curing. Experiments showed that initial electrical 

resistivity (o) of oil well cement were sensitive to varying water to cement ratios. A 

unique constitutive model was used to predict the electrical resistivity of cement during 7 

days of curing.  
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CHAPTER ONE             

INTRODUCTION 

These is a need for developing a better treatment method for sulfate-contaminated 

soils in order to extend the service life of infrastructures supported on these contaminated 

soils. Current methods have not been effective in enhancing the performance of the 

treated, sulfate-contaminated soils. Also, there is a need to enhance the performance and 

monitoring of drilling muds and hydraulic fracturing fluids. 

1.1 Sulfate-Contaminated Soils 

Natural sulfate rich soils are found in many parts of the world and considered a 

challenge in embankment to pavement related engineering projects (Mitchell and 

Dermatas 1990; Petry and Little 1992; Kota et al., 1996; Hunter 1988; Rollings et al., 

1999; Puppala et al., 2002). Sulfate heave distress problems have been reported in Texas, 

Nevada, Louisiana, Kansas, Oklahoma, and Colorado where lime, fly ash, and cement 

have been traditionally used to treat the natural soils rich in sulfates (Kota et al. 1996; 

Rollings et al., 1999). Sulfate-induced heave in stabilized soils was first reported by 

Sherwood (1962), but the problem received national attention only in the mid-1980s 

when Mitchell (1986) reported a case study based on his experience in Las Vegas, 

Nevada. There are different methods used for modifying the soils, which are categorized 

under soil treatment or stabilization methods (Holtz et al., 2011). Chemical soil 

stabilization is commonly done with cement, lime, bitumen, bentonite, and chemicals 

(Cernica 1995). Effects of soil stabilization with cement, lime, and polymer fibers on 

performance have been documented in the literature by several researchers. In these 



2 

 

studies, both lime and cement have been used in treating clay and sand by varying the 

stabilizer content up to 15%. Also, large variation in the compressive strengths of treated 

soils have been reported (Mitchell and Dermatas 1990; Petry and Little 1992; Kota et al., 

1996; Rollings et al., 1999; Puppala et al., 2002). 

Many investigations have identified the failure mechanisms in high sulfate soils 

(Harris et al., 2005).  The formation of Ettringite mineral (Ca6(Al(OH)6)2(SO4)326H2O) in 

treated soils and its exposure to moisture variations from seasonal changes result in 

differential heaving, which in turn causes cracking of the pavement structures built on 

treated soils. If not addressed immediately, this heave will further deteriorate the 

structures to a condition where they need immediate and extensive rehabilitation 

(Mitchell and Dermatas 1990; Petry and Little 1992). 

Based on the findings from some studies, four inorganic constituents have been 

identified as essential for sulfate-induced heave: water, calcium, aluminum, and sulfate. 

Current treatment methods of lime or cement with sulfate soil sulfate is not effective 

because of Ettringite formation.  

1.2 Drilling Mud 

Water based drilling fluids, especially water-bentonite suspensions, have been 

used in the oil, gas, and geothermal drilling industry because they perform many 

functions such as transporting rock cuttings to surface, lubricating the drill bit, applying 

hydrostatic pressure in the well bore to ensure well safety, and enhancing the rheological 

properties of the drilling mud. Common viscosifyers used in water-based drilling muds 

are bentonite and/or polymers (Riveland 2013). Hence, there is a need to further enhance 

the performance of bentonite-based drilling mud. The main function of the bentonite is to 
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increase the viscosities of the mud in order to reduce the fluid loss to the formation. A 

good quality bentonite should contain mainly montmorillonite (Brigatti et al., 2006).  

Construction of oil and gas wells are very much influenced by the flow properties 

of the fluids used for the operations. Wyoming bentonite has been used for decades as 

drilling mud for performing functions such as transporting rock cuttings to surface, 

lubricating the drill bit, applying hydrostatic pressure in the well bore to ensure well 

safety, minimizing fluid loss across permeable formations by forming a filter cake on the 

walls of the well bore, and enhancing the drilling operation by eroding the formation 

under the drilling tool. The maximum shear stress that can be produced by the drilling 

mud will be a very good indicator of the erodibility potential of the drilling mud. Also, 

bentonite and many other additives are added in drilling fluids to modify viscosity, yield 

stress, and maximum shear stress to enhance the drilling and aid in the transfer of cuttings 

from the bottom of the well to the surface (Kelessidis et al., 2006).  

It is important to monitor the changes in the drilling mud during the construction. 

Unfortunately, there are no clear indicators identified in the literature for real-time 

monitoring of the quality of the drilling muds.  

1.3 Hydraulic Fracturing Fluids  

Hydraulic fracturing, which started in the US in the late 1940s, is a technique used 

in various applications in the petroleum industry to free oil and natural gas trapped 

underground in low permeability rock formations by injecting a fluid under high pressure 

in order to crack the formations. The composition of a fracturing fluid varies with the 

nature of the formation but typically contains 99% of water and proppant sand to keep the 

fractures open, as well as a small percentage of chemical additives (Murrill and Vann 
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2012). The quality of fracturing fluid can be effectively maintained by continuously 

measuring fluid characteristics in the field and controlling its viscous properties by 

modifying fluid additives and injection rate. 

Water-based fracturing fluids have become the predominant type of coal bed 

methane fracturing fluid. However, fracturing fluids can also be based on oil, methanol, 

or a combination of water and methanol. Methanol is used in lieu of, or in conjunction 

with, water to minimize fracturing fluid leakoff and enhance fluid recovery (Thompson et 

al., 1991). Polymer-based fracturing fluids made with methanol usually improve 

fracturing results but require 50 to 100 times the amount of breaker (e.g., acids used to 

degrade the fracturing fluid viscosity, which helps to enhance post-fracturing fluid 

recovery) (Ely  1985).  In some cases, nitrogen or carbon dioxide gas is combined with 

the fracturing fluids to form foam as the base fluid. Foams require substantially lower 

volumes to transport an equivalent amount of proppant. Diesel fuel is another component 

of some fracturing fluids, although it is not used as an additive in all hydraulic fracturing 

operations. A variety of other fluid additives (in addition to the proppant) may be 

included in the fracturing fluid mixture to perform essential tasks such as formation 

clean-up, foam stabilization, leakoff inhibition, or surface tension reduction. These 

additives include biocides, fluid-loss agents, enzyme breakers, acid breakers, oxidizing 

breakers, friction reducers, and surfactants such as emulsifiers and non-emulsifiers. 

Several products may exist in each of these categories. On any one fracturing job, 

different fluids may be used in combination or alone at different stages in the fracturing 

process. Experienced service company engineers will devise the most effective fracturing 

scheme, based on formation characteristics, using the fracturing fluid combination they 
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deem most effective. There is a need to further enhance the performance of fracturing 

fluids and reduce the amount of sand proppant used. 

1.4 Nanoparticles and Its Applications  

Nanoparticles with noticeable alterations in optical, magnetic, and electrical 

properties are excellent tools for the development of sensors and the formation of 

imaging contrast (Krishnamoorti 2006). Because of the nanoparticles’ extremely small 

size, they are preferred in drilling mud design as their abrasive forces are negligible with 

less kinetic energy impact. In addition to this advantage of using nanoparticles in mud 

design, it is safer than conventional mud from the environmental point of view. The 

nanoparticles are added to mud in small amounts and with a low concentration—1%. 

Nano-based drilling muds could be the fluid of choice in conduction drilling operations in 

sensitive environments to protect other natural resources (Amanullah et al., 2011). The 

nanoclay is supposed to go in between the larger particles and block the flow through 

them (Riveland 2013). In the past decade, the nanomaterial has been used to improve the 

performance and functionality of a variety of engineering materials used in solar, 

biomedical, thermoelectric, and environmental applications. Some attempts have been 

made to use nanofabricated materials to develop composites with better performance; one 

of those materials is nanoclay (Nazzal et al., 2013). Nanoclay is defined as a particle in 

the range of 1 to 100 nm. Montmorillonite-based nanoclay chemically is hydrated sodium 

calcium aluminum magnesium silicate hydroxide (Na, Ca)0.33(Al, Mg)2 (Si4O10) 

(OH)2·nH2O. Nanoclays are unique clays that have a platy structure with a unit thickness 

of one nanometer or less. Because montmorillonite clay is hydrophilic, it is not 

compatible with most polymers and must be chemically modified to make its surface 
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more hydrophobic (Bhat et al., 2012). The nanoparticles are smaller than the micro 

particles used in the mud and have a higher area to volume ratio, which gives the surface 

properties more influence than the same particle with a larger size. The nanoparticles in 

drilling mud may also give better control of both the fluid loss to the formation and the 

initial spurt loss. Thus, the right combination of mud particles and nanoparticles can be 

economically beneficial. Previous studies have shown that nanoparticles reduce friction 

between steel and steel and paraffin as base fluid (Cheng et al., 2007). The use of 

nanoclay has attracted great interest in the polymer industry during the past decade as 

polymer modified clay exhibits much better mechanical properties when compared with 

virgin polymer or conventional micro and macrocomposites (Rehab and Salahuddin 

2005; Mohammed and Vipulanandan 2014).  Fe oxide nanoparticles were used for 

oxidation of benzyl alcohol to benzaldehyde and alkylation of toluene with benzyl 

chloride (Carrillo et al., 2013). Ni-Fe nanoparticles show good catalyst capability for 

hydrogenation, and can be used for in situ or ex situ dehalogenation of chlorinated 

organics (Harendra and Vipulanandan 2008). 

Research has been performed on the different sizes and types of nanomaterials to 

improve the rheological properties and filter cake of the oil and water-based drilling mud, 

as well as to reduce the fluid loss rate to the formation performance (Riveland 2013).  

Magnetic nanomaterials are representing an important class of compounds that are 

known by their unusual characteristics as well as multidisciplinary applications 

(Amanullah et al., 2011). The high interests in magnetic nanomaterials are mainly related 

to their direct and simple separation from their matrices by the action of an external 

magnetic field. Magnetic nanomaterials are also considered as potential adsorbents due to 
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their high surface area and excellent chemical selectivity (Zhou et al., 2005). The particle 

shape, core size, and surface functional groups of the material are also important 

controlling factors that generally affect their magnetic properties. However, free magnetic 

nanomaterials such as nano-magnetic iron oxide particles are characterized by some 

limitations such as hydrophobic surface properties that limit their dispersion into aqueous 

solutions and matrices (Kelsall et al., 2005). In order to overcome such limitations along 

with the maintenance of the magnetic properties of such nano-particles, various selected 

approaches were generally used to modify the surface via loading of other target 

chemicals or biological materials (Amanullah et al., 2011). Nasibi (2012) investigated 

that the nanoFe is a good candidate electrode material for electrochemical capacitors at 

low scan rates. This is based on the good electrochemical performance observed in the 

potential range. The surface showed a porous structure that greatly improves charge 

storage and charge delivery of electrode capability. Work was not performed on the effect 

of external magnetic fields on the modified drilling mud. 

1.5 Acrylamide Polymer 

Acrylamide is an odorless, colorless water soluble solid chemical used in making 

polymers and for chemical stabilization. The polymer form is used to treat drinking 

water, and in the manufacturing of paints, plastic, and water absorption products such as 

diapers. Acrylamide (the chemical formula is C3H5NO) is a monomer that is used as an 

aqueous solution in geotechnical applications. Catalysts, activators, and inhibitors are 

mixed together to obtain a polymer water solution. When the acrylamide monomer 

begins to polymerize or gel, it solidifies into a flexible gel that is impervious to water. 



8 

 

The process through which acrylamide gains its strength is called free radical 

polymerization (chain growth of C=C units) that occurs rapidly and exothermically.  

Acrylamide polymers are used in a variety of industrial, commercial, and 

municipal applications. As a monomer, it is used as a soil stabilizer to stop leaks in 

sewers of all types and to impede water in tunnels, dams, mines, shafts, pits, and other 

underground structures. These uses as a chemical polymer date back to the 1950s. The 

geotechnical applications are diverse, and acrylamide polymers have been proven to be 

the preferred solution in a variety of documented applications. For example, acrylamide-

based polymers solved leakage problems in a tailings dam for a large copper/gold mine in 

Argentina. The case study explains why acrylamide is needed to achieve lower levels of 

impermeability than that obtained with cement based grouts alone. Other such 

geotechnical applications of acrylamide based grouts include: constructing a grout curtain 

at the Rocky Reach Dam on the Columbia River; improving oil production in a water 

flood cave in Oklahoma; sealing sandstone to permit shaft sinking in a coal mine in 

Scotland; shutting off seepage at a missile silo site in Nebraska; containing hazardous 

waste at a United States Government site in Oak Ridge, Tennessee; sealing leaks in salt 

domes in Louisiana and other states; and numerous other applications. Its versatility is 

great. The extremely low viscosity of acrylamide, along with the chemical characteristics 

inherent in the free radical polymerization of acrylamide monomers, makes this grout the 

preferred solution for creating impervious water barriers and stabilizing soils in a wide 

variety of geo-technical situations. Acrylamide polymers, because of their low viscosity, 

are often the only grouts that can penetrate leaky areas that remain open even after 

extensive alternative grouting techniques. A key advantage is that acrylamide grouting 
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methods provide for soil stabilization in addition to creating an impermeable water 

barrier. Acrylamide has a very wide range of gel times and is predictable, stable, non-

toxic, and non-reversible in cured form. 

1.6 Objectives 

The overall objective of this research was to study the effects of acrylamide 

polymers on the physical and mechanical properties of the calcium sulfate-contaminated 

soil and enhance the rheological and sensing properties of the drilling mud using polymer 

and nanoparticles. The specific objectives are as follows:  

1. Investigate the effects of water soluble polymer in treating the sulfate 

contamination soil. Quantify the changes in the index properties, compaction 

properties, free swell, and compressive strength of a CL soil with varied amounts 

of calcium sulfate with and without polymer treatment. 

2. Investigate the effectives of nanoparticles and polymers in enhancing the 

performance and sensing properties of drilling mud and hydraulic fracturing fluid.  

3. Model the behavior of treated soil, modified drilling mud, and modified hydraulic 

fracturing fluid.  

1.7 Organization   

The dissertation is organized in the following manner. Chapter 2 summarizes the 

literature review on the stabilization of sulfate-contaminated soil using different additives 

as well as nanoparticles and polymer applications in the drilling mud and hydraulic 

fracturing fluids. Chapter 3 discusses material and experimental methods used in this 

study. Chapter 4 discusses the results and quantifications of polymers effects on the 
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behavior of sulfate soil stabilization. Chapter 5 discusses the effects of nanoparticles and 

polymers on rheological and sensing properties of the drilling mud. Chapter 6 presents 

the results of the effects of nanoparticles on the rheological and permeability behavior of 

hydraulic fracturing fluids. Chapter 7 summarizes major findings of this dissertation with 

some recommendations for future work.  
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CHAPTER TWO     

 BACKGROUND AND LITERATURE REVIEW 

2.1 Sulfate-Contaminated Soil 

Bell (1996) studied the linear shrinkage of montmorillonite with different 

percentages of lime additive and showed that shrinkage decreased with the addition of 

lime, but the decrease was not linear. The study also showed that the unconfined 

compression strength did not increase linearly with the addition of lime and the excessive 

addition of lime actually reduced the strength. Cokca (2001) investigated the use of low 

calcium and high calcium class C fly ash to stabilize expansive CH soils. The study also 

included comparison with lime- and cement-treated soils. The results showed that a 

mixture with 20% fly ash had nearly the same stabilizing effect on the swelling potential 

as a soil treated with 8% lime. A similar study to investigate the effectiveness of class C 

fly ash as a stabilizer of expansive CH soil was performed by Nalbantoglu (2004). This 

study showed that the plasticity index of high plasticity soils was reduced. However, little 

influence on the plasticity index was observed with low plastic fine soils. The study also 

found that fly ash was an effective method to reduce the swelling potential for one of the 

tested soils; however, the study showed adverse effects with the other soils. Arabani et al. 

(2007) observed that any increase in lime content beyond 6% had a negligible effect on 

the compressive strength of a treated CL soil. However, an increase in lime content up to 

6% resulted in a noticeable increase in compressive strength. 

According to the studies summarized in Table 2.1, the specimens were prepared 

and tested near optimum moisture content (OMC %). Both 6% lime and 10% fly ash have 
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been used to treat the soil (Table 2.1 and Table 2.2). Calcium components in the 

stabilizers such as lime, cement, and fly ash are known to react with free alumina and 

soluble sulfates in the soils to form ettringite mineral, a weak sulfate mineral that will 

undergo significant heaving when subjected to hydration. This heave, termed sulfate-

induced heave in the literature, is known to severely affect the performance of highways, 

runways, parking lots, residential and industrial buildings, and other earth structures built 

on fly ash and lime-treated sulfate rich soils (Hunter 1988; Mitchell and Dermatas 1990; 

Petry and Little 1992; Rajendran and Lytton 1997; Rollings et al., 1999).  

The formation of ettringite mineral (Ca6(Al(OH)6)2(SO4)326H2O) in treated soils 

and its exposure to moisture variations from seasonal changes result in differential 

heaving, which in turn causes cracking of pavement structures built on the treated soils 

(Rajasekharan et al., 2005; Pillai et al., 2007). If not addressed immediately, this heave 

will further deteriorate the structures to a condition where they need immediate and 

extensive rehabilitation (Mitchell and Dermatas 1990; Petry and Little 1992). Hence, 

there is a need to develop relationships to quantify the effect of calcium sulfate on the 

behavior of treated and untreated soils. Swelling soils undergo large volume changes 

when contacted with moisture and experience shrinkage strains when subjected to drying. 

Both swell and shrink volume changes depend on several factors including type and 

amount of clay minerals, moisture content, dry density, soil structure, confining pressure, 

and climate. These volume changes eventually cause severe damage to structures like 

pavement infrastructure (Nelson and Miller 1992). Chemical stabilization methods are 

widely used in the field to control soil heaving (Puppala et al., 2003; Solanki et al., 2009) 



13 

 

 

 

 

                                       Table 2.1: Summary of Clay Soils Stabilized with Lime and Fly Ash 

 

Reference 
Soil 

Type 
Stabilizer Application 

% of Stabilizer 

(by Dry 

Weight) 

Curing 

Time 

(days) 

Curing 

Temperature, 

Humidity 

Water Content 

for  the Study 

Sivapullaiah 

et al., (2002) 
CL Lime Sulfate soil 6 7 & 30 not specified OMC

*
 

Edil et al. 

(2002) 
Clay 

Fly ash 

(Class C) 

Roadway over 
10 14& 28 100% humidity 

Natural Water 

Content soft subgrade 

Acosta et al., 

(2003) 
Clay 

Fly Ash 

(Class C) 
Soil Stabilization 0, 10, 18, 30 14& 28 100% humidity OMC 

Harris et al. 

(2004) 
Clay Lime Sulfate soil 6 1 25°C OMC 

Phani et al., 

(2004) 
CH 

Fly Ash 

(Class C) 
Expansive clay 0, 5, 10, 15, 20 -    - OMC 

Luan  (2006) CH Lime Expansive clay 6&8 7 25°C OMC 

Puppala  et 

al., (2006) 
Clay Lime Sulfate soil 4 

not 

specified 
(25-40)°C OMC 

Kumar et al. 

(2007) 
CH Fly Ash Expansive clay 0, 5, 10, 15, 20 7,14& 28 25°C OMC 

Aravind  et 

al., (2011) 
CH,CL Lime Expansive clay 6&8 2 40°C OMC 

Remarks Clay soils 

Fly ash and  

lime have 

been used 

Expansive and 

sulfate soils 

Mainly 6% of 

lime Up to 30 

days 

Up to 40°C and 

100% Humidity 

Mainly OMC 

was used 
and 10% fly ash 

*
OMC: Optimum Moisture Content – (Standard Compaction) 

 

 

1
3
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            Table 2.2: Literature Review on Sulfate Soil Stabilization Using Lime 

 

Natural sulfate rich soils are found in many parts of the world and considered a 

challenge in engineering projects (Hunter 1988; Mitchell and Dermatas 1990; Petry and 

Little 1992; Kota et al., 1996; Rollings et al., 1999; Puppala et al., 2002). Sulfate-induced 

heave in stabilized soils was first reported by Sherwood (1962) and the problem received 

national attention only in the mid-1980s when Mitchell (1986) reported a case study 

based on his experience in Las Vegas, Nevada. There are different methods used for 

modifying the soils, which are categorized under soil treatment or stabilization methods 

Reference Soil Type Lime (%) 
Sulfate Content, 

ppm 

Mitchell 

(1986) 
Silty clay 4 Up to 15000 

Hunter (1988) Silty clay 4.5 43500 

Perrin (1992) Clays 5 2000-9000 

Perrin (1992) Clays 6-9% 14000-25000 

Mitchell and 

Dermatas 

(1992) 

Sand mixed with 

30% clay content 
3 3000–62000 

Rajasekaran 

(1994) 

Marine clay 

with 52% clay 

fraction 

3 30000 

McCallister 

and Tidwell 

(1994) 

Expansive Clays NA 2775 

Sridhran et al. 

(1995) 

Black cotton 

soil 
6 5000-30000 

Kota et al. 

(1996) 
Clayey Subgrades 6-7% >12000 

Burkart  al. 

(1999) 
Clays 6-9% 233-18000 

Remarks Mainly clay soils 

Lime content 

varied between 

3% to 9% 

Sulfate content 

varied between 223 

to 30000 ppm 

(0.023%  to 3% ) 
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(Holtz et al., 2011). Chemical soil stabilization is commonly done with cement, lime, 

bitumen, bentonite, and chemicals (Cernica 1995). Effects of soil stabilization with 

cement, lime, and polymer fibers on the performance of various types of soils have been 

documented in the literature by several researchers and a few of the findings in the past 

two decades are summarized in Table 2.3. In these cases, both lime and cement have been 

used in treating clays and sand by varying the stabilizer content up to 15%. Also, large 

variation in the compressive strengths of treated soils was observed. Arabani (2007) 

observed that any increase in lime content beyond 6% had a negligible effect on the 

compressive strength of treated soil. However, an increase in lime content up to 6% 

resulted in a noticeable increase in compressive strength. Sulfate levels above 2500 ppm 

are to be completely avoided. Harris et al. (2004) confirmed that in soils with sulfate 

levels greater than 7000 ppm lime stabilization is not a viable option. Many of the studies 

were focused on soils with sulfate contents below 10,000 ppm. However, a further 

understanding about the soils with sulfate contents above 10,000 ppm and higher is 

needed and these soils are referred to as “High Sulfate Soils” (Puppala et al. 2012). Al-

Mukhtar et al. (2012) also investigated the effect of using lime on expansive CH soils. 

The increasing sulfate heaves problem in construction projects with and without lime 

treatment calls for developing better treatment methods. These methods should mitigate 

the formation of ettringite minerals in sulfate soils and thereby decrease heave potentials 

of sulfate soils (Puppala et al. 2004; Mohammed and Vipulanandan 2014).  



16 

 

                      Table 2.3: Literature Review on Soil Stabilization with Strength 

 

 

 

Reference Soil Type Tests 
Sample 

Preparation 
Stabilizer Type 

Stabilizer 

(%) 

Curing 

Time 

(Days) 

Temperature, 

Humidity 
USC (psi) 

Splitting 

Tensile (psi) 
Remarks 

Das et al. 

(1995) 

Silica 
sand, poor 

grade 

Splitting 

Tensile, UCS 

Standard 

Proctor test 
Cement 4 and 8 14 not specified 160-390          - 

Linear  UCS-cement content 
relation was observed 

Bell (1996) Clay soil UCS, CBR 
Standard 

compaction test 
Lime 

2, 4, 8, and 

10 

1, 3, 7, 14, 

and 21 
35oC 70-400            - - 

Puppala et al. 

(2006) 

Sulfate 

soil 

Stiffness 
property, 

shear 

Modulus 

Standard 

Proctor test 
Lime 4 

0, 1, 2, 4, 8 
h, and 1, 2, 

3, 4, 

5, 7 days 

23± 2°C, 95% 10-511             - - 

Kumar et al. 

(2007) 
CH 

Splitting 

tensile, UCS 

Standard 

Proctor test 
Polyester Fiber 

0.5, 1, 1.5 & 

2 
7 & 28 not specified 20-500 4-8 

Linear relation was obtained 
between split tensile strength 

and UCS with fiber content 

Consoli et al. 
(2010) 

Non- 

plastic 

sand 

Splitting 
tensile, UCS 

Standard 
Proctor test 

Portland cement 
(III) 

1, 2, 3, 5, 7, 
9, &12 

6 23± 2°C, 95% 10-510 10-50 

Nonlinear relation between UCS 

and tensile strength with 

porosity % was developed 

Malekzadeh 

et al. (2012) 
CH 

Splitting 

tensile, UCS 

Standard 

 compaction test 

Polypropylene 

Fiber 

0, 0.5, 0.75, 

& 1 
1 Room Condition 40-60 30-80 

Linear relation was obtained 

between split tensile strength 
and fiber content 

Current study CL 
Splitting 

tensile, UCS 

Standard 

Proctor test (3 
layers with 18 

blows) 

Lime 0, 6 7 

25°C, 100% 

17-42 5-16 
Hyperbolic  relation was 

observed between Tensile and 

compressive strength 
Polymer 

Solution 

0, 5, 10, and 

15% 
1 17-152 5-23 

Remarks 

Different 
soil types 

were used 

UCS is the 

popular test to 
characterize 

the strength 

behavior 

Mainly standard 
compaction test was 

used 

Different types 
of stabilizer 

were used 

Up to 15% 
of stabilizer 

was used 

Curing 

time was 

up to 28 
days 

Mainly 25oC 
temperature   was 

used 

UCS varied 
from 10 to 

511 psi 

Splitting 

tensile varied 

from 4 to 80 
psi 

Compressive and tensile 
strength properties have been 

studied 

 

 

1
6
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There is very limited information in the literature on the quantification of the 

effects of treatment and the behavior of treated soils. Consoli et al. (2010) quantified the 

relationship between unconfined compressive strength (qu) and splitting tensile strength 

(qt) of artificially cemented sand, as well as the strength ratio (qt /qu) relationship. Consoli 

et al. (2012)  identified key parameters for the control of strength and stiffness of 

cemented soils by testing two soils with different grading and quantifying the influence 

of porosity/cement ratio on both initial shear modulus (Go) and unconfined compressive 

strength (qu). It was shown that the porosity/cement ratio is an important parameter to 

assess both the initial stiffness and the unconfined compressive strength of the soil-

cement mixtures studied. 

The stress-strain behavior of strain-softening materials such as concrete, glass-

fiber-reinforced polymer concrete, fine sands grouted with sodium silicate, and cement 

mortar have been predicted using the p-q model and models (Mebarkia et al., 1992; 

Gonzalez et al., 2007; Bencardino et al., 2008; Vipulanandan et al., 1990 and 2008). 

Usluogullari et al. (2011) modeled the stress-strain behavior of Portland cement stabilized 

sand using the p-q model. Also, the variation of compressive strength, modulus, and CBR 

values with curing time for the cemented sand were represented using hyperbolic 

relationships. 

Predicting the performance of treated soils is a major factor in selecting the most 

useful method for soil stabilization. Hence, there is a need to develop methods to quantify 

the behavior of stabilized, sulfate-contaminated soils. Also, studies have shown that the 

calcium-based stabilizer treatments of natural expansive soils rich in sulfates would lead 

to a new heave distress problem instead of a solution (Rollings et al., 1999; Azam et al., 
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2000; Puppala et al., 1999). Sulfate-rich soils are typically found in arid and semiarid 

regions whereas natural and non-sulfate expansive soils are located in the southeastern 

and eastern part of the United States. Sulfates are present in natural soils in Texas in 

various forms such as gypsum or calcium sulfate, sodium sulfate, and magnesium sulfate 

(Puppala 2003). When these soils are stabilized with calcium-based stabilizers such as 

lime and cement, sulfates in these soils react with calcium components of the stabilizer 

and free reactive alumina of soils to form highly expansive crystalline minerals, namely 

ettringite and thaumasite (Hunter 1988; Solanki et al., 2009; Mohammed and 

Vipulanandan 2014). These sulfate minerals expand considerably when subjected to a 

water hydration process. The mineral also expands due to continuous crystal growth. 

Both hydration reactions and crystal growth will result in a significant amount of heaving 

in the sulfate-rich soils. Sulfate levels between 300 ppm to 800 ppm are to be handled 

with caution, and sulfate levels greater than 800 ppm should be avoided. Puppala et al. 

(2003) indicated that sulfate levels below 1000 ppm are of no concern, and soils with 

sulfate levels between 1000 to 2500 ppm can be treated with an additional amount of 

lime. Sulfate levels above 2500 ppm are to be completely avoided. Harris et al. (2004) 

confirmed that, in soils with sulfate levels greater than 7000 ppm, lime stabilization is not 

a viable option. Many of the studies were focused on soils with sulfate contents below 

10,000 ppm. However, a further understanding about the soils with sulfate contents above 

10,000 ppm and higher is needed, and these soils are referred to as “High Sulfate Soils” 

(Puppala et al., 2012). Al-Mukhtar et al. (2012) also investigated the effect of using lime 

on expansive CH soils. The increasing sulfate heave problem in construction projects 

with and without lime treatment calls for developing better treatment methods. These 
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methods should mitigate the formation of ettringite minerals in sulfate soils and thereby 

decrease heave potentials of sulfate soils (Puppala et al., 2004; Mohammed and 

Vipulanandan 2014).  

Many investigations have identified the failure mechanisms in high sulfate soils 

(Harris et al., 2005). Based on the findings from some studies, four inorganic constituents 

have been identified as essential for sulfate-induced heave: water, calcium, aluminum, 

and sulfate. Current treatment methods of using lime or cement with sulfate soil is not 

effective because of ettringite formation (Sivapullaiah et al., 2002; Solanki et al., 2009).  

The formation of ettringite in treated soils and its exposure to moisture variations 

from seasonal changes result in differential heaving, which in turn causes cracking of 

pavement structures built on the treated soils (Rajasekharan et al., 2005; Pillai et al., 

2007).  Based on the literature, most of the specimens were prepared and tested near 

optimum moisture content (OMC %) and mainly 6% lime has been used to treat the clay 

soils.  Hence alternative methods have to be developed to better stabilize the sulfate-

contaminated soils.  

2.2 Drilling Mud 

Drilling mud properties such as shear stress and shear strain rate relationship, 

yield stress (o), and maximum shear stress play an important role in designing and 

optimizing the performance of drilling fluids. Acrylamide polymer has been used as an 

additive to improve bentonite properties (Kelessidis et al., 2006). Non-Newtonian fluids 

do not conform to direct proportionality between shear stress and shear strain rate, and 

there are limitations on the relationships that are being used to describe the rheological 

properties of drilling fluids (Ochoa 2006). Drilling fluids may be water- or oil-based 
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(diesel or synthetic oils), although the latter are more expensive. There is more 

investigation being done for environmentally-friendly, water-based fluids that should 

contain several additives so that it could offer the required properties similar to those of 

oil-based fluids while protecting the environment (Kelessidis et al., 2013). Also drilling 

mud or, for that matter, any other material will have its own maximum shear stress 

tolerance, which has not been quantified. Based on the literature review, the yield stress 

for bentonite-based drilling muds varied from zero to 28 Pa. 

Polymers are subunits (monomers) joined together like beads in a necklace. What 

holds a polymer together, even though they are soft, is chain entanglement; it is 

essentially impossible to unravel entangled chains. Uniquely, acrylamide is low 

molecular weight nylon and inert to low concentrations of acids and bases usually found 

in groundwater. When an acrylamide monomer is properly mixed with activators and 

catalysts, it begins to cure or “gel,” as it is called, in a predictable and manageable 

manner; acrylamide has a controllable reaction time from 10 seconds to several hours. 

The gel time and set time are within 10% of each other. The gel time is controlled 

through the addition of catalysts, or it can be slowed with the addition of gel time 

inhibitors. Once the gel time is reached, this low viscosity grout solution forms an 

impermeable matrix of gel and soil that prevents the movement of water. Microscopic 

examination of the structure of acrylamide shows that the water is entrapped in a Bucky 

ball like configuration and is stable at 5 to 6% concentrations. Typically, a minimum of 

10%w acrylamide solution is needed to assure a good gel. Higher concentrations can be 

used to increase strength or offset dilution, which might occur during injection. The 

solution also has the ability to react in moving water during injection by using short gel 
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times. The shooting concentration has a viscosity of 1 cP to 2 cP, not far off that of water. 

That viscosity can be increased with additives; whatever it is, it will remain constant 

during the injection period. The approximate cost of the material is in the range of $5.00 

to $6.00 per gallon of polymer mix. It is considered to be more expensive than suspended 

solids polymers like sodium silicate and cement grouts and less expensive that other 

acrylic or polyurethane polymers. 

 

 

 

 

 

             Figure 2-1: Chemical Notation of Components of Acrylamide Polymer 

 

There are two broad types of water soluble polymers such as polysaccharides 

(biopolymers) and synthetic polymers (polyacrylamides). Polysaccharides are formed 

from the polymerization of saccharide molecules through a process called bacterial 

fermentation. The molecules are bonded through glycosidic linkages and relatively non-

ionic. The synthetic polymers are where the molecular chains grow by polymerization. 

These polymers are either viscoelastic or viscoplastic. Under static conditions, the 

synthetic polymers exhibit not only thixotropic but also non-Newtonian behavior. With 

the polymer addition, drilling mud can be designed to have selected viscosity with 

varying amount of bentonite. The shear-thinning characteristics of these muds make it 

efficient for borehole cleaning (Dyke 2000). Polymers are becoming more popular for 
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modifying drilling muds due to their ability to modify rheological properties of bentonite 

suspensions and their low impact on the environmental (Dolz et al., 2007). Several types 

of biopolymers have been used such as Carboxyl-menthy-cellulose (CMC), polyanionic 

cellulose (PAC), and Xanthan gum (Iscan and Kok 2007). Also, synthetic polymer 

polyacrylamide has been used to stabilize shale in the wellbore because they are used as 

clay extenders, flocculants, and for encapsulating colloids (Caenn and Chillingar 1996). 

Kelessidis et al. (2013) used four different percentages of bentonite water-based drilling 

muds (2% up to 5%) modified using 5% of partially-hydrolyzed polyacrylamide (PHPA) 

concentrations up to 0.7%. PHPA increased the apparent viscosity and reduced the fluid 

loss. The shales were stabilized in HPHT applications. By using an SEM study, they 

concluded PHPA acted as a coating on cuttings preventing agglomeration, minimizing 

fluid loss and aiding cutting transport. 

Water-based drilling fluids, especially water–bentonite suspensions, have been 

used in the oil, gas, and geothermal drilling industry because they perform many 

functions such as transporting rock cuttings to surface, lubricating the drill bit, applying 

hydrostatic pressure in the well bore to ensure well safety, and enhancing the rheological 

properties of the drilling mud. The deeper wells that are being drilled call for more 

advanced drilling fluids because of depth, pressure, temperature, and geology. Common 

viscosifyers used in water-based drilling muds are bentonite and/or polymers. The 

drilling fluid can react with certain types of formation or the pressure can cause the rock 

to crack, leading to massive loss of fluid into the formation (Riveland 2013). Hence, there 

is a need to further enhance the performance of bentonite-based drilling mud.  
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Bentonite has been used worldwide as a drilling fluid additive. The main function 

of the bentonite is to increase the viscosities of the mud in order to reduce the fluid loss to 

the formation. A good quality bentonite should contain mainly montmorillonite (Brigatti 

et al., 2006). Bentonite often contains other clay minerals such as elites and kaolinites 

and non-clay components such as quartz and feldspar. Because of sodium-based 

montmorillonite, clays have the highest swelling capacity (which is responsible for 

viscosity build-up and formation of low permeability filter cake); the presence of other 

materials will have an adverse effect on bentonite quality. The type of exchangeable ions 

has a great effect on the swelling capacity of montmorillonite. If the mineral composition 

of bentonite is such that its viscosifying power is insufficient, various additives such as 

nanoclay or polymer can be added (Murray 2006).   

The high temperature/high pressure (HTHP) fluid loss of a drilling mud is very 

important in well construction because it has a direct correlation with the cost of 

maintaining the fluid and success of drilling the well. The HTHP filtrate value is set to 

minimize whole instability and filtrate invasion, as well as prevent differential sticking. 

The rheological properties of traditional water and oil-based drilling muds may change 

when regions of high temperature are encountered in a deep well (Ying et al., 2008). The 

behavior of the drilling muds under high temperature is extremely important for drilling 

deep wells (Mitchell et al., 2004).  

Drilling fluids consist of dissolved and suspended solids, liquids, and treating 

agents, with the liquid being the continuous phase. To stabilize the wellbore area, the 

drilling mud forms a filter cake that bridges the formation face under an overbalanced 



24 
 

condition. Filter cake builds up over the face of the porous media and filtrate invades the 

formation (Rugang et al., 2014).  

The filtration properties of bentonite-water suspensions are greatly affected by the 

way bentonite particles associate and the state of the suspension, being flocculated or 

deflocculated, aggregated, or dispersed. The best filtration performance is when a clay 

suspension is deflocculated and dispersed since the very small clay particles give low 

porosities and permeabilities of the filter cake that is formed. When bentonite particles 

are flocculated, they are larger, giving higher porosities and permeabilities (Kelessidis et 

al., 2007).  

Clay minerals adsorb water in varying proportions. Adsorbed water, which is 

composed of layers of oriented water molecules held by hydrogen bonds to the clay 

surfaces, enlarges the clay particle and thus reduces the size of the porous interparticles. 

An interaction between the adsorbed water and the liquid-free water retards the 

movement of fluid through the filter cake. The mineralogical type with montmorillonite 

clay forming the most impermeable cake. Upon filtration of stable suspension, small, 

individually-hydrated clay particles are re-tainted by the filter paper, forming a thin, 

compact, and impermeable filter cake. The flocculated system, however, gives rise to a 

thick, porous, and highly permeable filter cake. During drilling operations, the liquid 

phase of the circulating drilling fluid may flow into the formation because of pressure 

differential. The flow rate is governed by the permeability of the formation or that of the 

mud cake, whichever is lower. In the case of shale, filtration characteristics are governed 

by the permeability of shale and the degree of their swelling capacity. In the case of 

permeable sands and sandstone, however, the filtrate loss is governed by the mud cake’s 
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permeability. If the formation and mud cake permeabilities are both high, a large quantity 

of filtrate flows into the formation, leaving behind a thick mud cake (Sharma et al., 

1980). Permeability is a measure of the rate of liquid flowing through a porous media or a 

particulate filter cake. It is an important characteristic that filter aid manufacturers use for 

product specification, along with bulk density, particle size, solids retention, and other 

chemical and physical properties (Li et al., 2005). 

The drilling fluids are essentially designed to build a filter cake, which is basically 

intended to decrease filtrate loss to the formation, be thin, and hold the drilling fluid in 

the wellbore. One of the most critical functions of drilling fluids is to try to minimize the 

amount of drilling fluid filtrate entering the hydrocarbon-bearing formation. The drilling 

fluid filtrates can lead to formation damage because of rock wettability changes, fines 

migration, drilling fluid solids plugging, and formation water chemistry incompatibilities 

(Blkoor and Fattah 2013). 

The filtration properties can be described as one of the very important 

characteristics of all drilling fluids. The invasion of filtrate into the formation can 

substantially lead to reduction in the permeability of the near-wellbore region by a group 

of mechanisms: clay swelling, particles’ pore plugging, particles migration, and water 

blocking. Moreover, this nature and thickness of the filter cake deposited on the borehole 

wall will influence the potential for differential pressure sticking to occur. Drilling muds 

are mixtures of solids, liquids, and chemicals, with the liquid being the continuous phase. 

To stabilize the wellbore, the drilling fluid forms a filter cake, which stabilizes the 

formation face. Filter cake builds up over the face of the porous media during the entire 

drilling operation, and the filtrate is lost into the formation (Civan 1994 and 1996). When 
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the drilling slurry contains particles of different sizes, the larger particles of the slurry 

form the skeleton of the filter cake and the smallest particles will migrate and get 

deposited within the porous cake formed by the larger particles (Jiao and Sharma 1994). 

Simultaneously, the cake will undergo consolidation due to the applied pressure and 

temperature and will expel the fluid from the cake, resulting in fluid loss into the 

geological formations (Tien et al., 1997). Cheng (2001) conducted laboratory model tests 

for pure bentonite suspensions in medium coarse sand, and the results showed that the 

density and viscosity of suspensions had a great impact on the filter cake formation. The 

study indicated that the higher the viscosity of the slurry, the denser the resultant filter 

cake. A polymer is made up of repeating chemical units known as monomers with 

relatively high molecular weight. Polymer properties designed can modify the water-

based bentonite drilling muds to modify the viscosity, control fluid loss, and minimize 

the interaction with the geological formations. Polymers can also be used as shear-

thinning agents to reduce viscosity when the mud is under a relatively large shear strain 

rate. The amount of shear stress and shear strain rate needed to induce flow varies in 

different parts of the circulation system during the drilling of oil/gas wells. For example, 

the shear strain rate is high at the bottom of the hole but lower in the annulus. So, a mud 

that is shear-thinning improves the drilling rate since the viscosity is lower at the place 

where the bit is working while still maintaining the ability to move the cutting up the 

annulus (Dyke 2000). 

Drilling fluids, both aqueous and non-aqueous, exhibit non-Newtonian 

rheological behavior. The yield stress (o) is a key rheological parameter that has been 

recognized as critical for the performance of drilling fluids. Borehole cleaning, surge of 
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pressures, and several other important drilling issues are impacted directly by the yield 

stress characteristics. The yield stress can best be described as the stress that must be 

applied to a material to initiate flow and depends on the model selected to represent the 

drilling mud. Non-Newtonian fluids are those fluids that do not conform to a linear 

proportionality between shear stress and shear stain rate, and there is no single equation 

that has been proved to describe the rheogram of all such fluids. Bingham plastic model 

includes the yield stress (o) that is a positive shear stress at a zero shear strain rate, which 

most drilling fluids and cement slurries exhibit. 

Pumpabiliy of a drilling mud is better represented by yield stress (o) since higher 

stress has to be applied to move the fluid. The performance of rheological models usually 

varies with the test geometries, gap between shearing surfaces, and their friction capacity, 

which makes the measurements even more complicated (Nehdi and Rahman 2004). 

Existing empirical and time-independent rheological models (Power law, Bingham, 

Herschel-Buckley, and the modified Bingham and Casson model) allow fitting shear 

stress, shear strain rate, and viscosity data to specific trends using rheological data 

analysis. The estimated rheological properties can vary significantly based on the models 

(Nehdi and Rahman 2004). The Bingham plastic model and the Power law model are 

widely used in the petroleum industry to describe the rheological properties of drilling 

mud and cement slurries (Guillot 2006).  

Drilling muds, which could be called the ‘‘blood’’ in drilling industry, play a 

major role in drilling operations. With rapid development in the drilling industry, it is 

necessary to improve the properties of drilling fluids in order to satisfy the increasing 

demands. Drilling muds are often described as thixotropic shear-thinning fluids with a 
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yield stress (Coussot et al., 2004). Their functions include suspending and carrying 

drilling cuttings, cooling and cleaning drilling tools, as well as maintaining the stability 

of wellbores (Menezes et al., 2010; Kelessidis et al., 2013). Drilling mud serves many 

purposes, the major function of which is control formation pressure. The carrying 

capacity of mud depends on several factors, including viscosity and dimension of cuttings 

or chips, reducing weight of drill string, lubricating and cooling the drill string and bit, 

which depend on the capacity to absorb heat from drilling mud and the stability of 

resistant mud at high pressure and high temperature (HPHT) conditions, and providing 

logging information and interpretation of the well, which depends on mud resistivity for 

filtrate loss/mud cake around hole bore (Nur et al., 2005). Drilling mud with bentonite 

can often cause major problems such as flocculation, loss of rheology control, and 

excessive friction due to high clay concentration.  Filtration loss is described as the 

filtrate lost from liquid components of the mud drilling system to the formation (rock) 

that was penetrated by the soil or rock bit. The layer of solids deposited on the rock 

surface is described as filtrate cake (mud cake). The effects of filtration loss are the 

formation damage or swelling and reducing of diameter of borehole because mud cake 

was on the formation (Nur et al., 2005). In this study, four different bentonite contents up 

to 8% modified with varying amount of polymer were observed.  

During a rotary drilling operation, drilling mud is pumped down the drill string to 

the bottom of the hole where it passes through the bit nozzles and returns to the surface 

via the annulus formed between the drill string and the borehole wall. The drilling mud 

serves a number of functions including the removal of cuttings, the control of subsurface 

pressure, and the cooling and lubrication of the drill string. The fluid base of the drilling 
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mud has a tendency to permeate into the surrounding porous formation, and the solid 

particles in the mud are filtered out, leaving a mud cake on the borehole wall. Filtration 

of drilling fluids in the borehole can occur under either static (when the mud is stationary 

in the hole, e.g. during tripping) or dynamic (when the mud is circulating in the hole 

during the drilling process itself) tow conditions. During static filtration, the filtration rate 

decreases with time, following approximate t
0.5

 dependence. In a dynamic filtration, the 

cake thickness is limited by the shear force from the mud flowing across its surface and 

the filtration rate becomes constant (or zero). The presence of a mud cake is beneficial 

because it reduces fluid loss and damage to the formation. If the cake is too thick, 

however, the effective diameter of the hole is reduced and problems may arise, such as 

excessive torque when rotating the drill string and excessive drag when pulling it. Thick 

cakes also lead to high swab and surge pressures and may result in differential sticking. 

The ability to predict the characteristics of mud cakes would therefore be extremely 

useful (Fisher et al., 2000).  

There is a limit on the maximum shear stress (shear strength) produced by the 

fluid based on the composition. None of the current models can represent this 

phenomenon. Also, the maximum shear stress produced by the liquid will also represent 

the shear erosion potential of the liquid when used in various applications. Conventional 

rheological models such as the Bingham plastic, Power law, and Newtonian models have 

been used widely for the past half century in the oil industry (Ochoa 2006). None of these 

models have a limit on the maximum shear stress for the drilling fluids, since no shear-

thinning drilling fluid can tolerate infinite shear stress, as shown in Fig. 2.1.  
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 In this study, the electrical resistivity, yield stress, fluid loss, and filter cake 

properties of concentrated bentonite suspensions modified with polymer at various 

temperature conditions were investigated. The relationship between fluid loss with time 

and polymer content at different temperatures up to 85
o
C has been quantified using two 

constitutive models, which are the hyperbolic model representing nonlinear relationships 

and the LSM model used in the literature. Based on a coefficient of determination (R
2
) 

and root mean square of error (RMSE), the results showed that the hyperbolic and LSM 

models predicated the relationship between fluid loss with time of drilling mud very well.  

2.3 Hydraulic Fracturing Fluids 

Hydraulic fracturing, which started in the US in the late 1940s, is a technique used 

in various applications, including the petroleum industry, to free oil and natural gas 

trapped underground in low permeability rock formations by injecting a fluid under high 

pressure in order to crack the formations. The composition of a fracturing fluid varies 

with the nature of the formation, but typically contains 99% of water and proppant sand 

to keep the fractures open and also a small percentage of chemical additives (Murrill and 

Vann 2012). The quality of fracturing fluid can be effectively maintained by continuously 

measuring fluid characteristics in the field and controlling its viscous properties by 

modifying fluid additives and injection rate. Minimizing formation and fracture damage 

is regarded as a unique goal of hydraulic fracture design (Bouts et al., 1997). 

In the United States, shale gas and oil production has grown rapidly in the past 

years with continuous technological developments in hydraulic fracturing. Hydraulically-

fracturing rocks increase the permeability by opening, connecting, and keeping open pre-

existing or new fractures in the formation. The design of the fracturing fluid is therefore 
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critical for the success of the operation. Its main function is to open the fractures and 

transport and keep the proppant along the length of the cracked rocks. The rheological 

properties of the fluid are usually considered the most important parameters (Economides 

and Nolte 1989). However, the fracturing fluid must exhibit other important properties 

such as minimizing fluid loss and demonstrating low friction pressure during pumping 

(API RP39 1998). Also, enhancing the sensing properties will help monitor the changes 

and contamination in the fracturing fluids (Vipulanandan et al., 2014).  

Summary  

The followings are observations made from the literature review: 

1. No literature reported sulfate soil stabilization using polymer solutions instead of 

lime, which is causing the formation of ettringite in treated soils and in turn 

causes heaves and cracks in the constructions.  

2. No literature reported the effect of the nanoparticles on fluid loss and sensing 

properties of the drilling mud.  

3. No API model shows a limit on the maximum shear stress for drilling fluids, since 

no shear-thinning drilling fluid can tolerate infinite shear stress. 

4. No literature reported the correlation between rheological properties and electrical 

resistivity of drilling mud.  

5. No literature reported the effect of the polymer on the piezoresistive behavior of 

the drilling fluids. 

6. No literature reported the effect of the nanoparticles for increasing the 

permeability of the rock formations.    
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CHAPTER THREE     

 METHODS AND MATERIALS 

3.1 Houston Clay Soil  

Disturbed and undisturbed soil samples were collected and high plasticity clay 

soil was used in this study. Based on the ASTM standards, compaction, moisture content, 

density, unconfined compression (UCS), and Atterberg limits tests were performed to 

determine the physical and mechanical properties of the soil. From the experiment 

results, index properties and unconfined compressive strength for undisturbed soil 

samples at natural water content were conducted. Also, maximum dry density and 

optimum moisture content for remolded clay soil were obtained using a standard 

compaction test.  

3.2 Sulfate-Contaminated CL Soil 

3.2.1 Soil 

Two types of field clay soil samples were used in preparing the sulfate soil. 

Atterberg limits, grain size distribution and hydrometer, compaction, swelling, and 

compressive strength tests were performed according to ASTM standards. The results are 

summarized in Table 3.1. 
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        Table 3.1: Test Methods and Physical Properties of the Clay Soils 

 

 

3.2.2 Hydrated Lime  

Lime for soil treatment applications is typically used in the form of quicklime 

(CaO) or hydrated lime (Ca(OH)2). Quicklime (CaO) is manufactured by chemical 

processes that transform calcium carbonate (limestone – CaCO3) into calcium oxide 

(CaO). When quicklime reacts with water, it transforms into hydrated lime. The hydrated 

lime (Ca (OH)2) reacts with clay particles and modifies the clay based on its mineralogy.  

3.2.3 Fly Ash Class C 

ASTM C618-91 defines fly ash as the finely-divided residue that results from the 

combustion of ground or powdered coal and is transported from the boiler by flue gases. 

The physical and chemical characteristics of fly ash vary greatly and mainly depend on 

the combustion method, coal properties, and particle shape of the fly ash. According to 

the literature, coal from different sources will produce different combustion products and 

these differences will influence the effectiveness of fly ash as a soil stabilizer (Karim 

2011). 

Property Test 

Method 

Soil I Soil II Soil III 
Passing Sieve #200 (%) ASTM D 6913 64 55 97 
Specific gravity ASTM D 854 2.66 2.64 2.74 
LL (%) ASTM D 4318 40 23 80 
PI (%) ASTM D 4318 19 9 35 
OMC (% )(Standard Compaction) ASTM D 698 16.5 10 22 
Max. Dry Density (gm/cm

3
) ASTM D 698 1.52 1.88 1.4 

Sand (%) ASTM D 6913 36 45 3 
Silt (%) ASTM D 6913 45 35 42 
Clay (%) ASTM D 6913 19 20 55 
Free Swelling (%) ASTM D 4546 7.0 - 15 
Soil Type  ASTM D 2487 CL CL CH 
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3.2.4 Polymer 

A polymer solution was prepared by mixing 15% of water-soluble acrylamide 

polymer with 0.5% of catalyst, 0.5% of activator, and 84% of water. Hence, the polymer 

solution had 15% polymer dissolved in it. The pH of the polymer solution was 10. Hence, 

if 10% of the polymer solution content was used to tread the soil (based on dry weight of 

soil), the actual amount of polymer used was 1.5%.  

 Table 3.2: Polymer Solution Mixes Design Used 

 

Mix 
Polymer 

(g) 
Catalyst (g) Activator (g) Water (g) 

Total 

(g) 

1 10 0.5 0.5        89.0 100 

2 12 0.5 0.5        87.0 100 

3 15 0.5 0.5        84.0 100 

3.3 Test Methods 

Soil was first dried in the oven at a temperature of 60°C, then crushed, pulverized, 

and sieved to get sizes finer than a #4 (0.075mm) sieve. The pulverized soil was then 

mixed with a different percentage of calcium sulfate and water. Soil samples were placed 

in moisture-tight bags and cured for 7 days at room temperature before testing.  

Four tests—Atterberg limits, compressive strength, standard compaction, and 

swell—were conducted on contaminated soil with different percentages (by weight) of 

calcium sulfate up to 4%. Sulfate soils were treated separately with 6% lime and 10% fly 

ash. Based on the compaction results, optimum moisture content was used to prepare soil 

specimen for the strength, swell, and shrinkage tests. Cylindrical specimens (1.4" dia.* 

2.8" length) were used for the UCS tests. After 7 days of curing, treated soil specimens 
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were subjected to unconfined compression strength (UCS), free swell, and linear 

shrinkage tests.  

3.3.1 XRD Analysis 

An X-ray diffraction (XRD) analysis was performed in order to determine the 

effect of calcium sulfate contaminated and treated with lime and fly ash, as well as to 

characterize the field soil and reaction products of soil with 4% calcium sulfate and 

treated contaminated soils with 6% of lime and 10% of fly ash at 25°C. The XRD pattern 

of the particles was obtained using Siemens D5000 powder x-ray diffraction (Jenkins and 

Snyder 1996). Specimens for XRD were prepared from air-dried soils and ground with a 

mortar and pestle until the material passed through sieve #200 (75 m). The powder (2 

g) was placed in an acrylic sample holder (3 mm) depth. All samples were analyzed using 

parallel beam optics with CuKα radiation at 40 kV and 30 mA. Samples were ground to a 

fine texture using a mortar and pestle and mounted on plastic sample holders. The 

average grain size of the soil crushed with an agate mortar and pestle is expected to be in 

the 10 to 15 m range. All samples were scanned for reflections (2) from 0o to 80o in 

steps of 0.02° and a 2 sec count time per step.  

3.3.2 Free Swelling Test (FS) 

The optimum water content of clay soil contaminated with a different percent of 

calcium sulfate with and without 6% lime and 10% fly ash treatment was determined by 

standard proctor tests in accordance with ASTM D 698. For cyclic free swelling tests, 

cylindrical samples were prepared at optimum water content for the natural clay soil and 

clay soil treated using 6% lime and 10% fly ash. 
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                            Figure 3-1: X-ray Diffraction Equipment and Sample Holder 

 

 

The swelling tests were carried out in the conventional oedometer apparatus for 

natural and treated soils using lime and fly ash. The consolidation ring was pushed 

through the compacted soil samples at optimum moisture content using standard proctor, 

and the extra material was carefully trimmed in accordance with the ASTM Test Method 

D 2435-96 to match the height of the consolidation ring. The inside of the ring was 

lubricated with silicone grease to minimize side friction between the ring and the soil 

specimen. After a 7-day curing period at 100% humidity and 25
o
C temperature, the 

swelling tests were performed based on ASTM D 4546.  Filter papers were placed on top 

and bottom of the soil specimen to prevent finer particles from being forced into the 
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pores of the porous stones that sat on both sides of the specimen.  Soil trimming was used 

to obtain the moisture content data of the specimens before the start of the test. Each ring 

was weighed to cross-check the maximum dry unit weight. The specimens were 

inundated with water and allowed to swell freely under 7 kPa (1psi) pressure. Free swell 

measurements for the first day were made at various time intervals similar to that used for 

a consolidation test (ASTM D 4546-08). Each test was performed for at least 7 days. 

Times versus swelling measurements were recorded. The percent-free swell may be 

expressed as 

 FS% = (
∆H

Ho
),                                                                                                                 (3.1) 

where  

H = height of swell due to saturation, and  

Ho = the original height of specimen. 

 3.3.3 Unconfined Compression Tests (UCS) 

 Unconfined compression tests were conducted according to ASTM D-5102. The 

unconfined compressive strengths were determined from the stress-strain relationships. 

The natural soil contaminated with calcium sulfate up to 4% and treated sulfate soils 

using 6% of lime and 10% of fly ash were compacted at optimum moisture content and 

maximum dry density in standard compaction molds. Thin wall cylindrical steel samplers 

(1.4" dia.* 2.8" length) were carefully pushed in the standard compaction mold; the soil 

samples were then extruded using a hydraulic jack. Soil trimming was used to obtain the 

moisture content data of the specimens before starting the test. Soil samples were 

weighed to cross-check the maximum dry unit weight. The specimens were cured for a 7-
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day period at 100% humidity and 25
o
C temperature. Loading was continued until the load 

decreased with increasing strain, or until 20% strain was reached.  

A series of laboratory tests was undertaken to evaluate the influence of polymer 

solution on the tensile and compressive strength of sulfate-contaminated CL soil with up 

to 4% of calcium sulfate (dry weight).  Initially, the compressive and tensile behavior of 

sulfate-contaminated CL soil with a different percentage of calcium sulfate up to 4% was 

characterized. Also, the effect of the polymer solution treatment on the tension and 

compression strength behavior of sulfate-contaminated CL soil was evaluated and 

compared with the lime-stabilized soil. The polymer solution content was varied up to 

15% by dry weight of soil. The Brazilian or indirect extension test was done to determine 

the tensile strength of soils (Arabani et al., 2007). 

Soil was first dried in the oven at a temperature of 60°C, then pulverized and 

sieved to select the soil finer than #4 sieves. The pulverized soil was then mixed with a 

different percentage of calcium sulfate and water. Sulfate-contaminated soil samples 

were placed in moisture-tight bags and cured for 7 days at room temperature before 

treating and testing the soil. The testing program investigated the stress-strain relationship 

and split tensile test response of the polymer solution according to ASTM D 2166 and 

ASTM C 496, , respectively. A total of 40 samples were used in this study. Twenty 

samples for each compression and split tensile test for sulfate-contaminated CL soil 

treated with varying percentages of polymer solution and 6% of lime were used. 

3.3.4 Standard Compaction Test  

All specimens were prepared by compacting with equivalent energy to achieve 

the maximum dry density at optimum moisture content as obtained from the standard 
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proctor compaction test (ASTM D 698-91). Cylindrical steel molds, 3 inches in diameter 

and 6 inches in height, were used to prepare the specimens using compaction energy.  

The soil samples were then extruded using a hydraulic jack. The sulfate-

contaminated soil specimens (lime-treated and untreated) were placed in moisture-tight 

bags in a 100% humidity room for curing for 7 days at room temperature. Sulfate soil 

samples treated with a polymer solution were cured for 1 day at room temperature before 

performing the tests. 

The test specimens were compacted in three layers with eighteen blows per layer. 

For the volume of the test mold, the specific compaction energy applied was as follows 

E =
(𝑁𝑜.𝑏𝑙𝑜𝑤𝑠 𝑝𝑒𝑟 𝑙𝑎𝑦𝑒𝑟)∗(𝑁𝑜.𝑜𝑓 𝐿𝑎𝑦𝑒𝑟𝑒𝑠)∗(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑎𝑚𝑚𝑒𝑟)∗(𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑜𝑝 𝑜𝑓 ℎ𝑎𝑚𝑚𝑒𝑟)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑜𝑙𝑑
     (3.2) 

and  

𝐸 =
18∗3∗5.5∗1 

0.024063
= 12342.6

𝑙𝑏.𝑓𝑡

𝑓𝑡3  .                                                                  (3.3)                                                                               

This compaction energy was comparable to that produced with the proctor 

standard equipment, which provides approximately 12370 ft-Ib/ft
3
 (Rodriguez 2007). 

During the compression test, the specimens were loaded to failure or until 10% strain. 

3.3.5 Split Tensile Strength Tests 

For performing the split tensile test, 75 mm (3 in) diameter and 150 mm (6 in) 

height cylindrical specimens were prepared at optimum moisture content in the same 

manner as for the unconfined compression tests. After curing, the cured specimens were 

placed horizontally between two bearing plates of the compression testing machine 
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adjusted for a machine displacement rate of 1.0 mm/min. The split tensile strength )( t

was obtained using Eqn. 3.4 as follows 

LD

P
t




2


,                                                                                                                    

(3.4) 

where 

P=failure load, 

L=thickness or length of specimen, and  

D=diameter of the specimen.   

3.3.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis curves, % weight loss with temperature (TGA) and 

its derivative (%weight change/
o
C - DTG), were recorded using a Setaram TGA 500 

apparatus at a heating rate of 10°C/min for a sample of about 20 mg. The TGA and DTG 

curves were obtained for field CL soil, contaminated CL soil with 4% calcium sulfate, 

and treated sulfate-contaminated soil with 6% lime after 7 days of curing. The test 

samples were loaded in a platinum pan (¾ full). This was followed by introducing N2 gas 

into the TGA compartment for five minutes to purge the likely oxygen in the 

environment of the system. After the purging, the sample was heated in the N2 

atmosphere from room temperature to the maximum of 800
O
C. The weight loss 

percentage and temperature relationships were obtained from the soil samples. At least 

three samples were tested for each condition. 



41 
 

3.4 Drilling Mud 

3.4.1 Viscosity Measurements  

Low Shear Strain Rate   

Brookfield model LVF Rheometer was used to measure fluid parameters of shear 

stress and viscosity at given shear strain rates, as shown in Fig. 3.2. The principle of the 

operation of the Model LVF is to drive a spindle (immersed in the test fluid) using a 

calibrated spring. The viscous drag of the fluid against the spindle was measured by the 

spring deflection. Spring deflection was measured with a rotary transducer. The viscosity 

range for the Model LVF (centipoises (cP)) was determined by the rotational speed of the 

spindle, the size and shape of the spindle, the container in which the spindle was rotating, 

and the full scale torque of the calibrated spring. Four spindles were used for 

measurement of viscosity of modified bentonite. The Brookfield viscometer LVF was 

calibrated using four standard liquids (standard liquid #1 with viscosity 1 cP, standard 

liquid #2 with viscosity 9.8 cP, standard liquid #3  with viscosity 445 cP  and standard 

liquid #4 with viscosity 4800 cP). The tests were performed based on the ASTM D 2196-

99 specifications. The bentonite used for this work was Wyoming bentonite. The 

preparation of samples followed the API 13A standard procedures. Bentonite was 

modified by first mixing it with varying amounts of polymer solution and then adding 

water, and mixing for five minutes using a high-speed mixer. The bentonite drilling muds 

were cured for 16 hours at room temperature before testing. Prior to the rheological 

measurements, the samples were sheared for five minutes with a high-speed mixer (API 

13D).  
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High Shear Strain Rate 

Drilling muds with bentonite content up to 6% were tested using a viscometer 

with a high-speed range up to 600 rpm (1024 s
-1

), as shown in Fig. 3.2. The higher shear 

strain rate behavior data was used to verify the predictions using the model parameters 

developed from the lower shear strain rate. Behavior of the fluids at a higher shearing rate 

is important to better model the drilling mud behavior with the maximum shear stress 

tolerance.  

 

                     Figure 3-2: Viscometers (a) Brookfield LVT (b) High Speed Viscometer 

3.4.2 Polymer Modification 

A polymer solution was prepared by mixing 15% of acrylamide polymer powder 

(C3H5NO) with 0.5% of catalyst, 0.5% of activator, and 84% water. Hence, the polymer 

solution had 15% polymer dissolved in it. The pH of the polymer solution was 10. Hence, 

for example, if 20% of the polymer solution content was used to tread the bentonite 

(based on dry weight of bentonite), it would have 3% of a polymer addition (by weight) 
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to the bentonite. When 6% of this polymer-modified bentonite was used in the drilling 

mud, the polymer content in the drilling mud would be 0.18%. 

3.4.3 Electrical Resistivity of Drilling Mud 

In this study, two different resistivity devices were used to measure the electrical 

resistivity of drilling mud. An API resistivity meter measured the resistivity of fluids, 

slurries, and semi-solids with resistivities in the range of 0.01 to 400  -m. A 

conductivity meter with resistivity in the range of 0 to 199.9 µS/cm was also used to 

compare the results. The electrical resistivity of the modified drilling mud with nanoclay 

was measured using a resistivity and conductivity meter for each 10
o
C interval. Both 

devices were calibrated using a standard solution of sodium chloride (NaCl).  

3.4.4 Rheological Properties 

The rheological properties yield point (Yp), plastic viscosity (Pv), apparent 

viscosity (Av), gel strength 10 sec (Gel 10″), and gel strength 10 min (Gel 10′) of the 

drilling mud were measured. In this study, the bentonite content in drilling mud was 

varied up to 8% by the weight of water. The bentonite drilling mud modified with 

varying amounts of nanoclay up to 0.6% by total weight of drilling mud was tested in the 

temperature  range  of  25
o
C to 85

o
C using a viscometer with the speed range of 0.3 rpm 

to 600 rpm. In this study, 150 tests were conducted to evaluate the effect of nanoclay on 

sensing and rheological properties of drilling mud. 

3.4.5 Magnetic Field Strength Measurement  

In this study, the Gaussmeter (CYHT201) device was used to measure the 

external magnetic field strength, as shown in Fig. 3.3. Gaussmeter can be used to measure 
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the DC/AC magnetic field strength of permanent magnet materials in the range of 0-200 

mT and 0-2000mT.  

                                 

                                                 Figure 3-3: Gauss Meter Device 

 

3.4.6 Drilling Mud Resistance Measurement 

A high-pressure cylindrical steel mold with the dimension of 2.3″ Dia.* 7″ Height 

was used. The mold provided two probes to measure the resistivity of the drilling mud 

when the pressure is applied, as shown in Fig. 3.3. 

The drilling mud on the top of the cylindrical steel mold was subjected to various 

pressures up to 800 psi. Electrical resistance of the drilling mud was measured using an 

LCR meter. To minimize the contact resistances, the resistance was measured from 0 

KHz (DC measurement) up to 300 KHz (AC measurement) using the two-wire method. 
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                                    Figure 3-4: Impedance Spectroscopy Model  

 

 

3.4.7 Standard API Filter Press Test (API RP 13B-1) 

 

In this setup, the standard filter press cylindrical mold (3" dia.* 3.4" height) was 

used and the pressure cell with filter paper was placed in the bottom of the drilling mud. 

The filtration area was 7.54 in
2
 (48.65 cm

2
), as shown in Fig. 3.5. 

3.4.8 Porous Media 

For representing the field conditions in this study, fully-saturated compacted soil 

(4" dia.* 4.6" height) instead of API filter paper was used. The filtration area was 12.57 

in
2
 (81.1 cm

2
). A constant head permeability test was conducted on the compacted soil 

samples using a double-ring permeameter mold, as shown in Fig. 3.5 (b). The test 

protocol was conducted in three stages as follows. 
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Stage # 1: The drilling mud with a different percentage of bentonite ranging 

between 2% to 8% was placed in the standard API filter press mold, and the drilling mud 

was subjected to 100 psi pressure. The amount of fluid was collected from the mud up to 

30 min (API 13A). The filter cake thickness was characterized at the end of the test.  

Stage # 2: Same test procedure as Stage #1 was repeated, the only difference 

being that the fluid loss was continuously recorded up to 420 min (7 hours).  Also, the 

filter cake thickness was characterized at the end of the test. 

Stage # 3: Four samples of porous media (fully-saturated soil) with the dimension 

of 4" dia.* 4.6" height were used instead of API filter paper to represent the field 

situation. The drilling mud with a different percentage of bentonite up to 8% was placed 

on the pre- saturated soil. The mud was subjected to 100 psi pressure (hydraulic gradient 

i=241.3). The amount of fluid loss was collected from the center outlet of the mold 

continuously up to 400 hours, as shown in Fig. 3.5. 

 

           Figure 3-5: Schematic Diagram of (a) API Filter Press (b) Mold Using Porous Media 
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3.5 Hydraulic Fracturing Fluid 

3.5.1 Sand 

Uniformly-graded sand was used in this study. It had a coefficient of uniformity 

(Cu) of 2.53, a coefficient of gradation (Cc) of 0.90, and 50% of the particles passing a 

0.46 mm sieve (d50 = 0.46 mm). Hence, the average surface area was 0.05 m
2
/g. The 

specific gravity of sand was 2.65. 

3.5.2 Rock (Sandstone) 

Field rock samples were used for a hydraulic fracturing test. Permeability, water 

absorption, unconfined compressive strength, and spilt tension tests were performed 

according to ASTM standards. These results are summarized in Table 6.1. 

3.5.3 Nano Silica  

Nano silica with the grain size of about 20 nm and surface area of 600 m
2
/g was selected 

for this study.  

3.5.4 Guar Gum 

Guar gum (PHGG) with the surface area of 22 m
2
/g and the density of 0.55 gm/cm

3
 was 

used. 

3.5.5 HTHP Filtrate Measurement 

Measuring the HTHP fluid loss of a fracture fluid involves heating the fluid in a 

controlled environment to a temperature that is expected in the well. When a test 

temperature was reached, long-term filtrate volume and cake thickness were determined 

at a temperature differential to simulate downhole conditions. The equipment designed 
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for this purpose includes a heating jacket (with a bimetallic thermostat), a cell to contain 

the fluid, a means to pressurize the cell, and a means of collecting filtrate.  

Gauging the effect of temperature on the fracturing fluid filtrate volume is the 

main purpose of the HTHP test, and accurate temperature measurements are required. A 

thermocouple device was used to monitor the fluid temperature of the fluid in the cell. 

Test results indicated the fluid temperature met the targeted test temperature within the 

API recommended one hour heat-up period for the 500 mL HTHP cell, as shown in                                                         

Figure 3-6. The filtrate volume was measured according to API specification 13A. The 

average thickness of filter cake at the end of the test was measured using a Vernier 

caliper. 

 

 

 

 

 

 

 

 

 

                                                        Figure 3-6: HTHP Filtrate System 

 

 

Pressure Cylinder Heating Chamber 
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3.6 Principle of Nondestructive Testing Methods 

Ultrasonic Pulse Velocity Test 

The primary advantages of ultrasonic testing are that it produces compression and 

shear wave velocities, as well as ultrasonic values for the elastic constants of intact 

homogeneous isotropic rock specimens (Cannaday 1964). The propagation velocities of 

the compression and shear waves, Vp and Vs, respectively, were as follows: 

PP T/LV    and                                                                                                      (3.5) 

SS T/LV  ,                                                                                                                 (3.6) 

where 

V = pulse-propagation velocity, m/s, 

L = pulse-travel distance, m, 

T = effective pulse-travel time (measured time minus zero time correction), sec, and 

subscripts P and S denote the compression wave and shear wave, respectively. 

The equation for dynamic Young’s modulus of elasticity (Ep) relating 

compression and shear waves is calculated as  

)VV(

)VV(V
E

SP

sPS
p 22

222
43







,                                                                                       (3.7) 

where 

Ep= dynamic Young’s modulus of elasticity from pulse velocity method, MPa, and 

density of the material, kg/m
3
.  
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It is noted that the rock must be isotropic or possess only a slight degree of anisotropy (2 

% or less) to calculate ultrasonic elastic constants (ASTM D 2845). 

The equation for shear modulus (G) relating shear wave velocity (Vs) is as follows. 

The equation for Poisson’s ratio is as 

 
 22

22

2

2
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sp
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 ,                                                                                                    (3.8) 

where 

= Poisson’s ratio. 

Pulse velocities for the soft rocks were measured using a commercially-available 

portable V-meter. Lead zirconate titanate ceramic transducers with a natural frequency of 

150 kHz were used to pass compression or shear waves through the specimens. 

Commercially-available grease was used to provide good coupling between the 

specimens and transducers. The travel time of the ultrasonic pulse through the specimens 

under direct transmission (with the transducers on opposite faces along the length) was 

recorded up to an accuracy of 0.1 s.  
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CHAPTER FOUR      

SULFATE-CONTAMINATED SOIL 

4.1 Houston Clay Soil 

Data from over 1070 boring holes up to 80 ft (23 m) in depth from the CIGMAT 

database, with borehole information provided by the TxDOT and City of Houston, were 

used in this study. High plasticity clay soil is present in the Houston area, and the 

variation of liquid limit, plastic limit, plasticity index, natural moisture content, unit 

weight, and undrained shear strength was investigated. Statistical mean, standard 

deviation, variance, and coefficient of variation are determined for various geotechnical 

properties of the Houston clay soil. Houston clay soil was characterized and quantified 

based on the physical index and mechanical properties. Liquid limit (LL) of Houston clay 

soil varied between 51 and 91%, and the plasticity index varied between 29% and 71%. 

Over 90% of the unit weight data for Houston clay soil varied from 97 to 137 pcf (15.3 to 

21.5 kN/m
3
). Undrained shear strength of clay soil was quantified as a function of liquid 

limit, plasticity index, moisture content, and dry density using data from the CIGMAT 

database and experimental data. Over 90% of the undrained shear strength of the CH soil 

varied from 4 to 42 psi (27.6 to 290 kPa). The study also focused on the correlations 

analyses between normalized soil properties, and the data collected from literature have 

been quantified using a unique model that represented both linear and nonlinear 

responses.  

The Soil Data Base Management System (SDBM – CIGMAT) was developed by 

the Center for Innovative Grouting Materials and Testing at the University of Houston in 
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Houston, Texas. This system stored all the information of most of the boreholes of 

TxDOT projects (Ganji 2006; Kim 2007 and Sivaruban 2008). The system was updated 

by adding the City of Houston project borehole details. Data taken from a borehole log 

were entered manually into the SDBM-CIGMAT to reduce the errors. Soil types were 

classified based on the Unified Soil Classification System (USCS). 

According to USCS, the finely-grained soils (50% or more) passing a #200 sieve 

(0.075 mm) are classified into two groups: high plasticity and low plasticity of silts and 

clays based on the liquid limit percentage. 

This study focused on correlations between normalized soil properties and 

statistical analyses of geotechnical properties of clay soil in the Houston, Texas area, 

based on 100 Houston clay soil data tested in the laboratory and over 1000 clay soil data 

collected from the database. The soil data were used in the statistical analysis to compare 

the Houston clay soil properties variations, as summarized in Table 4.1. 

The undisturbed soil samples were collected using Shelby tubes and sealed using 

wax to minimize the water loss from the soil. All tests were performed according to 

ASTM standards. 

Hyperbolic Model 

A relationship between normalized soil properties and compacted properties of 

the Houston CH soil was investigated. Based on the inspection of the test data, the 

following relationship is proposed (Mohammed and Vipulanandan 2014): 

)*( XBA

X
oyY


 ,                                                                                                     (4.1)                  

where 
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Y: is the normalized soil property,  

yo, A and B: are model parameters (Table 4.2), and 

X: index properties or optimum moisture content. 

Model Prediction 

Based on experimental and collected data from literature, it was assumed that the 

undrained shear strength (Su) of Houston clay soil will be influenced by the liquid limit 

(LL), plasticity index (PI), dry density (γd), and moisture content (MC). The models were 

analyzed using multiple regressions because nonlinear predictions’ logarithmic values 

were taken in to account for this analysis. The logarithmic multiple regressions are                        

dMCcdk
bPIaLL

Su
**

*


                                                                                   (4.2) 

where 

k, a, b, c and d: model parameters. 

Statistical Analysis of Physical Properties of Houston Clay Soil 

Liquid Limit (LL) 

Based on a total of 1681 LL data for clay soil from the literature, the data varied 

from 50 to 110% with a mean of 65%, a standard deviation of 11.8%, and a coefficient of 

variation (COV) of 18.1%. Based on a total of 75 LL tested data for Houston clay soil, 

the data varied from 51 to 91% with a mean of 66%, a standard deviation of 11.38%, and 

a coefficient of variation of 17.24%, as summarized in Table 4-1.  

, 
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Plasticity Index (PI) 

Based on a total of 1580 PI data for clay soil from the literature, the data varied 

from 22 to 73% with a mean of 40%, a standard deviation of 9.49%, and a coefficient of 

variation (COV) of 23.74%. Based on a total of 75 PI tested data for Houston clay soil, 

the data varied from 29 to 71% with a mean of 46%, a standard deviation of 11.21%, and 

a coefficient of variation (COV) of 24.37%, as summarized in Table 4-1.  

Moisture Content (MC) 

Based on a total of 630 MC data for clay soils from the literature, the data varied 

from 14 to 85% with a mean of 26%, a standard deviation of 5.8%, and a coefficient of 

variation (COV) of 17.2% (Table 4.1). Based on a total of 44 MC tested data for Houston 

clay soil, the data varied from 10 to 36% with a mean of 26%, a standard deviation of 

4.83%, and a coefficient of variation (COV) of 20.69%, as summarized in Table 4-1. 

Wet Density (wet) 

Based on a total of 527 wet data for clay soil from the literature, the data varied 

from 116 to 137 pcf with a mean of 123 pcf, a standard deviation of 4.93%, and a 

coefficient of variation (COV) of 20.25% (Table 4-1). Based on a total of 41 wet tested 

data for Houston clay soil, the data varied from 98 to 137 pcf with a mean of 121.3 pcf, a 

standard deviation of 8.13%, and a coefficient of variation (COV) of 12.3 %, as 

summarized in Table 4-1. 

Undrained Shear Strength (Su) 

Based on a total of 200 undrained shear strength (Su) data for clay soil from the 

literature, the data varied from 2 to 19 psi with a mean of 11.5 psi, a standard deviation of 
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3.05%, and a coefficient of variation (COV) of 32.7%. Based on a total of 55 Su tested 

data for Houston clay soil, the data varied from 1.5 to 10 psi with a mean of 9.5 psi, a 

standard deviation of 4.22%, and a coefficient of variation (COV) of 23.7 %, as 

summarized in Table 4.1. 

Table 4.1: Statistical Parameters of Geotechnical Properties of Houston Clay Soil 

 

Statistical 

Parameters 

LL 

(%) 

PI 

(%) 

MC 

(%) 

Wet Density 

(wet ) (pcf) 

Su 

(psi) 

Mean (μ) 66 46 26 121.3 9.5 

Std. Deviation (σ) 11.38 11.21 4.83 8.13 4.22 

Variance (σ
2
) 129.5 125.6 23.34 66.1 17.85 

Range 51-91 29-71 10-36 98-137 1.5-10 

COV (%) 17.24 24.37 20.69 12.3 23.7 

No. of Data 75 75 44 41 55 

Deltaic Soil Geotechnical Property Correlations 

Relationship between Normalized Dry Unit Weight (γdry/LL) and Index Properties 

A total of 627 clay soil data were collected from the CIGMAT database and 

various research studies. In this study, 34 clay soil samples collected in the Houston area 

were tested, quantified, and compared with the data collected from the literature, as 

shown in Fig. 4.2. The change in the (γdry/LL) with the PI of clay soils was represented 

using an inverse hyperbolic relationship (Eqn. 4.1). The parameters A and B are 

summarized in Table 4.2, and the coefficient of determination (R
2
) for the relationship for 

clay soils data collected from the literature and Houston clay soil were 0.86 and 0.90, 

respectively.  
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Figure 4.1:   Relationship between Normalized (γdry/LL) and Plasticity Index (PI) for Clay Soils 

 

Relationship between Normalized Dry Unit Weight (γdry/MC) and Moisture 

Content (MC) 

A total of 833 CH soil data were collected from the CIGMAT database and 

various research studies. In this study, 69 clay soil samples collected in the Houston area 

were tested, quantified, and compared with the data collected from the literature, as 

shown in Fig. 4.2. The change in the (γdry/MC) with MC of clay soils was represented 

using an inverse hyperbolic relationship Eqn. (4.1). The parameters A and B are 

summarized in Table 4.2, and the coefficient of determination (R
2
) of the relationship for 

clay soils data collected from the literature and Houston clay soil was 0.98. It is indicated 

that the results from both experimental data and collected data match.  
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Figure 4-2: Relationship between Normalized (γdry/MC) and Moisture Content (MC) for Clay Soil 

 

                        Table 4.2: Model Parameters for Houston Clay Soil 

 

Normalized 

Axis 

Soil 

Property  
Figure Yo A B R

2
 

No. of 

Data 

γdry/LL PI 4.1 147 0.002 -0.001 0.9 57 

γdry/MC MC 4.2 175 0.005 0.005 0.98 69 

 

Relationship Su, Index properties, Moisture Content, and Dry Density 

A total of 200 clay soil data were collected from various research studies. Also, 

40 clay soil samples collected in the Houston area were tested using the unconfined 

compressive strength test. It was assumed that the shear strength (Su) would be 

influenced by the liquid limit (LL), plasticity index (PI), dry density (γd), and moisture 

content (MC). The models were analyzed using multiple regressions. The nonlinear 
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6.0*3.4*)1010*3(
3.1*8.1

MCd
PILL

Su



                                                                 (4.3) 

The predicted (Eqn. 4.3) is compared to measure Su in Fig. 4.3. The coefficient of 

determination (R
2
) for the relationship was 0.83.  

 

Figure 4-3: Comparing the Predicated and Experimental Undrained Shear Strength (Su) Data  

                     for Clay Soil 

 

4.2 Sulfate-Contaminated CL Soil 

In this study, the effects of calcium sulfate and contaminated soil treatment 

methods on index properties, compacted soil properties, free swelling, and compressive 

stress strain relationship of a CL soil obtained from the field were investigated. The 

calcium sulfate concentration in the soil was varied up to 4% (40,000 ppm), and the soil 

samples were cured for 7 days at 25°C and 100% humidity before testing.  
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Modeling 

A hyperbolic relationship has been used to present the behavior of cement and 

polymer modification soils (Ata et al., 1998; Mohammed and Vipulanandan 2014). 

A relationship between index properties, compacted soil properties, free swell strain, and 

compressive strength of the sulfate-contaminated soil with and without treatments was 

investigated. Based on the inspection of the test data, the following relationship is 

proposed: 

XBA

X
oYY

*
 ,                                                                                                    (4.4) 

where 

Y: soil property with varying sulfate contamination,  

Yo: soil property without contamination with calcium sulfate (natural CL soil), 

A and B: model parameters (Table 4.4), and  

X: calcium sulfate concentration. 

Based on the experimental results, the trends were either linear or nonlinear with 

the calcium sulfate content. As shown in Fig. 4.4, the relationship proposed in Eqn. (4.4) 

can be used to represent various linear and nonlinear trends based on the values of 

parameters A and B. When parameters A and B are positive, the relationship is 

hyperbolic. A linear relationship is represented by Fig.4.4 when B=0 and A takes any 

value. When parameters A and B are negative, the inverse hyperbolic relationship is 

obtained. 

http://link.springer.com/search?facet-author=%22Cumaraswamy+Vipulanandan%22
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Figure 4-4: Modeling the Linear and Non Linear Responses of Treated Sulfate Soils 

 

XRD Analyses 

The soil had calcium silicate (CaSiO3) (2θ peaks at 26.33°, 35.12°, 36.20°, and 

73.53°), aluminum silicate (Al2SiO5) (2θ peaks at 39.55°, 57.19° and 60.09°), magnesium 

silicate (MgSiO3) (2θ peak at 43.17°), and quartz (SiO2) (2θ peaks at 14.02°, 20.92°, 

27.98°, 45.87°, 64.21°, 68.36°, and 75.68°). An addition of 4% calcium sulfate modified 

the clay composition with the formation of ternesite (Ca5(SiO4)2SO4) (2θ peaks at 20.85°, 

28.43°, and 29.88°), aluminum silicate sulfate (Al5(SiO4)2SO4) (2θ peaks at 40.03° and 

60.09°), and merwinite (Ca3Mg(SiO4)2) (2θ peak at 46.0°). XRD analyses also showed 

that the fly ash class C used in this study was made of quartz (SiO2), mullite (Al2O3SiO2), 

aluminum oxide (Al2O3), iron oxide (Fe2O3), calcium silicate (Ca2SiO4), and magnesium 

silicate (Mg2SiO4). The major quartz peaks were found at 2θ of 19.75
o
, 20.92

o
, 23.23

o
, 

27.59
o,
 and 50.21

o
. The main mullite peaks were at 2θ of 12.77

 o
, 31.21

 o
, 35.16

 o
, 55.12

 o
, 

60.09
o,
 and 63.83

o
.  

A=0 
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Figure 4-5: XRD Pattern of: (a) Natural CL Soil (b) Soil Contaminated with 4% Calcium Sulfate 

                    (c) Soil Contaminated with 4% Calcium Sulfate Treated with 6% Lime  

                    (d) Soil Contaminated with 4% Calcium Sulfate Treated with 10% Fly 

TGA Analysis 

Using the thermogravimetric analysis (TGA), the weight loss at rate of weight 

change with temperature was obtained for field soil and treated sulfate-contaminated soil 

 

 

 

c) Soil Contaminated with 

4% Calcium Sulfate 

treated with 6% Lime 

 

d- Soil Contaminated with 

4% Calcium Sulfate 

treated with 10% Fly Ash   
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with 6% lime and 10% polymer solution (1.5% polymer content) separately after 7 days 

of curing. Weight loss in uncontaminated and contaminated CL soil with 4% calcium 

sulfate was analyzed in three temperature ranges, as summarized in Table 4.3. The weight 

loss below 120°C is mainly due to free water (water not linked to the exchangeable cation 

and water between clay particles), and between 120°C and 430°C it is linked to the 

exchangeable cation (Grim 1968). The weight loss between 430°C and 600°C is due to 

the dehydration of the clay minerals such as aluminum silicate, and between 600°C and 

800°C the dehydration of calcium silicate, as shown in Fig. 4-6 (Grim 1968). The heating 

rate used in these tests was 10°C/min. The weight loss at 105°C is considered to represent 

the free water as shown on the rate of weight change with temperature curve. Total 

weight loss for the field CL soil between 25°C to 120°C was 2.5%, and it was 1.66% 

when the temperature changed from 120°C to 430°C. The weight loss for CL soil 

increased by 3% when the temperature changed from 430°C to 600°C. The total weight 

loss for the field soil at 800°C was 6.39%, as summarized in Table 4.3. The weight loss 

for calcium sulfate used in this study was 5.7% in the temperature between 25°C to 

120°C, and the total weight loss at 800
o
C was 7.54%. An addition of 4% calcium sulfate 

to the CL soil increased the weight loss at 120°C from 2.5% to 2.9%, and it also 

increased the weight loss from 0.52% to 3.5% between 600°C and 800°C, as summarized 

in Table 4.3. This difference in weight loss could be due to new minerals formed in the 

soil with the addition of calcium sulfate. 

For lime-treated, contaminated CL soil, two weight loss peaks were observed 

between 25°C to 120°C and between 500°C to 700°C. An addition of 6% lime to 4% 

sulfate-contaminated soil decreased the weight loss from 2.9% to 2.8%, a 3.5% reduction 
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for the temperature range of 25°C to 120°C, and the total weight loss of 4% sulfate-

contaminated soil treated with 6% lime also decreased by 1.4% at 800°C, as summarized 

in Table 4.8 and shown in Fig. 4.7 (a). Treated, sulfate-contaminated CL soil using 10% 

of a polymer solution (1.5% polymer content) reduced the weight loss from 2.9% to 

0.7%, a 76% reduction in the temperature range of 25°C to 120°C, where polymer 

treatment substantially reduced the dehydration of the free water. Also, the polymer 

treatment reduced the total weight loss in the contaminated soil by 40% at 800°C, and the 

total weight loss was similar to the uncontaminated soil (Table 4.3). This also indicates 

that the polymer solution coated the soil particles and prevented the weight loss in the 4% 

calcium sulfate-contaminated soil.  
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Figure 4-6: Weight Loss Obtained Using the TGA for Field Soil, Calcium Sulfate, and Sulfate- 

                     Contaminated CL Soil (a) TGA and (b) DTG 
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Figure 4-7: Weight Loss Obtained Using the TGA for Polymer and Lime-Treated  

                     Sulfate-Contaminated CL Soil (a) TGA (b) DTG 

 

 Table 4.3: TGA Analysis on CL Soil: Weight Loss (%)  During Heating 

 

  Temperature Range and Weight Loss (%) 

Sample 
(25-120) 

o
C 

(120-430) 
o
C 

(430-600) 
o
C 

(600-800) 
o
C 

Total 

(%) 

Field CL Soil 2.5 1.66 1.71 0.52 6.39 

Calcium Sulfate (CaSO4) 5.7 0.8 0.34 0.7 7.54 

CL Soil  with 4% Calcium 

Sulfate 
2.9 3.1 0.9 3.5 10.4 

CL Soil with 4% calcium 

sulfate treated with 6% lime 
2.8 1.2 2.8 3.46 10.26 

CL Soil with 4% calcium 

sulfate treated with 10% 

polymer solution (1.5% 

polymer content) 

0.7 1.3 1.2 3.2 6.4 
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Liquid Limit (LL) 

An addition of calcium sulfate to the natural CL soil increased the liquid limit and 

the change was nonlinear, as shown in Fig. 4.8 (a). When the calcium sulfate content in 

the soil was 4%, the liquid limit increased from 40% to 57% and can be attributed to 

changes in the clay mineralogy. The change in the LL with calcium sulfate concentration 

was represented using a hyperbolic relationship (Eqn. (4-4)), and parameters A and B 

summarized in Table 4.4, and the coefficient of determination (R
2
) for the relationship 

was 0.94. A total of 19 data were collected from various research studies and the liquid 

limit varied from 31% to 73% with a mean and standard deviation of 52.3% and 13.2, 

respectively. The collected data from the literature are compared to the model prediction 

and 47% of these data located above the model prediction, as shown in Fig. 4.8 (a). An 

addition of 6% lime and 10% fly ash to the sulfate soil with 4% calcium sulfate decreased 

the liquid limit by 12% and 22%, respectively. Linear trends were observed between the 

LL and calcium sulfate concentration of sulfate soils modified using 6% lime and 10% 

fly ash (by dry weight), as shown in Fig. 4.9 (a). Fly ash treatment showed greater 

reduction in LL than lime treatment. The model parameters are summarized in Table 4.4 

with B being zero and the coefficient of determination (R
2
) 0.97and 0.92, respectively. A 

total of 21 soil samples were tested in this study.  

Plasticity Index (PI) 

The plasticity index of natural CL soil increased from 19% to 34% by increasing 

calcium sulfate content to 4% because of the formation of calcium silicate sulfate and 

aluminum silicate sulfate in the soil. A total of 17 data were collected from various 

research studies, and the plasticity index varied from 14% to 48% with a mean and 
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standard deviation of 22.2 and 11.3, respectively. About 65% of the research data were 

located below the model prediction, as shown in Fig. 4.8 (b). The plasticity index of the 

natural soil contaminated with 4% calcium sulfate decreased by 25% and 16% when the 

sulfate soil was modified using 6% lime and 10% fly ash (by dry weight), respectively, as 

shown in Fig. 4.9 (b). In this study, a total of 21 soil samples were tested. A hyperbolic 

relationship was used to relate the plasticity index to a calcium sulfate concentration for 

treated and untreated sulfate soil, as shown in Fig. 4.9 (b). Parameters A and B for 

untreated sulfate soil treated using 6% lime and 10% fly ash are summarized in Table 4.4.  

 

 

 

 

 

 

 

 

 

 

Figure 4-8: Variations of Index Properties with Calcium Sulfate Content (a) Liquid Limit  

                     (LL) (b) Plasticity Index (PI) 
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Figure 4-9: Variations of Index Properties of Untreated and Treated Calcium Sulfate 

                    Soil with 6% Lime and 10% Fly Ash (a) Liquid Limit (LL) (b) Plasticity Index (PI) 
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deviation of 20% and 4.5, respectively, located below the model prediction, as shown in 

Fig. 4.10 (a). An addition of 6% lime and 10% fly ash (by dry weight) to the sulfate soil 

with 4% calcium sulfate increased the OMC% by 6% and 12%, respectively, as shown in 

Fig. 4.11 (a). Linear trends were observed between the OMC% versus the calcium sulfate 

concentration for untreated and modified soils using 6% lime and 10% fly ash (by dry 

weight), as shown in Fig. 4.11 (a). The model parameters A and B for untreated sulfate 

soil treated with 6% lime and 10% fly ash and coefficient of determination (R
2
  0.9) are 

summarized in Table 4-4. Dry density of natural CL soil decreased by 7% when the 

calcium sulfate concentration changed from 0% to 4%, as shown in Fig. 4.10 (b). All of 

the total 16 data of maximum dry density versus calcium sulfate concentration from 

various research studies with a mean and standard deviation of 1.66 gm/cm
3
 and 0.11, 

respectively, located above current results, as shown in Fig. 4.10 (b). Maximum dry 

density of sulfate soil with 4% calcium sulfate concentration increased 7% and 6% by 

using 6% lime and 10% of fly ash, respectively, as shown in Fig. 4.11 (b). Inverse 

hyperbolic relationships (parameters A and B in Table 4-4 are negative) were obtained 

between maximum dry density and a calcium sulfate concentration for untreated sulfate 

soil treated using 6% lime and 10% fly ash (by dry weight), as shown in Fig. 4.11 (b).  
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Figure 4-10: Variations of Compacted Soil Properties with Calcium Sulfate Content 

                       (a) Optimum Moisture Content (OMC) (b) Maximum Dry Density 
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Figure 4-11: Variations of Compaction Characteristics of Treated Soils with Different  

                      Calcium Sulfate Content (a) Optimum Moisture Content (OMC)  

                      (b) Maximum Dry Density 
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Free Swelling Test (FS) 

Percent of vertical free swelling with time for natural CL soil with different 

percentages of calcium sulfate were recorded. The free swelling percent of natural CL 

soil increased by 160% when the calcium sulfate changed from 0% to 4%, as shown in 

Fig. 4.12 because of changes in the clay mineralogy. Also, vertical free swelling readings 

for sulfate soil modified by 6% lime and 10% fly ash were measured. The vertical free 

swellings versus time were recorded until 7 days had passed for treated and untreated 

sulfate soils. An addition of 6% lime and 10% fly ash decreased the free swelling at 4% 

calcium sulfate concentration by 53% and 46%, respectively, as shown in.  Hyperbolic 

model relationships between the percentage of free swelling and calcium sulfate 

concentration for untreated and treated sulfate soils after 7 days recording were observed. 

Free swelling versus calcium sulfate concentrations were compared with several data 

from the literature, as shown in Fig. 4.13. The model parameters A and B are summarized 

in Table 4-4, and the coefficient of determination (R
2
) varied from 0.89 to 0.95. A total of 

15 soil samples were tested in this study. 

The soil samples were prepared at optimum water contents ASTM D 698-12 for 

the field clay soil contaminated with different percent of calcium sulfate and  the sulfate 

soil treated  with  6% lime and varying amount of polymer solutions up to 15% (2.25% 

polymer content). The swelling tests were carried out in the conventional oedometer 

apparatus for natural soils and treated sulfate contaminated soil using lime and polymer 

solution. 
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Figure 4-12: Free Swell-Time Relationships (a) Untreated Calcium Sulfate Soil (b) 

                      Modified Soil Using 6% Lime (c) Modified Soil Using 10% Fly Ash 
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          Figure 4-13: Variation of Free Swell with Calcium Sulfate Content 

 

 

 

 

 

 

 

 

Figure 4-14: Variation of Free Swell of Sulfate Soil after 7 days of Curing with Lime  

                      and Fly Ash Stabilizer (a) Untreated Soil and (b) Treated Soil 
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Stress-Strain Relationship 

Stress-strain relationships for untreated and treated sulfate soils are shown in Fig. 

4.15. With the increase in sulfate content, the unconfined compressive strength and initial 

modules of treated and untreated compacted soils decreased.  

Compressive strength of natural CL soil decreased by 65% when the calcium 

sulfate content was increased from 0% to 4%, as shown in Fig. 4.16. The variation of 

strength with calcium sulfate content was represented using the proposed model, and the 

parameters are summarized in Table 4.4. An addition of 6% lime and 10% fly ash (by dry 

weight) to the sulfate soil with 4% calcium sulfate increased the UCS by 130% and 

120%, respectively, as shown in Fig. 4.16. Inverse hyperbolic relationships (parameters A 

and B are negative),  as shown in Table 4-4, were used to represent change in 

compressive strength and calcium sulfate concentration for untreated sulfate soil, and 

treated using 6% lime and 10% fly ash, as shown in Fig. 4.16. A total of 15 unconfined 

compression tests were performed in this study. 

p-q Model 

Based on experimental results, a model proposed by Mebarkia and Vipulanandan 

(1992) was used to predict the stress-strain behavior of treated sulfate-contaminated CL 

soil with different percentages of a polymer solution. The model is defined as 

c

p

qp

cc

c

pqpq















 *)

)(*))(1(

(






                                                         (4.5) 

where 

, 
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 = compressive strength, 

cc  , =compressive strength and corresponding strain, and 

p,q= material parameters. 

Parameter q was defined as the ratio of secant modulus at peak stress to initial 

tangent modulus. Parameter p was obtained by minimizing the error in the predicated 

stress-strain relationship.  Hence, parameters p and q in Eqn. (4.5) were determined based 

on the stress-strain behavior of sulfate soil treated with 6% lime and 10% fly ash. The 

values and coefficients of determination (R
2
) are summarized in Table 4.5. As 

summarized in Table 4.5, the parameters p and q influence the sulfate content and method 

of treatment. The compressive strain at peak stress was affected by the level of sulfate 

contamination and the type of treatment. Compared to the 10% fly ash treatment, where 

failure strain was over 2.5%, a 6% lime treatment reduced the strain at failure stress to 

about 1.5%. 

Parameter q: Parameter q represents the nonlinear behavior of the material up to peak 

stress. For calcium sulfate-contaminated CL soil, the parameter q was in the range of 0.56 

to 1.0 (Table 4.5). Treating the CL soil with 6% lime and 10% fly ash decreased the q 

parameter to the range of 0.53 to 0.6, and 0.53 to 0.71, respectively (Table 4.5).  

Parameter p: For untreated soils, the parameter p varied from 0.02 to 0.51. Soil treated 

with 6% lime and 10% fly ash varied the parameter p from 0.2 to 0.65, and 0.07 to 0.22, 

respectively (Table 4.5). 
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Figure 4-15:  Compressive Stress-Strain Relationships for (a) Untreated Sulfate Soil  

                        (b) Treated Sulfate Soil with 6% Lime (c) Treated Sulfate Soil with  

                        10% Fly Ash 
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Figure 4-16: Variation of Compressive Strength of Treated Sulfate-Contaminated CL Soil 

 

Table 4.4: Model Parameters for Treated and Untreated Soils Contaminated  

                  with Calcium Sulfate  
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a)

Calcium Sulfate Concentration  %

Untreated Soil

6% Lime

10% fly ash 

Model

Treatment Soil Property (Y) Figure Yo A B R
2
 

Untreated 

LL Fig. 4.9 (a) 40 0.04 0.05 0.94 

PI Fig. 4.9 (b) 19 0.04 0.06 0.92 

OMC (%) Fig. 4.11 (a) 17 0.2 0.2 0.95 

γdmax.(gm/cm
3
) Fig. 4.11 (b) 1.52 -6.5 -9.2 0.92 

Free Swell (%) Fig. 4.14 7 0.09 0.07 0.95 

Compressive Strength (kPa) Fig. 4.16 553.6 -0.002 -0.002 0.88 

6% Lime 

LL Fig. 4.9 (a) 37 0.29 0 0.97 

PI Fig. 4.9 (b) 15.7 0.09 0.07 0.95 

OMC (%) Fig. 4.11 (a) 18.4 0.8 0 0.98 

γdmax.(gm/cm
3
) Fig. 4.11 (b) 1.64 -14.5 -7.3 0.82 

Free Swell (%) Fig. 4.14 5.54 0.22 0.24 0.89 

Compressive Strength (kPa) Fig. 4.16 716 -0.003 -0.002 0.91 

10% Fly 

Ash (C) 

LL Fig. 4.9 (a) 31.5 0.28 0 0.92 

PI Fig. 4.9 (b) 12 0.08 0.04 0.94 

OMC (%) Fig. 4.11 (a) 20 0.8 0 0.95 

dmax.(gm/cm
3
) Fig. 4.11 (b) 1.59 -10.6 -9.28 0.94 

Free Swell (%) Fig. 4.14 5.85 0.18 0.17 0.91 

Compressive Strength (kPa) Fig. 4.16 807.4 -0.002 -0.002 0.96 
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Table 4.5: Stress-Strain Model Parameters for Sulfate Soil Treated Using  

                   Lime and Fly Ash 

 

 

 

 

 

 

 

Polymer Treatment 

In this study, the compressive and tensile behavior of polymer-treated, sulfate-

contaminated CL soil was investigated. Based on the information in the literature, the soil 

was contaminated with up to 4% (40,000 ppm) calcium sulfate in this study. In addition 

to characterizing the behavior of sulfate-contaminated CL soil, the effect of treating soil 

with a polymer solution was investigated and the performance was compared to 6% lime-

treated soil. In treating the soil, acrylamide polymer solution (15 grams of polymer 

dissolved in 85 grams of water) content was varied up to 15% (by dry soil weight). With 

4% calcium sulfate contamination, the compressive and tensile strengths of the 

compacted soils decreased by 25% and 34%, respectively. With the polymer treatment, 

the strength properties of sulfate-contaminated CL soil were substantially improved. 

Polymer-treated sulfate soils had higher compressive and tensile strengths and enhanced 

compressive stress-strain relationships as compared to the lime-treated soils. Also, 

Calcium 

Sulfate, S 

(%) 

Lime, 

L (%) 

Fly Ash, 

FA (%) 

p-q Model Parameter 

c 

(kPa)
c (%) p q R

2
 

0 - - 573 2.77 0.22 0.69 0.99 

1 - - 285 1.88 0.51 0.56 0.99 

4 - - 196 3.72 0.02 1.0 0.99 

0 6 - 810 1.33 0.22 0.53 0.97 

1 6 - 533 1.49 0.47 0.60 0.98 

4 6 - 450 1.94 0.65 0.58 0.98 

0 - 10 715 2.69 0.22 0.53 0.99 

1 - 10 494 3.1 0.41 0.64 0.99 

4 - 10 433 3.81 0.07 0.71 0.97 
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polymer-treated soils gained strength more rapidly than lime-treated soil. With 10% of a 

polymer solution treatment, the maximum, unconfined, compressive and splitting tensile 

strengths for 4% calcium sulfate soil were 625 kPa (91 psi) and 131 kPa (19 psi), 

respectively, in one day of curing. Similar improvement in the compressive modulus was 

observed with polymer-treated, sulfate-contaminated CL soil. The variation of the 

compacted compressive and tensile strength with calcium sulfate concentrations for the 

treated soils were quantified, and the parameters were related to calcium sulfate content 

in the soil and polymer content. Compressive stress-strain relationships of the sulfate soil, 

with and without lime and polymer treatment, have been quantified using two nonlinear 

constitutive models. The constitutive model parameters were sensitive to the calcium 

sulfate content and type of treatment. 

Compressive Strength 

An increase in calcium sulfate content reduced the compressive strength of 

compacted soil. The compressive strength decreased from 22 psi (152 kPa), with no 

calcium sulfate, to 17 psi (117 kPa), with 4% calcium sulfate. Compacted compressive 

strength of a field CL soil (calcium sulfate concentration=0%) improved from 22 psi (152 

kPa) to 152 psi (1048 kPa) using 10% of polymer solution after one day of curing. With 

4% sulfate-contaminated CL soil treated with 10% polymer solution, the compressive 

strength increased by 433%, as shown in Fig. 4.17.  
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Figure 4-17: Relationship between Compressive Strength with Calcium Sulfate Concentration 

Compressive Modulus 

The compressive modulus decreased by 13% when the calcium sulfate 

concentration increased from 0% to 4%. Compacted compressive modulus of a field CL 

soil with 0% of calcium sulfate increased from 357 psi to 5577 psi using 10% polymer 

solution after one day of curing. With 4% sulfate-contaminated CL soil treated with 10% 

polymer solution, the compressive modulus increased by 422%, as shown in Fig. 4.18.  

 

 

 

 

 

        Figure 4-18: Relationship between Initial Modulus with Calcium Sulfate Concentration 
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Tensile Strength 

The tensile strength of the soil samples decreased by 33% when the calcium 

sulfate concentration was increased from 0% to 4%. Also, the tensile strength of the CL 

soil contaminated with 4% calcium sulfate increased by 260% when the soil was 

modified using 10% polymer solution, as shown in Fig. 4.19.  The ratio of tensile 

strength to compressive strength for uncontaminated and contaminated soil with 4% 

calcium sulfate was 0.35 and 0.3, respectively, while these ratios decreased to 0.15 and 

0.21, respectively, when the soils were treated with 10% polymer solution.  

 

     Figure 4-19: Relationship between Tensile Strength with Calcium Sulfate  

                           Concentration 

Lime Treatment 

Compressive Strength 

The unconfined compressive strength of sulfate-contaminated CL soil with a 

different concentration of calcium sulfate up to 4% varied from 22 to 17 psi (152kPa to 

117kPa), as shown in Fig. 4.17. The compressive strength of field CL soil (calcium 
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sulfate concentration=0%) improved from 22 psi to 42 psi (1psi=7kPa) using 6% lime 

after 7 days of curing. Also, the compressive strength of 4% calcium sulfate-

contaminated CL soil treated with 6% lime was improved by 29% after 7 days of curing, 

as shown in Fig. 4.17. The effects of polymer solution content and lime on the stress-

strain behavior of calcium sulfate-contaminated CL soils are shown in Fig. 4. 21. 

Compressive Modulus 

The compressive modulus decreased from 357 psi (1psi=7kPa) to 312 psi when 

the calcium sulfate concentration increased from 0% to 4%. The compacted compressive 

modulus of a field CL soil with 0% of calcium sulfate increased by 88% using 6% lime 

after 7 days of curing. With 4% sulfate-contaminated CL soil treated with 6% lime, the 

compressive modulus decreased by 47% as compared to treated uncontaminated soil, as 

shown in Fig. 4.18. 

Expansive Soil (CH Soil) 

A water-soluble polymer reduced the LL and PL for the expansive soil from 80% 

to 48%, and from 45% to 10%, using 1.8% of the polymer, as shown in Fig. 4.20.  

The LL of the expansive soil increased from 80% to 85% when the CH soil was 

modified with 6% lime, as shown in Fig. 4.20 (a). The PI of the CH soil increased from 

45% to 49% when the soil was treated with 6% lime, as shown in Fig. 4.20 (b). 
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Figure 4-20: Variations of Index Properties with CH Soil Treated with Polymer  

                       (a) Liquid Limit (LL) (b) Plasticity Index (PI) 
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Figure 4-21: Comparison of Model’s Prediction and Experimental  Stress-Strain  

                       Relationship for Sulfate-Contaminated CL  Soil Treated with 6% Lime 

                       and 10% Polymer Solution: (a) S=0% (b) S=2% (c) S =3% (d) S =4% 
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Tensile Strength 

Based on test results, it appears that the tensile strength for samples decreased by 

33% when the calcium sulfate content changed from 0% to 4%. Tensile strength 

increased by 25% when the soil was treated using 6% lime. The ratio of tensile strength 

to compressive strength for uncontaminated and contaminated soil with 4% calcium 

sulfate  increased by 6% and 77%  when the soils were treated with 6% lime, as shown in 

Fig. 4.19. 

Property Correlations 

In order to better understand the effects of calcium sulfate content and polymer or 

lime content on the CL soil, it was important to quantify the property with the 

composition of the soil and type of treatment.  

Tensile Strength   

The variation of tensile strength with calcium sulfate content was represented 

using the proposed model (Eqn. (4.6)), and the parameters and coefficient of 

determination (R
2
) are summarized in Table 4.6 as follows:  

(%)*

(%)

SBA

S
tot


  ,                                                                                           (4.6) 

𝐴 = −0.015 ∗ (𝑃%)2 + 0.23 ∗ (𝑃%) + 0.01     88.02 R , and                                  (4.7) 

𝐵 = −0.004 ∗ (𝑃%)2 − 0.075 ∗ (𝑃%) + 0.41         87.02 R ,                                 (4.8) 

where 

t = Tensile strength, 
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to = Initial tensile strength (calcium sulfate concentration, S=0%), and 

A, B = Tensile strength hyperbolic constants. 

The highest value of tensile strength was with 10% of the polymer solution 

content for all levels of sulfate content, as shown in Fig. 4.22 (a). 

                 Table 4.6: Compressive and Tensile Strength Model Parameters for Sulfate  

                                    Soil Treated Using Polymer Solution (P %) 

 

Soil 

Type 

Tensile Strength,t Compressive Strength, c  

to A B R
2
 co D E R

2
 

Untreated 7.6 -0.07 0.4 0.98 22 -0.03 0.18 0.95 

6% Lime 15 0.06 0.3 0.94 42 0.24 0 0.96 

5% P 16 0.35 0.3 0.85 89 0.08 0 0.94 

10% P 23 1.3 0 0.96 152 0.1 0 0.95 

15% P 20 0.06 0.2 0.95 87 0.07 0 0.98 

 

Compressive Modulus 

The initial modulus was almost constant when the sulfate content for the field soil 

increased from 0% to 4%. The highest initial modulus was obtained when the sulfate soil 

with 4% calcium sulfate was treated using 10% polymer solution content, as shown in 

Fig. 4.18. The highest compressive strength was obtained with soils treated with 10% of 

the polymer solution content at all levels of sulfate content, as shown in Fig. 4.22 (b). 



90 
 

 

 

 

 

 

 

Figure 4-22: Relationship between Polymer Solution Content and (a) Compressive Strength   

                     (b) Tensile Strength 

Stress-Strain Behavior Modeling 

Soils are generally modeled as linear elastic, perfectly plastic, or strain-hardening 

materials. In this study, the soil, with and without treatment, exhibited strain softening 

behavior, as shown in Fig. 4.21. 
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contaminated CL soil with different percentages of polymer solution (Eqn. (4.9)). The 

model is defined as 

c

p

qp

cc

c

pqpq















 *)

)(*))(1(

(




 ,                                                                (4.9) 

where 

 = compressive strength, 

cc  , =compressive strength and corresponding strain, and 

p,q= material parameters. 

Parameter q was defined as the ratio of secant modulus at peak stress to initial 

tangent modulus. Parameter p was obtained by minimizing the error in the predicated 

stress-strain relationship.  Hence, parameters p and q (Eqn. (4.9)) were determined based 

on the stress-strain behavior of sulfate soil treated with 10% polymer solution (by dry 

weight), and the values and coefficient of determination (R
2
) are summarized in Table 

4.8. In Table 4.8, the predicted values of compressive strength for sulfate-contaminated 

CL soil treated with different percentages of polymer solution are compared to 6% lime-

treated soil. The polymer-treated soils were much stronger and stiffer than lime-treated 

soils. As summarized in Table 4.8, the parameters p and q were influenced by sulfate 

content and the method of treatment. Hence, the following relationships are proposed to 

relate the sulfate content and polymer content to the parameters p and q as follows:  

𝑝 = 𝑀𝑝 ∗ (𝑆%)2 + 𝑁𝑝 ∗ (𝑆%) + 𝐿𝑝         and                                                             (4.10) 

𝑞 = 𝑀𝑞 ∗ (𝑆%)2 + 𝑁𝑞 ∗ (𝑆%) + 𝐿𝑞  ,                                                                   (4.11) 
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where 

Mp, Np, Lp, Mq, Nq, and Lq = p-q model parameters. 

Variation of Mp, Np, Lp, Mq, Nq and Lq values with polymer solution content (P %) are 

represented as:  

𝑀𝑝, 𝑁𝑝, 𝐿𝑝 = 𝐾 ∗ (𝑃%)2 + 𝑇 ∗ (𝑃%) + 𝐹       and                                                     (4.12) 

𝑀𝑞 , 𝑁𝑞 , 𝐿𝑞 = 𝐾 ∗ (𝑃%)2 + 𝑇 ∗ (𝑃%) + 𝐹 ,                                                                (4.13) 

where parameters K, T, F, and coefficients of determination (R
2
) are summarized in 

Table 4.7. 

                             Table 4.7: Coefficients of Variation 

 

 
M N L 

Parameter K T F R
2
 K T F R

2
 K T F R

2
 

p -0.002 0.035 -0.12 0.99 0.004 -0.107 0.44 0.95 0.003 -0.062 0.57 0.9 

q 0.001 -0.023 0.06 0.96 -0.004 0.08 -0.2 0.92 0.003 -0.062 0.57 0.88 

 0.02 -0.23 0.15 0.94 -0.6 0.87 1.66 0.91 0.02 -0.13 2.62 0.99 

 

 

Parameter q: Parameter q represents the nonlinear behavior of the material up to peak 

stress. For calcium sulfate-contaminated CL soil, the parameter q was in the range of 0.43 

to 0.67 (Table 4.8). Treating the CL soil with 10% polymer solution increased the q 

parameter to the range of 0.59 to 0.76 (Table 4.8), indicating the material behavior is 

more linear with polymer treatment. For lime-treated soils, parameter q varied from 0.43 

to 0.75, covering a larger range than 10% polymer-treated soil. 
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Table 4.8: Stress-Strain Model Parameters for Sulfate Soil Treated  

                  Using Polymer Solution (P %) 

 

S% P % 
Lime 

(%) 

p-q Model  Model

p q R
2
  R

2
 

0 - - 0.35 0.56 0.97 2.5 0.96 

2 - - 0.5 0.43 0.96 1.75 0.97 

3 - - 0.5 0.44 0.95 1.75 0.98 

4 - - 0.25 0.67 0.95 4.0 0.96 

0 - 6 0.52 0.43 0.93 1.75 0.9 

2 - 6 0.24 0.75 0.97 3.25 0.94 

3 - 6 0.35 0.5 0.9 3.0 0.94 

4 - 6 0.24 0.75 0.99 3.5 0.96 

0 5 - 0.28 0.52 0.95 2.7 0.98 

2 5 - 0.35 0.64 0.98 3.25 0.97 

3 5 - 0.5 0.44 0.96 2.7 0.98 

4 5 - 0.4 0.54 0.97 2.25 0.96 

0 10 - 0.2 0.76 0.95 3.5 0.98 

2 10 - 0.23 0.75 0.95 4.5 0.96 

3 10 - 0.13 0.85 0.93 5.0 0.96 

4 10 - 0.2 0.59 0.96 2.75 0.96 

0 15 - 0.28 0.52 0.97 6.0 0.96 

2 15 - 0.35 0.6 0.98 2.25 0.96 

3 15 - 0.2 0.77 0.95 3.0 0.97 

4 15 - 0.5 0.42 0.96 2.5 0.96 

 

 

Parameter p: For untreated soils, the parameter p varied from 0.25 to 0.5. Soil treated 

with 10% polymer solution content varied the parameter p from 0.13 to 0.23 (Table 4.8). 

Hence, the descending part of the strain-softening, stress-strain relationship for the 

polymer-treated soils were steeper as compared to the untreated soils. For lime-treated 

soils, the parameter p range was 0.24 to 0.52, similar to the untreated soils. 
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 Method 

Ezeldin and Balaguru (1992) proposed an analytical equation (Eqn 4.14) to 

generate the stress-strain curve for normal strength of steel fiber reinforced concrete 

based on the equation proposed by Carreira and Chu (1985) for uniaxial compression of 

plain concrete. This equation involves a material parameter , which is the slope of the 

inflection point at the descending branch of the shear stress relationship as 

c

c

c 














*)

)(1

)(*

(



 ,                                                                                          (4.14) 

where 

 = compressive strength, 

cc  ,  =compressive strength and corresponding strain, and  

 = material parameter. 

Stress-strain relationships for sulfate soil modified using polymer solution and 

lime and the model prediction are shown in Fig. 4.21.  

From Eqn (4.9), if (p+q=1) then the relationship is as 

c

p

c

c

pq











 *)

)(*

(
1



 .                                                                                      (4.15) 

If )
1

(


p  then Eqn. (4.15) is represented as  
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 .                                                     (4.16) 

Hence,   - method (Eqn. (4.15)) is a special case of the p-q model (Eqn. (4.9)). 

The relation between parameter  and the calcium sulfate concentration is as follows: 

 LSNSM  %)(*%)(* 2

 ,                                                                         (4.17) 

where 

 LNM ,,  - Model parameters that depend on the polymer content. 

Based on the test results, the relations of parameter with a percentage of 

polymer solution are as  

FPTPKLNM  %)(%)(,, 2

 .                                                                         (4.18) 

The parameters K, T, F, and coefficients of determination (R
2
) are summarized in Table 

4.7. 

Parameter : For untreated, contaminated soil, parameter varied from 1.75 to 4. With 

10% polymer solution treatment, the parameter varied from 2.75 to 5, indicating faster 

descending after the peak stress. For the lime-treated soil, the parameter b range was 1.75 

to 3.5, similar to untreated soil. 
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         Figure 4-23: Compressive Stress-Strain Relationship (a) (p-q) Model (b)  Model 

4.3 Correlation between Compressive and Tensile Strengths 

Polymer solution-stabilized sulfate soil samples were subjected to an indirect 

tensile test, also known as the Brazilian test. Hence, in this study, compressive strength    
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strength with the compressive strength (Fig. 4.24) was represented as the following 

nonlinear hyperbolic relationship: 

σt =
σc

0.04+1.56∗σc
          93.02 R          and                                                                 (4.19)    

ct  *1.0         (For Concrete).                                                                               (4.20) 

Hence, the tensile strength of sulfate-contaminated CL soil, with and without 

treatment, was higher than the 10% compressive strength, which is generally used for 

cement concrete (Eqn. (4.20)). 

 

Figure 4-24:  Relationship between Tensile Strength and Compressive Strength for  

                        Polymer- Treated, Sulfate-Contaminated Soil 
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4.4 XRD and TGA Characterization, Swelling, and Compacted 

Properties of Polymer-Treated, Sulfate-Contaminated CL Soil 

X-ray diffraction and a thermogravimetric analysis (TGA) were used to identify 

and quantify the changes in the contaminated CL clay in comparison to untreated soil. X-

ray diffraction (XRD) analyses showed the major constituents of the soil were calcium 

silicate (CaSiO3), aluminum silicate (Al2SiO5), magnesium silicate (MgSiO3), and quartz 

(SiO2). With 4% sulfate contamination, the liquid limit (LL) and plasticity index (PI) of 

the CL soil increased by 30% and 45%, respectively. An addition of calcium sulfate 

resulted in the formation of calcium silicate sulfate (Ternesite Ca5(SiO4)2SO4) and 

aluminum silicate sulfate (Al5(SiO4)2SO4). TGA analyses showed notable reduction in 

weight of calcium sulfate-contaminated soil between 600
 o

C and 800
o
C, possibly due to 

changes in soil mineralogy. Also, the total weight loss at 800
o
C for 1.5% polymer-treated 

soil was about 40% less than the 4% calcium sulfate-contaminated soil and was similar to 

the weight loss observed in the uncontaminated soil. Lime-treated, contaminated soil had 

a total weight loss at 800
o
C similar to the 4% calcium sulfate-contaminated soil. 

Maximum dry density of compacted soil decreased by 5% with 4% calcium sulfate, and 

the optimum moisture content increased by 20% with 4% calcium sulfate. An addition of 

4% calcium sulfate to the soil increased the free swelling of compacted soil by 67%. An 

addition of 6% lime resulted in the formation of ettringite (Ca6Al2(SO4)3(OH)12·26H2O). 

Polymer treatment decreased the LL, PI, swelling index, and optimum moisture content 

of the soil and increased the compacted maximum dry density. Behavior of sulfate-

contaminated CL soil with and without treatment have been quantified using a unique 
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model that represented both linear and nonlinear responses. Also, the model predictions 

were compared with other published data in the literature. 

Modeling 

Based on the inspection of the test data, the following relationship is proposed: 

)*( XBA

X
YYy o




                                                                                           (4.21) 

where 

Y: the soil property with varying sulfate contaminate,  

Yo: the soil property without contamination with calcium sulfate (natural CL soil), 

A and B are model parameters (Table 4.9), and 

X: the calcium sulfate concentration. 

Liquid Limit (LL) 

An addition of calcium sulfate to the natural CL soil increased the liquid limit and 

the change was nonlinear, as shown in Fig. 4.25 (a). When the calcium sulfate content in 

the soil was 4%, the liquid limit increased from 40% to 57%, a 42% increase. The change 

in the liquid limit could be attributed to the changes in the soil mineralogy due to the 

addition of 4% calcium sulfate. The change in the LL with calcium sulfate concentration 

was represented using a hyperbolic relationship (Eqn. (4.21)), and the parameters A and 

B are summarized in Table 4.9. The coefficient of determination (R
2
) for the relationship 

was 0.94. An addition of 15% polymer solution (2.25% polymer content) and 6% lime to 

the sulfate soil with 4% calcium sulfate decreased the liquid limit by 67% and 12%, 

respectively. Nonlinear trends were observed between the LL and calcium sulfate 

, 
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concentration of sulfate soils modified using a polymer solution and 6% lime (by dry 

weight), as shown in Fig. 4.25 (a). A hyperbolic relationship was used to relate the LL to 

the calcium sulfate content in the soils, and the model parameters are summarized in 

Table (4.9). 

Plasticity Index (PI) 

A plasticity index of natural CL soil increased from 19% to 34% by increasing 

calcium sulfate content to 4% and could be attributed to the changes in the soil 

mineralogy. A plasticity index of the natural soil contaminated with 4% calcium sulfate 

decreased by 67% and 25% when the sulfate soil was modified using 15% polymer 

solution (2.25% polymer content) and 6% of lime (by dry weight), respectively, as shown 

in Fig. 4.25 (b). In this study, a total of 30 soil samples were tested. A hyperbolic 

relationship was used to relate the plasticity index with the calcium sulfate concentration 

for treated and untreated sulfate soil, as shown in Fig. 4.25 (b). The model parameters A 

and B for untreated sulfate soil and treatment using 6% lime and varying amounts of 

polymer solution are summarized in Table 4.9. Coefficients of determination (R
2
) for the 

hyperbolic relationships for untreated and treated sulfate soil were greater than 0.95. 
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Figure 4-25: Variations of Index Properties of Treated Calcium Sulfate Soil with 6% Lime  

                       and Polymer Solution (a) Liquid Limit (b) Plasticity Index 

Free Swelling (FS) 

Free swelling of natural CL soil increased from 3.5% to 10.9% when the calcium 

sulfate changed from 0 to 4%. This could be attributed to the changes in the soil 

mineralogy, as shown in Fig. 4.26. An addition of 5% and 10% polymer solution with 

0.75% and 1.5% polymer content, respectively, reduced the free swelling of 4% calcium 

sulfate-contaminated CL soil by 79% and 85%, respectively, because of polymer coating 

the clay particle and preventing it to expand. An addition of 6% lime and 15% polymer 

solution (2.25% polymer content) decreased the free swelling of 4% calcium sulfate-

contaminated CL soil by 25% and 94%, respectively, as shown in Fig. 4.26. 
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     Figure 4-26: Variation of Free Swell with Calcium Sulfate Content after 7 days of Curing 

 

Compacted Soil 

The compaction curves for the field soil, contaminated soil, and treated soils are 

shown in Fig. 4.27. The optimum moisture content (OMC %) for the field CL soil 

increased from 17% to 21% when the calcium sulfate concentration was increased from 

0% to 4%, a 23.5% increase, as shown in Fig. 4.27 (a). A total of 17 data were collected 

from the literature on sulfate-contaminated soils, and the mean and standard deviation of 

OMC were 20% and 4.5, respectively. An addition of 6% lime (by dry weight) to the 

sulfate soil with 4% calcium sulfate increased the OMC by 6%, as shown in Fig. 4.27 (a). 

An addition of 15% polymer (2.25% polymer content) to the sulfate soil with 4% calcium 

sulfate decreased the OMC by 29%, as shown in Fig. 4.28 (a). Nonlinear trends were 

observed between the OMC versus the calcium sulfate concentration for untreated and 

treated soils using different amounts of  polymer solution and 6% lime (by dry weight), 

as shown in Fig. 4.28 (a). The model parameters A and B for untreated sulfate soil and 
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soil treated with polymer solution and 6% lime are summarized in Table 4.9. The 

coefficients of determination (R
2
) for all cases were greater than 0.90.  

Maximum dry density (dry/max.) of natural CL soil decreased from 1.52 g/cm
3
 to 

1.44 gm/cm
3 

(Fig. 4.27 (b) and Fig. 4.28  (b)), a 5% reduction when the calcium sulfate 

concentration changed from 0 to 4% and could be attributed to the changes in the soil 

mineralogy. The maximum dry density (dry/max.) of sulfate soil with 4% calcium sulfate 

concentration was 1.45 gm/cm
3
 and increased to 1.55 gm/cm

3
, a 7.5% increase with 6% 

lime treatment. With 10% polymer solution (1.5% polymer content), the maximum dry 

density (dry/max.) of 4% sulfate soil was increased to 1.64 gm/cm
3
, an increase of 12.4%, 

as shown in Fig. 4.27 (b) and Fig. 4.28 (b). The model parameters A and B for field soil, 

untreated sulfate soil, and soil treated with polymer solution and 6% lime are summarized 

in Table 4-9. The coefficients of determination (R
2
) for all cases were greater than 0.90. 
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Figure 4-27: Typical Standard Compaction Results: (a) Field Soil with Different  

                       Amounts of Calcium Sulfate (b) Field Soil with 4% Calcium Sulfate  

                       Content Treated with Lime and Polymer 
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Figure 4-28: Variations of Compacted Soil Properties with Calcium Sulfate Content  

                       (a) Optimum Moisture Content (OMC) (b) Maximum Dry Density 
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Table 4.9: Model Parameters for Treated and Untreated Soil Contaminated  

                  with Calcium Sulfate 

 

 
Model Parameters 

Treatment Soil Property (Y) Figure Yo A B R
2
 

Untreated 

LL Fig. 4.25 (a) 40 0.04 0.05 0.94 

PI Fig. 4.25 (b) 19 0.04 0.06 0.92 

Free Swelling (%) Fig. 4.26 3.6 0.2 0.1 0.99 

OMC (%) Fig. 4.28 (a) 17 0.2 0.2 0.95 

γdry/max.(gm/cm
3
) Fig. 4.28 (b) 1.52 -6.5 -9.18 0.92 

P
o
ly

m
er

 S
o
lu

ti
o
n

 (
%

) 
 

5 

LL Fig. 4.25 (a) 23 -0.2 -0.45 0.99 

PI Fig. 4.25 (b) 13.6 -1.1 -0.08 0.99 

Free Swelling (%) Fig. 4.26 1 2.8 0.08 0.9 

OMC (%) Fig. 4.28 (a) 15.3 -0.3 -0.3 0.99 

γdry/max.(gm/cm
3
) Fig. 4.28 (b) 1.6 28.7 5.33 0.97 

10 

LL Fig. 4.25 (a) 11 -0.2 -0.09 0.99 

PI Fig. 4.25 (b) 10 -0.6 -0.13 0.99 

Free Swelling (%) Fig. 4.26 0.2 2.8 0.04 0.94 

OMC (%) Fig. 4.28 (a) 12.2 -0.2 -0.18 0.99 

γdry/max.(gm/cm
3
) Fig. 4.28 (b) 1.62 24.5 8.12 0.94 

15 

LL Fig. 4.25 (a) 14.3 -0.4 -0.08 0.99 

PI Fig. 4.25 (b) 7.6 -0.9 -0.04 0.99 

Free Swelling (%) Fig. 4.26 0 2.8 0.17 0.94 

OMC (%) Fig. 4.28 (a) 12 -0.4 -0.3 0.99 

γdry/max.(gm/cm
3
) Fig. 4.28 (b) 1.61 14.2 5.5 0.99 

6% Lime  

LL Fig. 4.25 (a) 37 -0.3 -0.01 0.96 

PI Fig. 4.25 (b) 15.7 -0.2 -0.05 0.98 

Free Swelling (%) Fig. 4.26 1.66 0.3 0.08 0.97 

OMC (%) Fig. 4.28 (a) 17.6 -0.3 -0.02 0.99 

γdry/max.(gm/cm
3
) Fig. 4.28 (b) 1.54 13.3 10.74 0.98 

 

 



107 
 

Summary  

1. Based on the XRD analyses and with the addition of 4% calcium sulfate, changes 

in soil mineralogy was observed and the new constituents were calcium silicate 

sulfate, Ternesite Ca5(SiO4)2SO4), and aluminum silicate sulfate (Al5(SiO4)2SO4). 

Hence, some of the changes observed in the contaminated soil behavior could 

have been due to changes in the soil mineralogy. TGA analyses also showed 

greater weight loss up to 800
o
C in sulfate-contaminated soil and lime-treated soil 

compared to polymer-treated soil. Four percent calcium sulfate contamination of 

the soil increased the total weight loss of the CL soil by 63% at 800
o
C. Polymer 

treatment reduced the weight loss of sulfate-contaminated CL soil by 40%, and 

the weight loss was similar to the uncontaminated soil. Lime treatment of 

contaminated soil had a weight loss similar to the 4% calcium sulfate-

contaminated soil. 

2. Liquid limit of natural CL soil increased from 40% to 57% with the addition of 

4% calcium sulfate. Adding 6% lime and 15% polymer solution (2.25% polymer 

content) to the 4% sulfate soil decreased the LL by 12% and 67%, respectively. 

3. The plasticity index of the CL soil increased by 45% with 4% calcium sulfate 

content. The plasticity index for 4% sulfate-contaminated soil was reduced by 

20% and 66% when treated with 6% lime and 15% polymer solution (2.25% 

polymer content), respectively. 

4. An addition of 4% calcium sulfate to the natural CL soil increased the free 

swelling by 200%. An addition of 15% polymer solution (2.25% polymer content) 
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reduced the free swelling of 4% calcium sulfate-contaminated CL soil by 94% 

because of polymer coating the clay particles and preventing it to expand.  

5. The compacted maximum dry density of the soil decreased with increased sulfate 

content. The optimum moisture content (OMC) increased with an increase in 

calcium sulfate content. Polymer treatment reduced the OMC by 29% for 4% 

calcium sulfate-contaminated soil, but 6% lime treatment increased the OMC by 

6%. Polymer and lime treatment of 4% contaminated soil increased the maximum 

dry density by 12.4% and 7.5%, respectively. 

6. The hyperbolic model was effective in predicting the changes in sulfate-

contaminated CL soil properties with calcium sulfate content, with and without 

polymer and lime treatment. 
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CHAPTER FIVE    

 DRILLING MUD 

The effects of the modifiers on the flow characteristics of the fluids used in 

drilling operations must be better quantified. In this study, an acrylamide polymer was 

used to modify the water-based bentonite mud to reduce the yield point and maximum 

shear stress produced by the mud during the drilling operation. The bentonite content in 

the drilling mud was varied up to 8%.  

Based on 72 data collected from the literature (CIGMAT database), the amount of 

bentonite used in water-based drilling muds varied from 0.5% to 14% (by weight of 

water), as shown in Fig. 5.1. Over 50% of the studies used between 1% to 8% bentonite 

in the water-based drilling mud. 

 

Figure 5-1: Histogram for Bentonite Drilling Mud Yield Stress (o) 
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5.1 Model Development 

For shear thinning fluids, the shear stress-shear strain rate relationship is nonlinear 

with a limit on the maximum shear stress tolerance. Similar trends have been observed in 

many other engineering and environmental applications and modelled using the 

hyperbolic relationship. Vipulanandan et al. (1993) used the hyperbolic relationship to 

predicate the amount of phenol leached from a solidified cement matrix containing an 

initial concentration of phenol during the toxicity characteristic leaching procedure 

(TCLP) test with coefficient of determination (R
2
) values ranging between 0.97 and 0.99. 

Ata et al. (1998) proposed hyperbolic model to represent the change in grouted sand 

properties with curing time. Vipulanandan et al. (2007) used the hyperbolic relationship 

to represent the variation of in-situ vertical stress and logarithmic undrained shear 

strength of the soft marine and deltaic clays. This relationship better represented the 

marine clay as compared to the deltaic clay. Non-linear relationships were developed to 

represent the changes in properties with curing time and cement content. Mohammed and 

Vipulanandan (2014) used the hyperbolic relationship to predicate the relationship 

between compressive and tensile strength of sulfate-contaminated CL soils with and 

without polymer treatment. 

Yield Stress (o) 

Drilling fluids are designed such that under static conditions they are capable of 

suspending drill cuttings. In order for this to be possible, drilling muds must exhibit yield 

stress behavior or a very high, zero shear strain rate viscosity. It has been the assumption 

in the drilling industry that most drilling muds do in fact display yield stress 

characteristics even though this property is not measured directly. More than 50 data on 

http://www.google.com/url?sa=t&rct=j&q=TCLP+test&source=web&cd=1&cad=rja&ved=0CCwQFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FToxicity_characteristic_leaching_procedure&ei=sgjJUZirNrKQ0QHnioCoDg&usg=AFQjCNFr_j5KmnOLiKf602Am8OW08aS4YA
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yield stress (o) of water-based drilling mud using bentonite were collected from the 

literature, and the minimum and maximum values varied from 0 and 28 Pa. The 

experimental results of yield stress of water-based drilling mud (using hyperbolic model) 

were compared with data from the literature, as shown in Fig. 5.2.  

 

Figure 5-2: Variation of Yield Stress with Percent of Bentonite in Drilling Mud 

 

Modeling 

The drilling muds showed non-linear, shear-thinning behavior with a yield stress. 

Based on the test results, the following conditions have to be satisfied for the model to 

represent the observed behavior. Hence, the conditions are as  
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�̇� → ∞ → 𝜏 = 𝜏∗  .                                                                                             (5.3) 

The rheological models used for predicating the shear-thinning behavior of drilling mud 

are as follows  

Herschel-Bulkley Model 

The Bingham plastic model includes both yield stress (o) and a limiting viscosity 

(μp) at finite shear rates, which the Power law model fails to consider. For a nonlinear 

flow relationship, shear-thinning or shear-thickening behavior may be observed and the 

assumption of constant plastic viscosity is not valid. The Herschel-Bulkley (Eqn. (5.4)) 

model defines a fluid with three parameters and can be represented mathematically as  

,11

n

o k                                                                                                                (5.4) 

where , , k1 and n represent the shear stress, yield stress, shear strain rate, 

correction parameter, and flow behavior index, respectively. For   the material 

remains rigid. The model assumes that, below the yield stress (), the slurry behaves as a 

rigid solid, similar to the Bingham plastic model.  For , the material flows as a 

Power law fluid. The exponent n describes the shear-thinning and shear-thickening 

behavior. Slurries are considered shear-thinning when n <1 and shear-thickening when n 

>1. A fluid becomes shear-thinning when the apparent viscosity decreases with the 

increase in shear strain rate.  

Hence, the model should satisfy the following conditions (Eqns. (5.1), (5.2), and (5.3)) as  

010)1(*1  nknnk
d
d 

 
   and                                                                                 (5.5)                           

0)1(*1
)2(*)1(*12

2
 nnknnnk

d
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 .                                                                    (5.6) 
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As shown in Eqns. (5.5) and (5.6), one condition when both Eqns. (5.1) and (5.2) 

will be satisfied only is as follows: 

0 < n < 1 and k1 > 0. 

From the Eqn. (5.4)  

when  
max.

 =  

Hence, the Herschel-Bulkley model doesn't satisfy the upper limit condition for 

the shear stress limit. 

Casson Model 

This two-parameter model was originally developed for ink pigments but has 

been shown to give a good match for some oil-based fluid systems (Ayeni 2003). The 

relationship is as  

2

1

2

1

2
2

1

2
2

1

*)(  ko 
 ,                                                                                                  (5.7) 

where 

k2: model constant ( 0  when
o  ), 

2o : yield stress (Pa), and 

 : shear strain rate (s
-1

). 

Hence, by differentiating Eqn. (5.7), the following first and second order differential 

relationships were obtained as   

  dkd ))(*)(
2

1()
2

1
( 2

1

2
2

1
2

1 


, 



114 
 

0
*)(

2
1

2
1

2
1

2 










 



k

d

d
  , and                                                                        (5.8)

0)

)(

*
(

2

1

2

3

2
1

2
2

1

2

2

2














ok

d

d
.                                                                                       (5.9) 

Hence, to satisfy the conditions in Eqns. 5.1 and 5.2, parameter k2 must be greater 

than zero (k2 > 0) in Eqns. 5.8 and 5.9.  

Also, when 
.max =  

Hence, the Casson model doesn't satisfy the upper limit condition for the shear 

stress. A plot of  
1/2

 versus 𝜏1/2 gives the intercept of (o2)
1/2

 and a slope of 
2/1

2k . The 

parameters of this model were obtained using nonlinear regression analyses. This model 

combines the yield stress with the nonlinear shear-thinning behavior.  

Hyperbolic Model 

The relationship between shear stress with shear strain rate of polymer-modified 

bentonite was investigated. Based on the inspection of the test data, the following 

relationship is proposed: 










*
3

DA
o


  ,                                                                                                     (5.10)  

where  

o3: yield stress (Pa),  

A (Pa. s)
-1

 and D (Pa)
-1

: are model parameters, and   

 : shear strain rate (s
-1

) as shown in Eqn. below 
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Also, when  

�̇� → ∞̇ → 𝜏𝑚𝑎𝑥. =
1

𝐷
+ 𝜏𝑜3 .                                                                                                            (5.11) 

Hence, this model has a limit on the maximum shear stress the fluid will produce 

at a relatively high rate of shear strains. 

 

Figure 5-3:   Flow Curves of Viscoplastic Fluids for Herschel-Bulkley, Casson,  

                       and Hyperbolic Models 

Comparison of Model Predictions 

In order to determine the accuracy of the model predictions, both coefficient of 

determination (R
2
) and the root mean square error (RMSE) in curve fitting as defined in 

Eqns. 5.12 and 5.13 were quantified as shown in Eqn. below 

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖−𝑥𝑖)2𝑛
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𝑅2 = (
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑖

√∑ (𝑥𝑖−�̅�)2
𝑖 ∗√∑ (𝑦𝑖−�̅�)2

𝑖
)

2

,                                                                                     (5.13) 

where yi= actual value; xi=calculated value from the model; �̅� =mean of actual values; �̅�= 

mean of calculated values and N is the number of data points. 

Nonlinear Model (NLM) Parameters 

The model parameters o1,o2,o3, k1, k2, n, A, and D were influenced by the 

composition of the drilling muds. It is being proposed to relate the model parameters to 

the independent variables (bentonite content and polymer content) using a nonlinear 

power relationship as proposed by Demircan et al. (2011).  

The effect of bentonite and polymer was separated as  

Model Parameterso1, o2, o3, 1k ,
2k ,𝑛, A , D ) ,)(*)(*)(* ePdBcbBa        (5.14) 

where 

a, b, c, d, and e are the nonlinear model parameters, 

P: polymer content (%), and 

B: bentonite content (%). 

The NLM parameters were obtained from multiple regression analyses using the 

least square method. The NLM model parameters are summarized in Table 5.2.  

5.2 XRD Analyses 

The bentonite used in this study had montmorillonite (MMT) (hydrated sodium calcium 

aluminum magnesium silicate hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) (2θ 

peaks at 7.51°, 28.12°, 35.10°, 48.02°, 52.31°, and 76.20°),  kaolinite (Al2Si2O5(OH4)) 

(2θ peak at 11.89° and 42.12°), feldspar (Albite) (NaAlSi3O8) (2θ peaks at 9.81°, 14.32°, 
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21.03°, 29.40°, and 30.01°), Beidellite  (Na, Ca0.5)0.3Al2((Si,Al)4O10)(OH)2.nH2O  (2θ 

peak  at 62.05° and 73.88
o
), and quartz (SiO2) (2θ peaks at 32.09°, 50.10, and 68.20°), as 

shown in Fig. 5.4.  

 

                                    Figure 5-4: XRD Pattern of Wyoming Bentonite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                               Figure 5-5: XRD Pattern Nanoclay 
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The nanoclay had also montmorillonite (MMT) (hydrated sodium calcium 

aluminum magnesium silicate hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O) (2θ 

peaks at 7.56°, and 37.25°), quartz (SiO2) (2θ peak  at 20.06°),  magnesium aluminum 

silicate ((MgAl)SiO3) (2θ peaks at 28.84 and 53.88°), and calcium aluminum silicate 

hydrate (Ca3Al2(SiO4)2(OH)4) (2θ peaks at 61.89°and 73.25°), as shown in Fig. 5.5. 

Based on the analyses, both commercially-available bentonite and nanoclay 

(montmorillonite) are similar in composition.  

TGA Analysis 

The thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) 

curves were obtained for bentonite, nanoclay, and bentonite modified with 0.6% 

nanoclay. Dehydration for bentonite and nanoclay was carried out in three stages, as 

shown in Fig. 5.13: below 120 °C, free water (interlamellar water not linked to the 

exchangeable cation and water between clay particles); between 120°C and 400°C, water 

linked to the exchangeable cation of the smectite interlamellar space; between 400°C and 

600°C, the dehydroxylation of the clay minerals: magnesium aluminum silicate; and 

between 600°C and 800°C decarbonation of calcite. The heating rate used in these tests 

was 10 °C/min, which does not allow equilibrium of weight loss at 105°C (standard 

temperature for determining free water), as shown in Fig. 5.6 (b). The total weight loss 

for bentonite between 25°C to 120°C was 6.4% and 12.8% for nanoclay, and it decreased 

to 0.88% when the bentonite was modified with 0.6% nanoclay, as summarized in Table 

5.1. When the temperature changed from 120°C to 400°C, the weight loss increased to 

1.26 % and 1.5% for bentonite and nanoclay, respectively. For a temperature range 

http://en.wikipedia.org/wiki/Calcium
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between 400°C and 600°C, the total weight loss for bentonite was 1.5% and 2.7% for 

nanoclay, as summarized in Table 5.1. An addition of 0.6% of nanoclay (by dry weight) 

to the bentonite decreased the total weight loss of bentonite by 45%, as summarized in 

Table 5.1. The nanoclay treatment strongly modified the large dehydroxylation band (25–

120°C). That is also indicated the nanoclay coating the bentonite particles. The weight 

loss of the bentonite modified with 0.6% nanoclay was 3.2% in the temperature range of 

600°C to 800°C, as summarized in Table 5.1.  

 

 

 

 

 

 

 

 

 

 

 

 
  Figure 5-6:  Thermogravimetric Analysis (TGA) of Bentonite and Nanoclay (a) TGA (b) DTG 
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                   Table 5.1: TGA Analysis, Weight Loss (%)  During Heating 

 

Sample 
(25-120) 

o
C 

(120-400) 
o
C 

(400-600) 
o
C 

(600-800) 
o
C 

Total (%) 

Nanoclay 12.8 1.5 2.7 2.45 19.45 

Bentonite 6.4 1.26 1.5 3.73 12.9 

Bentonite + 0.6% 

Nanoclay 
0.88 1.16 1.91 3.2 7.15 

 

5.3 Constitutive Models 

Shear stress-shear strain rate relationships were predicated using the hyperbolic model 

and compared with the other two models, as shown in Fig. 5.7, Fig. 5.8, and Fig. 5.9. 

Herschel-Bulkley Model 

2% Bentonite 

The shear-thinning behavior of 2% bentonite drilling mud with and without 

polymer treatment was modeled using the Herschel-Bulkley model (Eqn. (5.4)) up to a 

shear strain rate of 35 s
-1

. The coefficient of determination (R
2
) varied from 0.98 to 0.99, 

as summarized in. The root mean square of error (RMSE) varied from 0.18 Pa to 0.27 Pa, 

as summarized in Table 5.2. The yield stresses (o1) for the bentonite drilling mud 

without and with 0.24% polymer treatment (by dry weight of bentonite) were 4.1 Pa and 

2.2 Pa, respectively, a 46% reduction. The model parameter k1 for drilling mud without 

and with 0.24% polymer treatment were 0.8 Pa.s
n
 and 1.27 Pa.s

n
, respectively, a 58% 

increase with polymer treatment. The model parameter n for the drilling mud decreased 

by 19% with 0.24% polymer treatment.  
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4% Bentonite 

The relationships between shear stress with shear strain rate for 4% bentonite 

drilling mud with and without polymer treatment were modeled using the Herschel-

Bulkley model (Eqn. (5.4)). The coefficient of determination (R
2
) varied from 0.97 to 

0.99, as summarized in Table 5.2. The root mean square of error (RMSE) varied from 

0.16 Pa to 0.68 Pa, as summarized in Table 5.2. The yield stresses (o1) for the bentonite 

drilling mud without and with 0.24% polymer treatment (by dry weight of bentonite) 

were 7.53 Pa and 3.1 Pa, respectively, a 60% reduction, and the trend was similar to what 

was observed with 2% bentonite drilling mud. The model parameter k1 for drilling mud 

without and with 0.24% polymer treatment were 3.5 Pa.s
n
 and 2 Pa.s

n
, respectively, a 

43% reduction. The model parameter n for drilling mud increased by 30% with 0.24% 

polymer treatment. The trends on parameters k1 and n due to polymer treatment were 

opposite to what was observed with 2% bentonite. 

6% Bentonite 

Using the Herschel-Bulkley model (Eqn. (5.4)), the relationships between shear 

stress with shear strain rate of 6% bentonite drilling mud with and without polymer 

treatment were modeled. The coefficient of determination (R
2
) varied from 0.95 to 0.98, 

as summarized in Table 5.2. The root mean square of error (RMSE) varied from 1.42 Pa 

to 2.41 Pa. The yield stresses (o1) for the bentonite drilling mud without and with 0.24% 

(by dry weight of bentonite) polymer treatment were 11.2 Pa and 3.9 Pa, respectively, a 

65% reduction, similar to what was observed with 2% and 4% bentonite drilling muds. 

The model parameter k1 for drilling mud without and with 0.24% polymer treatment were 

11.19 Pa.s
n
 and 8.9 Pa.s

n
, respectively, a 21% reduction, similar to the trend observed 
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with 4% bentonite. The model parameter n for drilling mud decreased by 8% with 0.24% 

polymer treatment.  

The effect of bentonite and polymer on the model parameters were quantified 

using Eqn. (5.14) where the effect of bentonite and polymer were separated. The change 

in yield stress (o1) was higher than that of 4% bentonite drilling mud. 

Parameter k1  

Based on the nonlinear model parameter a (Eqn. (5.14)), bentonite content had the 

highest effect on increasing the yield stress compared to parameters n and k1. NLM 

parameter c indicated the addition of polymer had the highest effect on reducing the yield 

stress compared to parameter k1 and n, as summarized in Table 5.2. 

Parameter n            

Of the three model parameters, bentonite content (parameter a) had the second 

highest influence on parameter n. Based on the NLM parameter c, the addition of 

polymer had the highest effect on increasing the parameter n.  

Casson Model 

2% Bentonite 

The shear-thinning behavior of 2% bentonite drilling mud with and without 

polymer treatment was modeled using the Casson model (Eqn. (5.7)). The coefficient of 

determination (R
2
) varied from 0.97 to 0.98, as summarized in Table 5.2. The root mean 

square of error (RMSE) varied from 0.26 Pa to 0.33 Pa, as summarized in Table 5.2. The 

yield stresses (o2) for the bentonite drilling mud without and with 0.24% (by dry weight 

of bentonite) polymer treatment was 4.14 Pa and 2.85 Pa, respectively, a 31% reduction. 
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The model parameter k2 for drilling mud without and with 0.24% polymer treatment was 

0.031 Pa.s
n
 and 0.041 Pa.s

n
, respectively, a 32% increase. The effect of bentonite and 

polymer on the model parameters was quantified using Eqn. (5.14).  

4% Bentonite 

The relationships between shear stress with shear strain rate of 4% bentonite 

drilling mud with and without polymer treatment was modeled using the Casson model 

(Eqn. (5.7)). The coefficient of determination (R
2
) was varied from 0.85 to 0.99, as 

summarized in Table 5.2. The root mean square of error (RMSE) varied from 0.35 Pa to 

1.19 Pa, as summarized in Table 5.2. The yield stresses (o2) for the bentonite drilling 

mud without and with 0.24% polymer treatment (by dry weight of bentonite) were 9 Pa 

and 3.9 Pa, respectively, a 56% reduction. The model parameter k2 for drilling mud 

without and with 0.24% polymer treatment was 0.058 Pa.s
n
 and 0.039 Pa.s

n
, respectively, 

a 33% reduction, opposite what was observed with 2% bentonite drilling mud.  

6% Bentonite 

Using the Casson model (Eqn. (5.7)), the relationships between shear stress with 

shear strain rate of 6% bentonite drilling mud with and without polymer treatment was 

modeled. The coefficient of determination (R
2
) varied from 0.83 to 0.90, as summarized 

in Table 5.2. The root mean square of error (RMSE) varied from 2.47 Pa to 3.70 Pa, as 

summarized in Table 5.2. The yield stresses (o2) for the bentonite drilling mud without 

and with 0.24% (by dry weight of bentonite) polymer treatment were 15.9 Pa and 6.3 Pa, 

respectively, a 60% reduction. The model parameter k2 for drilling mud without and with 

0.24% polymer treatment was 0.477 Pa.s
n
 and 0.570 Pa.s

n
, respectively, a 19% increase, 

similar to what was observed with 2% bentonite.  
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Parameter o2 

Based on the nonlinear model parameter a (Eqn. (5.14)), bentonite content had the 

highest effect on increasing the yield stress compared to parameter k2. NLM parameter c 

indicated that the addition of polymer had the highest effect on reducing the yield stress 

as compared to parameter k2, as summarized in Table 5.3. 

Parameter k2 

Based on parameter a, bentonite content had the least effect on parameter k2 

compared to yield stress. An addition of polymer increased parameter k2, as summarized 

in Table 5.3. 

Hyperbolic Model 

2% Bentonite 

The shear-thinning behavior of 2% bentonite drilling mud with and without 

polymer treatment was modeled using the Hyperbolic model (Eqn. (5.10)). The 

coefficient of determination (R
2
) was 0.99, as summarized in Table 4.10. The root mean 

square of error (RMSE) varied from 0.11 Pa to 0.19 Pa, as summarized in Table 5.2. The 

yield stresses (o3) for the bentonite drilling mud without and with 0.24% (by dry weight 

of bentonite) polymer treatment were 3.9 Pa and 2.9 Pa, respectively, a 26% reduction. 

The model parameter A for drilling mud without and with 0.24% polymer treatment was 

1.41 Pa.s
-1

 and 2.45 Pa.s
-1

, respectively, a 74% increase. The model parameter D for 

drilling mud without and with 0.24% polymer treatment was 0.156 Pa
-1

 and 0.124 Pa
-1

, 

respectively, a 21% reduction.  
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4% Bentonite 

The relationships between shear stress with a shear strain rate of 4% bentonite 

drilling mud with and without polymer treatment were modeled using the Hyperbolic 

model (Eqn. (5.10)). The coefficient of determination (R
2
) varied from 0.98 to 0.99, as 

summarized in Table 5.2. The root mean square of error (RMSE) varied from 0.01 Pa to 

0.48 Pa, as summarized in Table 5.2. The yield stresses (o3) for the bentonite drilling 

mud without and with 0.24% polymer treatment were 8.9 Pa and 4.1 Pa, respectively, a 

54% reduction. The model parameter A for drilling mud without and with 0.24% polymer 

treatment was 0.52 Pa.s
-1

 and 1.29 Pa.s
-1

, respectively, a 148% increase. The model 

parameter D for drilling mud without and with 0.24% polymer treatment was 0.104 Pa
-1

 

and 0.084 Pa
-1

, respectively, a 19% reduction.  

6% Bentonite 

Using the Hyperbolic model (Eqn. (5.10)), the relationships between shear stress 

with a shear strain rate of 6% bentonite drilling mud with and without polymer treatment 

were modeled. The coefficients of determination (R
2
) were greater than 0.97. The root 

mean square of error (RMSE) varied from 0.74 Pa to 1.34 Pa, as summarized in Table 

5.2. The yield stresses (o3) for the bentonite drilling mud without and with 0.24% 

polymer treatment were 12.4 Pa and 5.8 Pa, respectively, a 53% reduction. The model 

parameter A for drilling mud without and with 0.24% polymer treatment was 0.06 Pa.s
-1

 

and 0.11 Pa.s
-1

, respectively, an 83% increase, as summarized in Table 5.2. The model 

parameter D for the drilling mud without and with 0.24% polymer treatment was 0.03 Pa
-

1
 and 0.04 Pa

-1
, respectively, a 33% increase.  
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Parameter o3 

Based on the nonlinear model parameter a (Eqn. (5.14)), bentonite content had the 

second highest effect on increasing yield stress as compared to parameters A and D. 

NLM parameter c indicated the addition of polymer had the lowest effect on reducing the 

yield stress as compared to parameters A and D, as summarized in Table 5.2. 

Parameter A 

Based on the nonlinear model parameter a (Eqn. (5.14)), bentonite content had the 

highest effect on this parameter as compared to parameters o3 and D. NLM parameter c 

indicated the addition of polymer had increased parameter A as compared to the yield 

stress and parameter D, as summarized in Table 5.2. 

Parameter D 

Based on the nonlinear model parameter a (Eqn. (5.14)), bentonite content had the 

least effect on this parameter. NLM parameter c indicated the addition of polymer had the 

highest effect on reducing the parameter D as compared to the yield stress, as 

summarized in Table 5.2. 
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Figure 5-7: Predicted and Measured Shear Stress-Shear Strain Rate Relationship  

                    for 2% Bentonite  Modified with Different Percentages of Polymer:  

                    (a) P=0%, (b) P=0.12 %,( c) P=0.18 %,( d) P=0.24% 
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Figure 5-8: Predicted and Measured Shear Stress-Shear Strain Rate Relationship for  

                    4% Bentonite Modified with Different Percentages of Polymer: (a) P=0%,  

                   (b) P=0.12 %, (c) P=0.18 %,( d) P=0.24% 
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Figure 5-9: Predicted and Measured Shear Stress-Shear Strain Rate Relationship for  

                     6% Bentonite Modified with Different Percentages of Polymer: (a) P=0%,  

                     (b) P=0.12 %,( c) P=0.18 %, (d) P=0.24% 

 

5.4 High Shear Strain Rate 

Drilling muds with bentonite content 2%, 4%, and 6% were tested using a 

viscometer with a high speed of up to 600 rpm. The higher shear strain rate behavior data 

were used to verify the prediction using the model parameters developed from lower 

shear strain rates (Table 5.2). The root mean square of error (RMSE) for 2% drilling mud 

using the Herschel-Bulkley, Casson, and Hyperbolic models were 6.62 Pa, 6.42 Pa, and 

3.91 Pa, respectively, as shown in Fig. 5.10 (a). The root mean square of error (RMSE) 

for 4% drilling mud using the Herschel-Bulkley, Casson, and Hyperbolic models were 

6.73 Pa, 27.37 Pa,
 
and 6.60 Pa, respectively, as shown in Fig.5.10 (b). The root mean 

square of error (RMSE) for 6% drilling mud using the Herschel-Bulkley, Casson, and 

Hyperbolic models were 79.24 Pa, 9.77 Pa,
 
and 5.05 Pa, respectively, as shown in Figure 
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Fig. 5.10 (c). Clearly, the hyperbolic model predicted the higher shear strain rate 

conditions very well and had the least error square of all the three constitutive models. 
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Figure 5-10: Predicted and Measured Shear Stress with High Shear Strain Rate  

                      Relationship for: (a) 2% Bentonite (b) 4% Bentonite (c) 6% Bentonite 
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mud with 2% bentonite by 7% and reduced the max for drilling mud with 4% and 6% 
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Figure 5-11: Variation of Yield Stress with Polymer Content Predicted Using  

                       Hyperbolic Model 

 

 

 

 

 

 

 

 

 

 

Figure 5-12: Variation of Shear Stress Limit with Polymer Content Predicted  

                       Using Hyperbolic Model
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            Table 5.2: Herschel-Bulkley, Casson, and Hyperbolic Models Parameter for Polymer-Modified Drilling Mud 

  Herschel-Bulkley Model  Casson Model  Hyperbolic Model  

Bentonite Polymer 
o1 

(Pa)

k1      

(Pa.s
n
) 

n 
RMSE 

(Pa) 
R

2
 

o2 

(Pa)

k2 
RMSE 

(Pa) 
R

2
 

o3 

(Pa)

A  

(Pa.s
-1

) 

D 
RMSE 

(Pa) 
R

2
 

(%) (%) (Pa.s
n
) (Pa)

-1
 

2 

0 4.1 0.8 0.53 0.27 0.98 4.2 0.031 0.33 0.97 3.9 1.41 0.16 0.12 0.99 

0.12 3.2 0.94 0.51 0.21 0.99 3.4 0.039 0.26 0.98 3.3 2.02 0.14 0.19 0.99 

0.18 3 0.92 0.45 0.18 0.99 3.1 0.041 0.28 0.97 3.2 2.41 0.13 0.15 0.99 

0.24 2.2 1.27 0.43 0.18 0.99 2.9 0.041 0.26 0.98 2.9 2.45 0.12 0.11 0.99 

4 

0 7.5 3.5 0.31 0.39 0.98 9 0.058 1.08 0.85 8.9 0.52 0.1 0.01 0.99 

0.12 4.6 3.32 0.37 0.68 0.97 7.1 0.058 1.19 0.89 5.9 0.52 0.09 0.48 0.98 

0.18 4.1 2.33 0.39 0.16 0.98 5.4 0.057 0.35 0.97 5.1 1.17 0.08 0.12 0.99 

0.24 3.1 2 0.44 0.36 0.99 3.9 0.039 0.51 0.99 4.1 1.29 0.08 0.14 0.99 

6 

0 11.2 11.19 0.4 2.02 0.96 15.9 0.477 3.34 0.9 12.4 0.06 0.03 0.74 0.99 

0.12 6.6 10.56 0.39 2.41 0.95 11.1 0.548 3.7 0.88 7.6 0.07 0.03 1.34 0.99 

0.18 6.5 8.89 0.38 1.85 0.96 8.1 0.581 3.59 0.83 6.3 0.08 0.04 1.15 0.98 

0.24 3.9 8.9 0.37 1.42 0.98 6.3 0.57 2.47 0.88 5.8 0.11 0.04 1.29 0.97 

 

 

1
3
6
 



137 

 

       Table 5.3: Nonlinear Model Parameters for Polymer-Modified Drilling Mud  

 

 

 

 

 

 

 

 

5.5 Drilling Mud Modified with Nanoclay 

In this study, the effect of temperature on the electrical resistivity and rheological 

properties of bentonite modified with nanoclay on water-based drilling mud was 

investigated. The temperature was varied from 25
o
C to 85

o
C. The bentonite content in the 

drilling mud was varied from 2% to 8% by the weight of water. The nanoclay content 

was varied between 0% and 0.6% by the weight of drilling mud to modify the rheological 

properties and enhance the sensing characteristics of the drilling mud. The nanoclay and 

bentonite were characterized using X-ray diffraction (XRD) and thermal gravimetric 

analysis (TGA). The major constituents in the nanoclay was montmorillonite (MMT), 

quartz (SiO2), magnesium aluminum silicate ((MgAl) SiO3), and calcium-

aluminum silicate hydrate (CaAl2 (SiO4)2(OH)4). The TGA analyses showed weight loss 

in the temperature range of 600 to 700
o
C, indicating the presence of montmorillonite. The 

weight loss in the initial 100
o
C range indicates the loss of moisture (hydrates) in both 

Model 

Parameters  
a b c d e 

No. of 

Data 
R

2
 

RMSE 

(Pa) 

o1 (Pa) 2.5 0.85 -2.1 0.95 0.39 11 0.95 0.58 

n 0.46 -0.1 7.1 -13.3 -2.5 11 0.82 0.03 

k1 (Pa.s
n
) 0.03 3.23 -0.1 4.8 2.03 11 0.98 0.55 

o2 (Pa) 1.98 1.2 -1.45 1.5 0.56 11 0.99 0.34 

k2 (Pa.s
n
) 0.06 5.2 0.71 -0.65 4.66 11 0.93 0.08 

o3 (Pa) 2.23 0.96 -1.23 1.39 0.52 11 0.99 0.25 

A (Pa.s
-1

) 15.5 -3.4 21.8 15.1 21.6 11 0.88 0.25 

D (Pa)
-1

 0.32 -1.1 -67.2 -11.6 -0.17 11 0.91 0.01 

 

http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Mineral
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bentonite and nanoclay. The total weight loss of the bentonite decreased from 6.42% to 

0.88% when the bentonite was modified with 0.6% of nanoclay.  

Modeling 

Bingham Plastic Model 

The Bingham plastic model was the first two-parameter model that gained widespread 

acceptance in the drilling industry and is simple to visualize as  

 𝜏 = 𝑌𝑝 + 𝑃𝑣 ∗ �̇�,                                                                                                        (5.15) 

where  

: shear stress (Pa), 

Yp: yield point (Pa), 

Pv: plastic viscosity (cP), and  

�̇�  : shear strain rate (s
-1

). 

Nonlinear Model Parameters (NLM) 

The electrical resistivity  of drilling mud using bentonite (B) nanoclay (NC) 

was influenced by the composition of the drilling muds and temperature T (
o
C). It is 

being proposed to relate the model parameters to the independent variables (bentonite 

content and nanoclay content) using a nonlinear power relationship.  

The effect of bentonite and nanoclay were separated as  

  
5.02.09.223.064.0 )(*)(*)(*3.60)(*)(*8.29 NCTBTB   For (25

 o
C  T  85

o
C). (5.16) 
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The NLM parameters were obtained from multiple regression analyses using the 

least square method. The relation between experimental and predicted data of the 

electrical resistivity  of drilling mud using Eqn. (5.16) is shown in Fig. 5.13. 

 

 

 

 

 

 

Figure 5-13: Relation between Measured and Predicted Electrical Resistivity of  

                       Bentonite Drilling Mud Modified with Nanoclay 

 

Correlation between Rheological Properties and Electrical Resistivity 

 Rheological properties of drilling mud-based bentonite modified with nanoclay 

for a temperature range of 25
 o
C to 85

o
C can be easily measured from electrical resistivity 

as shown in Eqn. below 

Yp or Pv or Av or Gel10'or Gel10″= qpmh )(*)(*                                                (5.17) 

where  

Yp: Yield stress (Pa),  

Pv: Plastic viscosity (cP), 

Av: Apparent Viscosity (cP), 
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Gel10″: Gel strength at 10 sec (Ib/100ft
2
), 

Gel10′: Gel strength at 10 min (Ib/100ft
2
), 

electrical resistivity of drilling mud using Eqn. (5.16.), and  

h, m, p and q are model parameters are summarized in Table 5.4.  

Hyperbolic Model 

Based on the inspection of the test data, the following relationship is proposed as





*003.0


C
AY

                                                                                               (5.18) 

where  

Y: rheological properties of modified drilling mud with nanoclay at different 

temperatures ranging between 25
o
C to 85

o
C,  

electrical resistivity of modified drilling mud (Eqn. 5.16), and 

A and C: model parameters summarized in Table 5.4.   

Electrical Resistivity of Bentonite and Nanoclay 

Increasing the bentonite B (%) and nanoclay content NC (%) in the drilling mud 

nonlinearly decreased the electrical resistivity. Increasing the bentonite content from 0% 

to 1% reduced the electrical resistivity of drilling mud from 19.5 to 10.4 -m, a 46% 

reduction, as shown in Fig. 5.15. Also, the electrical resistivity ( of drilling mud 

decreased nonlinearly by increasing the bentonite content (B) in Figs. 5.14 & 5.15. The 

electrical resistivity decreased from 8 to 3.3  -m when bentonite content increased from 

2% to 8% at 25
o
C, as shown in Fig. 5.13. Increasing bentonite content from 2% to 8% 

(by weight of water) reduced the electrical resistivity about 59% as shown in Fig. 5.15. 

Increasing the nanoclay content by 1% decreased the resistivity from 19.5 to 8  -m, a 

, 
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55% reduction, as shown in Fig. 5.15. The electrical resistivity is a good tool for quality 

control for drilling mud mixing. This is a clear indication of the sensitivity of electrical 

resistivity to the bentonite and nanoclay contents as shown in Eqn. below 

ρ = 19.5 −
B(%)

0.06+0.056∗(B%)
   𝑅2 = 0.99, 𝑁𝑜. 𝑜𝑓 𝐷𝑎𝑡𝑎 = 10   and                               (5.19) 

ρ = 19.5 −  
NC(%)

0.013+0.08∗(NC%)
         𝑅2 = 0.99, 𝑁𝑜. 𝑜𝑓 𝐷𝑎𝑡𝑎 = 9.                                (5.20) 

 

Figure 5-14: Relation between Electrical Resistivity of Drilling Mud and Bentonite Content 
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  Figure 5-15: Effects of Bentonite and Nanoclay on Electrical Resistivity of Drilling Mud 

 

Effect of Temperature on Electrical Resistivity of Drilling Mud 

By increasing the temperature from 25
o
C to 85

o
C, the electrical resistivity of drilling mud 

with 8% of bentonite decreased by 24%, as shown in Fig. 5.16 (b). An addition of 0.6% 

of nanoclay to the drilling mud with 6% bentonite decreased the electrical resistivity 

(by 28% at room temperature, as shown in Fig. 5.16 (b). By increasing bentonite, 

nanoclay, and temperature, the electrical resistivties of drilling mud nonlinearly 

decreased, as shown in Fig. 5.16. Eqn. (5.21) was used to predict the electrical resistivity 

(by increasing the nanoclay and temperature of drilling mud. Model parameters of 

Eqn. (5.21) were correlated with bentonite and nanoclay content, as shown in Eqns. 

(5.22) to (5.24) as 

))(1(   To ,                                                                                         (5.21) 


11.02.08.2 )(*)(*61.6)(*006.0  NCBB   No. of Data=11, R

2
=0.9,                   (5.22) 
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 = 
7.87.572.0 )(*)(*00015.0)(*6.28   NCBB   No. of Data=11, R

2
=0.9, and          (5.23) 

  =
4.065.014.4 )(*)(*64.0)(*57.2 NCBBE      No. of Data=11, R

2
=0.86,             (5.24)               

where 

: electrical resistivity of modified drilling mud at different temperatures (25
 o

C ≤ T ≤ 

85
o
C), 

: electrical resistivity of modified drilling mud at T=25
o
C, and 

 and are model parameters. 

 

 

 

 

 

 

 

 

 

 

Figure 5-16: Relationship between the Electrical Resistivity and Temperature of 

                       Drilling Mud with Different Percentages of Bentonite (B) Modified with 

                       Different Percentages of Nanoclay (NC): (a) B=2% (b) B=8% 
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Rheological Properties 

Rheology of drilling mud formulated with a different percent of bentonite (B) up 

to 8% and varying amount of nanoclay (NC) up to 0.6% at different temperatures were 

studied. Yield point (Yp), plastic viscosity (Pv), apparent viscosities (Av), and gel 

strengths (Gel) were measured according to API specifications. Yp and Pv were 

measured based on the Bingham plastic model. Testing results of rheology indicated the 

following.  

5.5.1 Yield Point (Yp) 

An addition of bentonite and nanoclay increased the shear stress at shear strain 

rate of 1024 s
-1

 and the yield point (Yp) of drilling mud. An addition of 0.2% of nanoclay 

to drilling mud with 2% and 8% bentonite increased the yield point (Yp) by 10% and 

21%, respectively, at room temperature. Yp of drilling mud increased from 2 Pa to 31 Pa 

when the bentonite content changed from 2% to 8% at 25
o
C. The Yp of drilling mud with 

2% and 8% bentonite content modified with 0.2% nanoclay increased by 80% and 48%, 

respectively, by increasing the temperature from 25
o
C to 85oC, as shown in Figure 5.17. 

An addition of 0.6% of nanoclay increased the yield point (Yp) from 13% and 62%, 

based on the bentonite content in the drilling mud at T=25
o
C, as shown in Fig. 5.17. The 

electrical resistivity of drilling mud decreased while the yield point (Yp) increased, as 

shown in Fig. 5.18. The relationships between yield point and electrical resistivity for 

drilling mud-based bentonite modified with nanoclay at temperatures varied from 25
o
C to 

85
o
C were modeled using the NLM (Eqn. (5.21)) and hyperbolic model. The coefficient 

of determination (R
2
) was 0.83 and 0.82, respectively. The root mean squares of error 

(RMSE) were 3.63 Pa and 3.57 Pa , respectively, as summarized in Table 5.4. 
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Figure 5-17: Variation of Yield Point with Temperature for the Bentonite Drilling Mud  

                       Modified with Nanoclay: (a) Bentonite =2% (b) Bentonite=8% 
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Figure 5-18: Relationship between the Electrical Resistivity and Yield Point of Drilling Mud  

                       Modified with Nanoclay 

Plastic Viscosity (Pv) 

The Pv of control drilling mud with 2%, 4%, 6%, and 8% of bentonite content 

were 6.7 cP, 13.6 cP, 28 cP, and 47.6 cP, respectively. Modifying the bentonite of drilling 

with 2% and 8% bentonite using 0.6% nanoclay (by total weight of drilling mud) at room 

temperature increased Pv by 37% and 27%, respectively, as shown in Figure 5.19. 

Increasing the temperature from 25
o
C to 85

o
C for drilling mud with 8% of bentonite, 

modified with 0.6% of nanoclay, decreased the Pv from 65 cP to 47 cP. The relationships 

between plastic viscosity and electrical resistivity for drilling mud-based bentonite, 

modified with nanoclay at temperatures varied from 25
o
C to 85

o
C, were modeled using 

the NLM (Eqn. (5.17)) and hyperbolic model (Eqn. (5.18)), as shown in Fig. 5.20. The 

coefficients of determination (R
2
) were 0.83 and 0.78, respectively. The root mean 
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squares of error (RMSE) were 6.64 cP and 4.23 cP, respectively, as summarized in Table 

5.4. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-19: Variation of Plastic Viscosity with Temperatures for the Bentonite Drilling Mud 

                       Modified with Nanoclay: (a) Bentonite =2% (b) Bentonite=8%  
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Figure 5-20: Relationship between the Electrical Resistivity and Plastic Viscosity of Drilling 

                      Mud Modified with Nanoclay 

5.5.2 Gel Strength (Gel) 

Testing results of gel strength indicated the following. 

5.5.2.1 Gel Strength 10 sec (Gel10") 

The Gel10" of drilling mud at room temperature was varied from 10 to 37 

lb/100ft
2 

based on the bentonite content in the drilling mud. An addition of 0.6% 

nanoclay to the drilling mud increased the Gel10' by 11% to 41% based on the bentonite 

content. Increasing the temperature to 85
o
C reduced the Gel10" of the 8% bentonite 

drilling mud modified with 0.6% nanoclay by 35%. The relationships between Gel10" 

and electrical resistivity for drilling mud-based bentonite modified with nanoclay at a 

temperature varied from 25
o
C to 85

o
C was modeled using the NLM (Eqn. (5.17)) and 

hyperbolic model (Eqn. (5.18)). The coefficient of determination (R
2
) was 0.84 and 0.85, 
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respectively. The root mean squares of error (RMSE) were 4.32 lb/100ft
2 

and 4.17 

lb/100ft
2
, respectively, as summarized in Table 5.4.   

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 
 

Figure 5-21: Variation of Gel Strength (10 sec.) with Temperature for Bentonite Drilling  

                      Mud Modified with Nanoclay: (a) Bentonite =2% (b) Bentonite=8% 

 

 

 

 

 

0

2

4

6

8

10

12

14

16

18

25 45 65 85

G
e

l S
tr

en
gt

h
 (

1
0

")
, G

e
l1

0
" 

(I
b

/1
0

0
ft

2
)

Temperature, T (oC)

Bentonite,B=2% NC=0%

NC=0.2%

NC=0.4%

NC=0.6%

 

0

10

20

30

40

50

60

70

25 45 65 85

G
e

l S
tr

en
gt

h
 (

1
0

")
, G

e
l1

0
" 

(I
b

/1
0

0
ft

2
)

Temperature, T (oC)

Bentonite,B=8% NC=0%

NC=0.2%

NC=0.4%

NC=0.6%

-b- 

-a- 



150 

 

 

 

 

 

 

 

 

Figure 5-22: Relationship between the Electrical Resistivity and Gel Strength (10 sec) 

                      of Drilling  Mud Modified with Nanoclay  

5.5.2.2 Gel Strength 10 min (Gel10') 

The Gel10" of drilling mud with 2% to 8% bentonite without nanoclay at room 

temperature varied from 16 to 42 lb/100ft
2
. Adding 0.6% nanoclay to the 8% bentonite 

drilling mud at room temperature increased the Gel10" by 25%. Increasing the 

temperature to 85
o
C reduced the Gel10" of the drilling mud with 8% of drilling mud by 

28%, as shown in Fig. 5.23. The relationships between Gel10" and electrical resistivity 

for drilling mud based-bentonite modified with nanoclay at a temperature varied from 

25
o
C to 85

o
C were modeled using the NLM (Eqn. (5.17)) and hyperbolic model (Eqn. 

(5.18)). The coefficient of determination (R
2
) was 0.83 and 0.84, respectively. The root 

mean squares of error (RMSE) were 4.76 lb/100ft
2 

4.73 lb/100ft
2,

 respectively, as 

summarized in Table 5.4.  
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Figure 5-23: Variation of Gel Strength (10 sec) with Temperature for the Bentonite Drilling 

                       Mud Modified with Nanoclay: (a) Bentonite =2% (b) Bentonite=8% 
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Figure 5-24: Relationship between the Electrical Resistivity and Gel Strength (10 min) of Drilling  

                      Mud Modified with Nanoclay 

 

Summary  

1. The electrical resistivity of the drilling mud decreased with increasing bentonite 

content, nanoclay content, and temperature, which is a good tool for quality 

control of the drilling mud and also to predict the rheological properties of drilling 

mud in the field. 

2. The yield point (Yp) of the drilling mud increased by increasing the bentonite and 

nanoclay contents. Increasing the bentonite content in the drilling mud from 2% 

to 8% increased the yield stress by over 95%.  

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10

G
e

l S
tr

e
n

gt
h

 (
1

0
')

(I
b

/1
0

0
ft

2
)

Electrical Resistivity,  (Ω-m)

No. of Data=38

Expermintal Data

NLM

Hyperbolic Model



153 

 

3. The plastic viscosity (Pv) of the drilling mud increased by 45% when the 

bentonite content increased from 2% to 8% at room temperature. Also, the Pv 

increased by 43% to 65% based on the bentonite content in the drilling mud.  

4. The apparent viscosity (Av) of the drilling mud increased by 45% when the 

bentonite content increased from 2% to 8% at room temperature. Also, the Av 

increased by 43% to 65% based on the bentonite content in the drilling mud. The 

electrical resistivity was directly related to the apparent viscosity. 

5. The electrical resistivity was directly related to rheological properties of drilling 

mud.  

6. The hyperbolic model was effective in predicting the rheological properties and 

electrical resistivity of drilling mud-based bentonite modified will nanoclay based 

on the coefficient of determination and root mean square of error (RMSE).  

7. Using a nonlinear relationship, the model parameters were related to the 

composition of the drilling mud. A nonlinear model was effective in identifying 

the contribution of each constituent (bentonite and nanoclay). 
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Table 5.4: Rheological and Resistivity Model Parameters for Drilling Mud Using Bentonite Modified with  

                  Nanoclay  for 85 
o
C ≥   T ≥ 25

o
C 

 

Nonlinear Model (NLM) (Eqn. 5.17)  Hyperbolic Model (Eqn. 5.18)   

Rheological Properties (Y)  h m p q R
2
 RMSE  A C R

2
 RMSE 

No. of 

Data (N) 

Yield Point (Yp), Pa 790.7 -7.5 113.1 -1.5 0.83 3.63 337.9 0.001 0.82 3.57 39 

Plastic Viscosity (Pv), cP 328 -6.2 198.7 -1.64 0.83 6.64 339.5 0.001 0.78 4.23 43 

Apparent Viscosity (Av), cP 522.3 -7.7 209.9 -1.4 0.84 9.83 328.3 0.002 0.82 9.34 37 

Gel 10"(Ib/100ft
2
) 89.6 -0.98 4.72 -0.98 0.84 4.32 329.4 0.001 0.85 4.17 37 

Gel 10'(Ib/100ft
2
) 80.7 -0.83 5.18 -0.83 0.83 4.76 324.6 0.001 0.84 4.73 38 
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5.6 Drilling Mud Modified with Fe Nano powder (NanoFe) 

Rheological Properties 

The rheological properties, yield point (Yp) and plastic viscosity (PV), were 

measured using the Bingham elastic model. In this study, the bentonite content in 

drilling mud was varied up to 8% by the weight of water. Bentonite drilling mud 

modified with varying amounts of nanoFe up to 1% by total weight of drilling mud was 

tested in the temperature  range  of  25
o
C to 85

o
C using a viscometer with the speed 

range of 0.3 rpm to 600 rpm. An external magnetic strength up to 0.6T was applied to 

the bentonite drilling mud modified with nanoFe. In this study, more than 200 tests 

were conducted to evaluate the effect of nanoFe and magnetic field on sensing and 

rheological properties of the drilling mud. 

Effect of External Magnetic Field and Temperature on Electrical Resistivity of 

Drilling Mud 

In this study, the effect an external magnetic field and temperature had on the 

electrical resistivity and rheological properties of bentonite drilling mud modified with 

NanoFe was investigated. The temperature was varied from 25
o
C to 85

o
C. The 

bentonite content in the drilling mud was varied from 2% to 8% by the weight of water. 

The nanoFe content was varied between 0% to 1% by the weight of drilling mud to 

modify the rheological properties and enhance the sensing characteristics of the drilling 

mud. The external magnetic field applied was varied from 0 to 0.6T (0.6 Tesla). The 

electrical resistivity of drilling mud with and without nanoFe decreased by increasing 

the temperature. The electrical resistivity of the drilling mud decreased by 1% to 5% 
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when using a magnetic field based on the bentonite, nanoFe content, and temperature, 

as shown in Figs. 5.25 to 5.27.  

The nanoFe modification increased the yield point (Yp) and plastic viscosity 

(PV) by 8% to 25% and 5% to 21%, respectively, based on the bentonite content, 

nanoFe content, magnetic field strength, and temperature of the drilling mud. The 

external magnetic field increased the rheological properties of bentonite drilling mud 

modified with nanoFe. 

By increasing the temperature from 25
o
C to 85

o
C, the electrical resistivity of the 

drilling mud with 2% bentonite decreased by 11%, as shown in Fig. 5.25 (a). An 

addition of 0.6% nanoFe to the drilling mud with 2% and 8% bentonite decreased the 

electrical resistivity (by 13% and 15% , respectively, at room temperature, as shown 

in Figs. 5.25(a) & 5.27(a). By increasing the bentonite, nanoFe, and temperature, the 

electrical resistivities of the drilling mud nonlinearly decreased. An external magnetic 

field did not affect the electrical resistivity of the bentonite drilling mud modified with 

nanoFe very much. Eqn. 5.25 was used to predict the electrical resistivity (by 

increasing the nanoFe, magnetic field, and temperature of the drilling mud. The model 

parameters of Eqn. (5.25) were correlated with the bentonite and nanoFe content, as 

shown in Eqn. 5.26. The electrical resistivity of 2% and 8% bentonite content, modified 

with 0.6% of nanoFe at room temperature, decreased by 12% and 11% when the 

magnetic field strength increased from 0 to 0.6T, respectively, as shown in Fig. 5.27 as 

shown in Eqn. below                           

  
))(1(   T

o ,                                                                                (5.25) 
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where 

= electrical resistivity of modified drilling mud at different temperatures (25
 o

C ≤ T ≤ 

85
o
C),  

= electrical resistivity of modified drilling mud at T=25
o
C, and 

 and = model parameters. 

 

 

 

 

 

 

 

Figure 5-25: Relationship between the Electrical Resistivity of  2% Bentonite  

                      Drilling Mud with a Different Percentage of NanoFe (a) MF=0 (b) MF=0.3T 
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Figure 5-26: Relationship between the Electrical Resistivity and Temperature of 

                       8% Bentonite Drilling Mud with a Different Percentage of NanoFe  

                      (a) MF=0 (b) MF=0.3T 
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Figure 5-27: Relationship between the Electrical Resistivity and Temperature of 

                      Bentonite Drilling Mud with Different Percentage of NanoFe at Magnetic 

                      Field of 0.6T (a) Bentonite =2% (b) Bentonite =8% 
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The model parameters  and  were influenced by the composition of the drilling 

muds and an external magnetic field strength. It is being proposed to relate the model 

parameters to the independent variables (bentonite content, nanoFe content, and 

magnetic field strength) using a nonlinear power relationship as in Eqn. (5.26).  

The effect of bentonite, nanoFe content, and magnetic field were separated as                                                

hMF
g

NFe
f

BedNFecBbaBko )(*)(*)(*)(*)(*)(*,,  ,                   (5.26) 

where 

k, a, b, c, d, e, f, g and h = nonlinear model parameters, 

NFe= nanoFe (%), 

MF= external magnetic field strength, and 

B= bentonite content (%). 

The NLM parameters were obtained from multiple regression analyses using the 

least square method and are summarized in Table 5.5.  

         Table 5.5: Nonlinear Model Parameters for NanoFe Modified Drilling Mud 

 

Model 

Parameter 
k a b c d e f g h 

No. of 

Data 

 13.5 -0.81 3.88 -1.2 -0.42 -1.72 -2 0.024 -0.85 17 

 26.6 -0.7 0.23 0.5 -1.25 -1 0.9 0.02 1.53 23 

 0.1 0.44 0.64 -1.9 0.02 0.002 1.67 -0.06 0.25 15 
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Figure 5-28: Relationship between Measured and Predicted Electrical Resistivity Model  

                       Parameters of Bentonite Drilling Mud Modified with NanoFe (a) o (b)(c) 
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Yield Point (Yp) 

An addition of bentonite and nanoFe increased the shear stress at shear strain 

rate of 1024 s
-1

 and the yield point (Yp) of the drilling mud. The Yp of the drilling mud 

increased from 2 Pa to 31 Pa when the bentonite content changed from 2% to 8% at 

25
o
C.  An addition of 1% nanoFe to the drilling mud, with 2% and 8% bentonite, 

increased the yield point (Yp) by 8% and 25%, respectively, at room temperature and a 

magnetic field of 0T, as shown in Fig. 5.29 (b). The Yp of drilling mud with 2% and 8% 

bentonite content modified with 0.2% nanoFe decreased by 45% and 28%, respectively, 

by increasing the temperature from 25
o
C to 85

o
C and the magnetic field of 0T. The Yp 

of the drilling mud, with 2% and 8% bentonite modified with 1% nanoFe, increased by 

21% and 10%, respectively, when the magnetic field increased from 0 to 0.6 T at room 

temperature, as shown in Figs. 5.29 and 5.30.  
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Figure 5-29: Variation of Yield Point with Temperature and Magnetic Field for 

                       the 2% Bentonite Drilling Mud Modified with NanoFe:  

                       (a) NanoFe=0.2% (b) NanoFe=1% 
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Figure 5-30: Variation of Yield Point with Temperature and Magnetic Field for the 8%  

                       Bentonite Drilling Mud Modified with NanoFe: (a) NanoFe=0.2%  

                      (b) NanoFe=1% 

Plastic Viscosity (PV) 

The PV of control drilling mud with 2% and 8% of bentonite content was 6.4 cP 

and 24 cP at room temperature, respectively. Modifying the bentonite of the drilling 

mud with 2% and 8% bentonite, using 1% nanoFe (by total weight of drilling mud), at 

room temperature increased the Pv by 62% and 15%, respectively, at a magnetic field of 

0T, as shown in Figs. 5.31(a) and 5.32(a). Increasing the temperature from 25
o
C to 85

o
C 

for drilling mud with 8% bentonite, and modified with 0.6% nanoFe, increased the PV 

from 61 cP to 44 cP with a magnetic field of 0T, as shown in Fig. 5.32(a). The PV of 

the 2% and 8% modified drilling mud, and modified with 1% nanoFe, increased by 30% 

and 14%, respectively, when the external magnetic field increased from 0 to 0.6T, as 

shown in Figs. 5.31 and 5.32. 

 

0

5

10

15

20

25

30

35

40

0 20 40 60 80 100

Y
ie

ld
 P

o
in

t,
 Y

p
 (

P
a)

Temperature, T (oC)

Bentonite=8%

NanoFe=0%

NanoFe=1% (MF=0)

NanoFe=1% (MF=0.3T)

NanoFe=1%. (MF=0.6T)

-b- 



165 

 

 

 

 
Figure 5-31: Variation of Plastic Viscosity with Temperature and Magnetic Field for  

                      the 2% Bentonite Drilling Mud Modified with NanoFe:  

                      (a) NanoFe=0.6% (b) NanoFe=1% 
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Figure 5-32: Variation of Plastic Viscosity with Temperature and Magnetic Field for  

                      the 8% Bentonite  Drilling Mud Modified with NanoFe: 

                      (a) NanoFe=0.6%   (b) NanoFe=1% 
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5.7 Impedance Spectroscopy Characterization of a Piezoresistive 

Bentonite Drilling Mud Modified with an Acrylamide 

Polymer Bulk Sensor 

Electrical resistance is a measure that signifies the current flow resisting 

capacity of the material. On the contrary, conductance is the measure by which the 

material allows the current to pass through it. Resistivity, or the specific electrical 

resistance (ρ), can be calculated by using the following equation:  

ρ = R ∗
A

L
    ,                                                                                                (5.27) 

where, R is the resistance in Ohms, A is the cross-sectional area of the material through 

which the current is passed, and L is the total height of the material. It is to be noted that 

the higher the value of the resistivity, the poorer electrical conductor the material is, and 

vice versa. Piezoresistivity can be defined as the ability of the body to exhibit change in 

the resistivity values on being subjected to stress.  

Thus, if   ρ = f (σ).                                                                                     (5.28) 

Then, the material is considered to be a piezoresistive material. The four-probe 

and two-probe method are the two mostly commonly used methodologies to capturing 

the resistance of a material. Prashanth (2010) studied the influence of contact resistance 

in polymeric composites using the two-probe method with infrared spectroscopy and 

proved that the contact resistance is less than 1% bulk, and thus it can have a negligible 

effect on the measured electrical resistance of the material. In most of the analyses in 

the literature, the properties of the electrode material system are assumed to be virtually 

time invariant, and one of the basic purposes of impedance spectroscopy (IS) was to 
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determine these properties, their interrelations, and their dependences on applied stress 

and applied voltage or current (Macdonald et al., 1987; Barsoukov et al., 2005). Mason 

et al. (2002) investigated the various factors governing the impedance spectra of fiber 

reinforced cement composites using steel and carbon fiber reinforced composites. The 

factors investigated were fiber aspect ratio, fiber volume fraction, fiber orientation, and 

fiber shape. Campo et al. (2002) used IS to investigate the effect of steel and glass 

spherical particle loading on the electrical properties of cement composites. No study 

has been performed on the piezoresistivity of drilling mud.  

In this study, different possible equivalent circuits were analyzed in order to find 

an appropriate equivalent circuit to represent the CIGMAT-DMSS measured responses. 

Self-monitoring characteristics of a new piezoresistive bentonite drilling mud 

modified with varying amounts of polymer up to 0.24% bulk resistance was 

investigated under various stress conditions using impedance spectroscopy (IS). The 

pressure was varied from 0 to 800 psi (5.5 MPa). The bentonite content in the drilling 

mud was varied from 2% to 8% by the weight of water. The polymer content was varied 

between 0% and 0.24% by the weight of bentonite to enhance the sensing 

characteristics of the drilling mud. IS was used to estimate the bulk resistance of the 

piezoresistive modified drilling mud and the contact resistance of the two-probe 

measuring system used, along with the stress and shape dependence of these resistances. 

The piezoresistive behavior of the modified drilling mud with polymer in compression 

showed repeatable characteristics. An incremental stress-resistivity model was used to 

predict the observed behavior of the piezoresistive drilling mud. 
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There were many difficulties associated with choosing a correct equivalent 

circuit. It was necessary to make a link between the different elements in the circuit and 

the different regions in the impedance data of the corresponding sample. Given the 

difficulties and uncertainties, researchers tend to use a pragmatic approach and adopt a 

circuit that they believe is most appropriate based on their knowledge of the expected 

behavior of the material under study, and then demonstrate that the results are consistent 

with the circuit used (Vipulanandan & Prashanth, 2013).  

In this study, the self-monitoring characteristics of a new piezoresistive 

bentonite drilling mud modified with polymer using impedance spectroscopy (IS). 

(i) Case 1: General Bulk Material—Resistance and Capacitor 

In the equivalent circuit for Case 1, the contacts were connected in series, and 

both the contacts and bulk material were represented using a capacitor and resistor 

connected in parallel (Fig. 5.33). In the equivalent circuit for Case 1, Rb and Cb are the 

resistance and capacitance of the bulk material, respectively, and Rc and Cc are the 

resistance and capacitance of the contacts, respectively. Both contacts are represented 

with the same resistance (Rc) and capacitance (Cc) because they are identical. The total 

impedance of the equivalent circuit for Case 1 (Z1) at any applied stress (r) can be 

represented as (Vipulanandan & Prashanth, 2013) 
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.                                         (5.29) 

In Eq. (5.29),   is the angular frequency of the applied signal. When the 

frequency of the signal is very low,  0 then Z1=Rb+2Rc, and when it is very high, 

   then Z1 = 0. 
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                 Figure 5-33: Equivalent Circuit for Case 1 (Vipulanandan & Prashanth, 2013) 

 

Case 2: Special Bulk Material—Resistance Only 

Case 2 is a special case of Case 1 in which the bulk capacitance of the material 

(Cb) was assumed to be negligible (Fig. 5.34).  

 

                 Figure 5-34: Equivalent Circuit for Case 2 (Vipulanandan & Prashanth, 2013) 

 

The total impedance of the equivalent circuit for this case (Z2) is presented as  

(Vipulanandan & Prashanth, 2013) 
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.                                                         (5.30) 

When the frequency of the applied signal is very low,  0 and Z2=Rb+2Rc, 

and when it is very high    and Z2= Rb. A comparison of the typical responses of 

equivalent circuits for Case 1 (Fig. 5.33) and Case 2 (Fig. 5.34) is shown in Fig. 5.35.  
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Figure 5-35: Comparison of Typical Responses of Equivalent Circuits for Case 1 and  

                      Case 2 (Vipulanandan & Prashanth, 2013) 

 

Bulk Resistivity of Bentonite and Polymer 

Increasing the bentonite B (%) and polymer p (%) in the drilling mud 

nonlinearly decreased the electrical resistivity. Increasing the bentonite content from 

2% to 8% reduced the bulk resistivity of the drilling mud from 8.06 to 3.45  -m, a 

57% reduction at a pressure of 0 psi, as shown in Fig. (5.36). The electrical bulk 

resistivity decreased 2% bentonite drilling mud, modified with 0.24% polymer, from 

3.55 to 3.51  -m  when the pressure increased from 0 to 800 psi, as shown in Fig. 

5.36(a). The electrical bulk resistivity of 8% bentonite drilling mud, modified with 0.6% 

from, was varied between 2.36 to 2.3 -m when the pressure increased from 0 to 800 

psi, as shown in Fig. 5.37(b). From Fig. 5.38, it can be concluded that the polymer does 

not make the bentonite drilling mud piezoresistive material.  
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   Figure 5-36: Typical Impedance versus Frequency for 2% Bentonite Drilling Mud     

                          modified with (a) 0% polymer (b) 0.24% polymer 
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Figure 5-37: Typical Impedance versus Frequency for 8% Bentonite Drilling Mud Modified  

                      with (a) 0% polymer (b) 0.24% polymer 
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Figure 5-38: Relationship between Bulk Resistivity and Pressure for Bentonite  

                      Drilling Mud (a) Bentonite=2% (b) Bentonite=8% 
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     Table 5.6: Model Parameters for Impedance versus Frequency for Case 2 

 

Bentonite, 

B (%) 

Polymer 

(%)  

Pressure 

(psi) 

Bulk 

Resistance, 

Rb (Ω) 

Contact 

Resistance, 

Rc (Ω) 

Cc / 

10
-5

 

2 0 0 234.6 7382.7 3.81 

2 0 800 236.5 7381.7 3.79 

2 0.24 0 2.35.4 7141.5 4.05 

2 0.24 800 235.2 7140.1 4.03 

8 0 0 122.6 4838.6 4.44 

8 0 800 123.3 4837.6 4.43 

8 0.24 800 123.1 4738.6 4.58 

8 0.24 0 123.5 4738.1 4.87 

 

5.8 Quantify the Effects of Temperature on Fluid Loss and Yield 

Stress of Bentonite Drilling Mud Modified with Acrylamide 

Polymer  

In this study, the effect of an acrylamide polymer-modified bentonite on the 

fluid loss and yield stress of water-based drilling mud at different temperatures up 85
o
C 

was studied. The bentonite content in the drilling mud was varied from 2% to 8% by the 

weight of water. The polymer content was varied between 0% to 0.24% by the weight 

of bentonite. The results showed that the polymer-modified bentonite decreased the 

fluid loss of the drilling mud by 28% to 52% based on the bentonite content and 

temperature in the drilling mud. TGA analyses showed notable reduction in the weight 

of the bentonite between 600
o
C and 800

o
C. Modifying the bentonite using 0.24% 

polymer reduced the total weight loss at 800
o
C from 6.42% to 1.26%, an 80% 

reduction. The polymer modification decreased the yield stress (o) of the drilling mud 

by 30% to 60% based on the bentonite content and temperature. The results showed that 

the fluid loss decreased with increasing amount of polymer. The electrical resistivity of 
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the drilling mud decreased from 8.5 Ω-m to 3.9 Ω-m, a 53% reduction when the 

bentonite content increased from 2% to 8% at room temperature. The electrical 

resistivity of the filter cake formation of the bentonite drilling mud modified with 

0.24% polymer decreased by 33% to 57% based on the bentonite content and 

temperature. Polymer is an excellent potential additive for reducing the fluid loss and 

yield stress of drilling muds. Effects of bentonite and polymer content on the model 

parameters have been quantified using a nonlinear model (NLM), which quantified the 

effect of polymer treatment on the model parameters. 

Constitutive Models 

Model I 

Maghrabi et al. (2013) used the linear swelling model (Model I) (Eqn. 5.33) to predict 

kinetic of shale swelling (swelling with the time) in the water-based drilling mud as 

)11(
tLNte

MFL


 ,                                                                                            (5.31) 

where  

FL: Fluid loss (mL), 

M, N, and L: model parameters, and 

t: time (min).  

Eqn. (5.33) was derived after combing the first order kinetics (exponential 

dependence) term with the initial instantaneous filtration loss term (square root 

dependence). In Eqn. (5.33), M represents saturation swelling volume as  

When:    𝑡 → ∞, 𝐹𝐿(𝑡) → 𝑀  ,                                                                                   (5.32) 

𝑑(𝐹𝐿(𝑡))

𝑑𝑡
≈ −𝑁 ∗ (𝑀 − 𝐹𝐿(𝑡)). 
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The time integral of the above form would provide the exponential component 

in Eqn. (5.33). The differential pressure across the shale surface would induce 

instantaneous filtration loss before the filter cake build-up (Maghrabi et al., 2013). Its 

effect on the filtration loss is accounted by the square root term, 𝐿√𝑡 in Eqn. (5.33), 

where L is the filter loss rate parameter.  

Proposed Hyperbolic Model (Model II) 

The relationship between fluid loss with time and thickness of the filter cake 

formation, yield stress (o), and electrical resistivity of the filter cake with the 

temperature for the drilling mud using bentonite modified with polymer solution was 

investigated. Based on the inspection of the test data, the following relationship is 

proposed: 

XDC

X
YY o

*


,                                                                                               (5.33) 

where 

Y: is the property of the drilling mud (electrical resistivity, yield stress, fluid loss, and 

thickness of filter cake formation), 

Yo: initial values of the drilling mud property (electrical resistivity, yield stress, fluid 

loss, and thickness of filter cake formation) at room temperature (T=25
o
C), 

C and D: model parameters, and 

X: time (min) or temperature (
o
C) where 

00
)()(

)(
22








 C

DxC

C

DxC

DxDxC

dx

dy
, 

when 
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  x  oY
C

Y 
1 .                                                                                            (5.34) 

TGA Analysis 

Using the thermogravimetric analysis (TGA), the weight loss at the rate of 

weight change with temperature was obtained for bentonite, polymer, and treated 

bentonite with 0.24% polymer. The weight loss in bentonite, polymer, and treated 

bentonite with 0.24% polymer was analyzed in four temperature ranges, as summarized 

in Table 5.8. Below 120°C, free water (water not linked to the exchangeable cation and 

water between clay particles); between 120°C and 350°C, water linked to the 

exchangeable cation of the interlamellar space; between 350°C and 600°C, the 

dehydration of the bentonite minerals and aluminum silicate; and between 600°C and 

800°C calcium silicate (Grim 1968). The heating rate used in these tests was 10°C/min, 

and the weight loss at 105°C is considered to represent the free water as shown on the 

rate of weight change with temperature curve. Total weight loss for the bentonite 

between 25°C to 120°C was 6.42%, and it was 1.26% when the temperature changed 

from 120°C to 350°C. That may be due to a loss of volatiles such as water. The weight 

loss for the bentonite increased by 19% when the temperature changed between 350°C 

to 600°C. The total weight loss for the bentonite at 800°C was 12.9%, as summarized in 

Table 5.8. The weight loss for the polymer was 0.81% for temperatures between 25°C 

to 120°C. The total weight loss for the polymer used in this study at 800
o
C was 100%. 

The modified bentonite with 0.24% polymer at 120°C decreased the weight loss from 

6.42% to 1.26%, an 80% reduction, and it also decreased from 3.73% to 2.86% at 

800°C, a 23% reduction, as summarized in Table 5.9. This difference in weight loss 

could be due to the new minerals formed in the bentonite with the addition of polymer. 
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Moreover, the polymer treatment strongly modified the large dehydration band between 

25°C to 120°C. This also indicates that the polymer solution would have coated the 

bentonite particles.  

   Table 5.7: TGA Analysis, Weight Loss (%)  During Heating 

 

Sample 
(25-120) 

o
C 

(120-350) 
o
C 

(350-600) 
o
C 

(600-800) 
o
C 

Total 

(%) 

Bentonite 6.42 1.26 1.5 3.73 12.9 

Polymer 0.81 71.6 26 1.59 100 

Bentonite + 0.24% 

Polymer 
1.26 0.6 0.61 2.86 5.27 

Electrical Resistivity of Bentonite Modified with Polymer 

Increasing the bentonite B (%) and polymer content P (%) in the drilling mud 

nonlinearly decreased the electrical resistivity ( as shown in Fig. 5.39. Increasing the 

bentonite content from 2% to 8% reduced the electrical resistivity of drilling mud from 

8.5 -m to 3.97 -m at room temperature, a 53% reduction, as shown in Fig. 5.39. The 

electrical resistivity (of drilling mud with 2% bentonite decreased from 8.5 -m to 

6.3  -m, a 26% reduction when the polymer content increased from 0 to 0.24% at 

25
o
C, as shown in Fig. 5.39. The electrical resistivity is a good tool for quality control 

for the drilling mud mixing. This is a clear indication of the sensitivity of electrical 

resistivity to the bentonite and polymer contents. The relationships between electrical 

resistivity ( and  polymer content (P%) of modified bentonite drilling mud were 

modeled using Model II, and the model parameters with coefficient of determination 

(R
2
) are summarized in Table 5.9. 
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Figure 5-39:  Effects of Bentonite and Polymer Contents on the Electrical Resistivity  

                       of Drilling Mud 

 

Table 5.8: Model Parameters for Effect of Polymer on Electrical  

                   Resistivity Modified Drilling Mud at Temperature of 25
o
C 

 

Bentonite, 

B (%) 
Yo C D R

2
 RMSE (Ω-m) 

2 8.49 -0.03 -0.33 0.99 0.014 

4 6.26 -0.09 -0.16 0.96 0.091 

6 5.21 -0.06 -0.37 0.99 0.004 

8 3.98 -0.11 -0.62 0.95 0.032 

 

5.9 Fluid Loss of Drilling Mud 

The fluid loss of bentonite modified with a different percentage of polymer at 

different temperature conditions decreased with increasing polymer content, as shown 

in Fig. 5.40 and Fig. 5.41. As observed in Fig. 5.42, the filtration loss at 30 mints 

decreased with the increasing concentration of polymer. This is due to the electrostatic 

adsorption of bentonite particles, which reduces the capacity of holding water and 

agglomeration among bentonite particles. It could be also seen that the filtration loss 
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declines and filter cake thickness increases as the solid contents of bentonite dispersion 

increases. According to the literature, the increasing solid contents could form the 

pyknotic film and reduce the filtration loss (Falode et al., 2008). The increasing 

thickness of the filter cake is due to the reduction of agglomeration among bentonite 

particles adsorbed polymer. 

The filtration volume of drilling mud at the end of 30 mints decreased from 27.5 

mL to 8 mL, a 71% reduction when the amount of bentonite increased from 2% to 8% 

at a temperature of 25
o
C. Modifying the bentonite drilling mud using 0.24% polymer 

decreased the fluid loss from 37% to 52% based on the bentonite content in drilling 

mud at a temperature of 25
o
C, as shown in Fig. 5.42.  

The filtration volume of the drilling mud at 30 mints decreased nonlinearly by 

increasing the bentonite and polymer content. By increasing the temperature from 25
o
C 

to 85
o
C, the filter loss of drilling mud with 8% bentonite increased by 57%, as shown in 

Fig. 5.40 (b). An addition of 0.24% polymer to the drilling mud with 8% bentonite 

decreased the filter loss by 37% at room temperature, as shown in Fig. 5.40 (b). Model I 

and II were used to predict the fluid loss versus time by increasing the polymer content 

and temperature of the drilling mud. The fluid loss of the drilling mud with 2% and 8% 

at the end of 7 hours at room temperature was higher than the fluid loss at 30 minutes 

by 35% and 27%, respectively. The fluid loss of drilling mud with 2% and 8% bentonite 

at the end of 7 hours decreased at room temperature by 56% and 50%, respectively, 

when the bentonite was modified with 0.24% polymer, as shown in Fig. 5.40. 
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5.10 Constitutive Models 

Kinetics of fluid loss of bentonite drilling mud modified with different polymer 

content at different temperature conditions were predicted using Model I and Model II, 

as shown in Fig. 5.40 to 5.41.  

Model I 

(2%) Bentonite 

The fluid loss versus time of 2% bentonite drilling mud with and without 

polymer treatment at different temperatures up to 7 hours was modeled using Model I 

(Eqn. (5.33)), as shown in Fig. 5.40. The coefficient of determination (R
2
) was greater 

than 0.95. The root mean square of error (RMSE) varied from 78.68 mL to 309.23 mL, 

as summarized in Table 5.11. The filtrate volume (mL/30 min.) of the 2% bentonite 

drilling mud with and without 0.24% polymer treatment (by dry weight of bentonite) at 

a temperature of 25
o
C was 27.8 mL and 14 mL, respectively, a 50% reduction, as 

shown in Fig. 5.42 (a). The model parameter M for drilling mud without and with 

0.24% polymer treatment at a temperature of 25
o
C was 84.81 and 39.95, respectively, a 

53% reduction, and the parameter M for bentonite drilling mud modified with 0.24% 

polymer increased by 53% when the temperature increased to 85
o
C, as summarized in 

Table 5.11. The model parameters N and L for the drilling mud increased by 57% and 

2%, respectively, with 0.24% polymer treatment at a temperature of 25
o
C, as 

summarized in Table 5.10.  
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(8%) Bentonite 

The relationships between fluid loss with time of 8% bentonite drilling mud with 

and without polymer treatment were modeled using Model I (Eqn. (5.33)), as shown in 

Fig. 5.40 (b). The coefficients of determination (R
2
) were greater than 0.97, as 

summarized in Table 1. The root mean square of error (RMSE) varied from 13.54 mL 

to 44.74 mL, as summarized in Table 5.11. The filtrate volume (mL/30 min.) of the 8% 

bentonite drilling mud without and with 0.24% polymer treatment at a temperature of 

25
o
C was 8 mL and 5 mL, respectively, a 38% reduction. By increasing the temperature 

to 85
o
C, the filtrate volume for the 8% bentonite drilling mud without and with 0.24% 

polymer treatment increased by 131% and 152% , respectively, as shown in Fig. 5.42 

(b). The model parameter N for drilling mud decreased by 30% with 0.24% polymer 

treatment at room temperature, but the parameter L increased by 29% with 0.24% 

polymer treatment at room temperature, as summarized in Table 5.10. The effects of 

bentonite and polymer on the model parameters were quantified using Eqn. (5.37), 

where the effects of bentonite and polymer were separated.  
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Figure 5-40: Measured and Predicted Kinetic of Fluid Loss for Drilling Mud with 2%  

                      Bentonite Modified with Polymer at Different Temperatures (a) P=0%  

                      (b) P=0.24% 
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Figure 5-41: Measured and Predicted Kinetic of Fluid Loss for Drilling Mud with  

                      8% Bentonite Modified with Polymer at Different Temperatures  

                      (a) P=0% (b) P=0.24% 

Nonlinear Model (NLM) Parameters 

The parameters M, N, L, C, and D were influenced by the bentonite content (B 

%), polymer content (P %), and temperature (T) in 
o
C. It is being proposed to relate the 

model parameters to the independent variables (bentonite content and polymer content) 

using a nonlinear power relationship. The NLM parameters were obtained from 

multiple regression analyses using the least square method, and are summarized in 

Table 5.10. The effects of bentonite and polymer were separated as  

fPeTdBcbTaBkparameters )(*)(*)(*)(*)(*  ,                                      (5.35) 

where 

k, a, b, c, d, e, and f : model parameters. 
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Table 5.9: Model Parameters for Modified Drilling Mud Using Polymer 

 

 

Parameter  

Based on the nonlinear model parameter c (Eqn. (5.37)), polymer content had the 

highest effect on decreasing the fluid loss compared to parameters N and L. NLM 

parameter k indicated that an addition of bentonite had the highest effect on reducing 

the fluid loss compared to parameters N and L, as summarized in Table 5.10. 

Parameter N 

Based on the nonlinear model parameter k (Eqn. (5.37)), bentonite content had the 

highest effect on fluid loss compared to parameter L. NLM parameter c indicated that 

an addition of polymer had the second highest effect on increasing the parameter N as 

compared to the parameter L, as summarized in Table 5.10. 

Parameter L 

Based on the nonlinear model parameter k (Eqn. (5.37)), bentonite content had the 

highest influence on parameter L. Based on the NLM parameter c, an addition of 

polymer had the highest  effect on reducing the parameter L, as summarized in Table 

5.10.  

  
Model 

Parameter  
k a b c d e f 

No. 

of 

Data 

R
2
 RMSE 

Model 

I 

M 407.34 -0.68 0.1 -331.94 -0.74 0.04 0.11 41 0.98 92.52 

N 15.98 -2.83 -7.23 0.02 -0.55 -0.04 -0.28 35 0.87 5*10
-5

 

L 0.12 -0.43 -0.11 4*10
-5

 -0.38 0.96 -1.01 27 0.92 1.5*10
-3

 

Model 

II 

C 4.27 1.24 -1.01 2.81 -0.28 -0.013 0.72 47 0.85 2.71 

D 0.01 -0.37 -0.56 0.042 -0.68 -0.025 -0.28 27 0.89 3*10
-5
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Model II 

(2%) Bentonite 

The fluid loss with time of 2% bentonite drilling mud with and without polymer 

treatment was modeled using Model II (Eqn. (5.35)), as shown in Fig. 5.40. The 

coefficient of determination (R
2
) was 0.99, as summarized in Table 5.11. The root mean 

square of error (RMSE) varied from 21.27 mL to 515.31 mL, as summarized in Table 

5.11. The model parameter C for drilling mud without and with 0.24% polymer 

treatment at a temperature of 25
o
C was 0.86 mL.s

-1
 and 1.22 mL.s

-1
, respectively, a 42% 

increase. The model parameter D for drilling mud without and with 0.24% polymer 

treatment at a temperature of 25
o
C was 0.01 mL

-1
 and 0.022 mL

-1
, respectively, a 120% 

increase, as summarized in Table 5.11.  

(8%) Bentonite 

The relationships between fluid loss with time of 8% bentonite drilling mud with 

and without polymer treatment at different temperatures were modeled using Model II 

(Eqn. (5.35)), as shown in Fig. 5.40. The coefficients of determination (R
2
) were 0.99. 

The root mean square of error (RMSE) varied from 27.18 mL to 32.14 mL, as 

summarized in Table 5.11. The model parameter C for drilling mud without and with 

0.24% polymer treatment at room temperature was 1.96 mL.s
-1

 and 2.60 mL.s
-1

, 

respectively, a 33% increase, as summarized in Table 5.11. The model parameters D for 

the drilling mud without and with 0.24% polymer treatment were 0.03 mL
-1

 and 0.033 

mL
-1

, respectively, a 10% increase, as summarized in Table 5.11.  
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Parameter C 

Based on the nonlinear model parameter k (Eqn. (7)), bentonite content had the highest 

effect on this parameter compared to parameter D. NLM parameter c (Eqn. (5.37)) 

indicated that an addition of polymer had increased the parameter C as compared to the 

parameter D, as summarized in Table 5.10. 

Parameter D 

Based on the nonlinear model parameter k (Eqn. (5.37)), bentonite content had the least 

effect on this parameter. NLM parameter c (Eqn. (5.37)) indicated that an addition of 

polymer had the highest effect on reducing the parameter D as compared to the 

parameter C, as summarized in Table 5.10. 

     Table 5.10: Models Parameter for Polymer-Modified Drilling Mud 

 

Thickness of Filter Cake of Drilling Mud at the End of 7 Hours 

The thickness of the filter cake of the drilling mud was increased by increasing 

bentonite and polymer contents. Thickness of the filter cake increased by 100% when 

bentonite content increased from 2% to 8% at a temperature of 25
o
C, as shown in Fig. 

Model I Model II 

B 

(%) 

P 

(%) 

T 

(
o
C) 

M N L R
2
 

RMSE 

(mL) 

C  

(mL.sec
-1

) 

D 

(mL
-1

) 
R

2
 

RMSE 

(mL) 

2 0 25 84.82 0.007 0.043 0.99 78.68 0.86 0.01 0.99 193.84 

2 0 85 119.33 0.009 0.04 0.99 309.23 0.5 0.007 0.99 515.31 

2 0.24 25 39.95 0.011 0.044 0.99 18.42 1.22 0.022 0.99 21.27 

2 0.24 85 61.06 0.014 0.032 0.99 69.05 0.72 0.014 0.99 98.3 

8 0 25 29.67 0.009 0.045 0.99 13.54 1.96 0.03 0.99 30.06 

8 0 85 320.45 0.007 0.017 0.99 32.35 0.61 0.022 0.99 32.14 

8 0.24 25 28.99 0.006 0.044 0.99 14.16 2.6 0.033 0.99 27.18 

8 0.24 85 37.6 0.019 0.038 0.98 44.74 0.84 0.023 0.99 28.66 
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5.42. By increasing the temperature from 25
o
C to 85

o
C, the thickness of the filter cake 

of the drilling mud with 8% bentonite increased by 130%, as shown in Fig. 5.43(b). An 

addition of 0.24% polymer to drilling mud with 8% bentonite increased the thickness of 

the filter cake from 8 mm to 20 mm, a 150% increase at room temperature, as shown in 

Fig. 5.43(b). By increasing bentonite content, polymer content, and temperature, the 

thickness of the filter cake of the drilling muds was nonlinearly increased, as shown in 

Figs. 5.43. Eqn. (5.35) was used to predict the thickness of filter cake by increasing the 

polymer content and temperature of the drilling mud.  
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Figure 5-42: Fluid Loss Volume after 30 Minutes for Bentonite Drilling Mud Modified with  

                      Polymer at Different Temperatures (a) Bentonite=2% (d) Bentonite=8% 
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Figure 5-43: Filter Cake Thickness of Bentonite Drilling Mud Modified with  

                      Polymer at Different   Temperatures (a) Bentonite=2% (b) Bentonite=4%  

                      (c) Bentonite=6% (d) Bentonite=8% 

 

Effect of Soil Formation on the Fluid Loss and Filter Cake in Water Base of the 

Bentonite Drilling Mud 

Drilling muds are used in oil and gas. Fluid loss and filter cake formation are 

critical issues related to successful operations. Rate and total fluid loss from drilling 

muds can affect the performance of the drilling mud and well safety. In this study, 

short-term and long-term fluid loss tests of the drilling mud with different percentages 

of bentonite up to 8% were performed using API filter paper and porous media at a 

pressure of 100 psi. A new kinetic hyperbolic model was developed to predict the fluid 

loss and permeability of the drilling mud through API filter paper and soil formation 

(porous media). The new kinetic model prediction was compared to the API model, and 

it predicted both short-term and long-term fluid loss very well. Hence, the new kinetic 
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model can be used to better model the filter loss in real time as functions of changes in 

permeability. Bentonite content in the drilling mud was varied from 2% to 8% by the 

weight of water. 

5.11 Constitutive Modeling of Filtering Process 

Model I: Static Model (API Model) as shown below 

    FLf − FLo = M ∗ √t ,                                                                                           (5.36) 

where: 

FLf: volume of fluid loss (cm
3
), 

FLo: initial volume of fluid loss (spurt) (cm
3
), 

t: time, and 

M: model parameter. 

From Eqn. (5.38):   when           

FLf = ∞    t .                  (5.37) 

Model II: New Kinetic (Hyperbolic) Model 

The relationship between fluid loss with time for bentonite drilling mud using 

API filter paper and porous media was investigated. Based on the inspection of the test 

data, the following relationship is proposed as 

tBA

t
FLFL

of
*


 ,                                                                                        (5.38)           

where 

FLf: fluid loss or permeability of the drilling mud,  

FLo: initial values of the fluid loss or permeability of drilling mud (t=0 min),  



193 

 

t: time, and 

A and B: model parameters. 

From Eqn. (5.40):when  t 𝐹𝐿𝑓 =
1

𝐴
+ 𝐹𝐿𝑜  .                                             (5.39) 

5.12 Permeability of the Porous Media (Soil) 

Water Permeability 

Four soil samples with the dimension of 4" dia.* 4.6" height were subjected to a 

water pressure of 35 psi (hydraulic gradient i=223.3). The test was conducted up to 300 

minutes. The average permeability of the four samples was 0.026 mD, as shown in Fig. 

5.44. The permeability versus time for the soil was modeled using Model II ((Eqn. 

5.40)). Eqn. (5.42) is representing the permeability of the soil with time as 

K (mD) = 0.052 −
t

2851.1+28.41∗t
 ,               R

2
=0.93.                                              (5.40) 

 

Figure 5-44: Hyperbolic Model Prediction of the Variation of 

                       Permeability with Time through Porous Media 
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Drilling Mud Permeability 

Drilling muds with different percentages of bentonite up to 8% were used under 

air pressure of 100 psi (hydraulic gradient i=241.3). The fluid loss versus time of 

drilling mud was recorded. Based on the viscosity and density of the drilling mud, the 

permeability (mD) of the soil was calculated, as shown in Fig. 5.45. The permeability of 

the soil using drilling mud with 2% bentonite was 0.056 mD and decreased by 51%, 

75%, and 78% when the bentonite content increased to 4%, 6%, and 8% , respectively, 

as shown in Fig. 5.45. The hyperbolic model (Model II) predicted the permeability 

versus time of the drilling mud very well, and the model parameters A, B, root mean 

square error (RMSE), and coefficient of determination (R
2
) are summarized in Table 

5.12. 

 

Figure 5-45: Hyperbolic Model Prediction of the Variation of Permeability of  

                      Drilling Mud with Time through Porous Media 
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5.13 Constitutive Models 

To check the validity of the proposed kinetic hyperbolic model with the API 

model, the experimental results were divided into two cases.  

API Filter Press Method 

In this study, both short-term (time (t) = 30 min) and long-term (t > 30 min) of 

the fluid loss of drilling mud using API filter paper were studied.  

(2%) Bentonite 

Short Term 

The fluid loss versus time of drilling mud with 2% bentonite up to 30 minutes 

was modeled using Model I (Eqn. (5.38)), as shown in Fig. 5.56(a). The coefficient of 

determination (R
2
) was 0.99. The root mean square of error (RMSE) was 2.28 mL. The 

model parameter M for drilling mud was 4.65
𝑚𝐿

√𝑚𝑖𝑛
, as summarized in Table 5.12. Also, 

the experimental results of fluid loss versus time of the drilling mud were modeled 

using Model II (Eqn. (5.40)), as shown in Fig. 5.47(a). The coefficient of determination 

(R
2
) was 0.99. The root mean square of error (RMSE) was 4.54 mL. The model 

parameters A and B were 0.35 
𝑚𝑖𝑛

𝑚𝐿
 and 0.03 

1

𝑚𝐿
  , respectively, as summarized in Table 

5.12. Based on the root mean square of error (RMSE) and coefficient of determination 

(R
2
), both models predicted the short-term infiltration phenomena very well, as shown 

in Figs. 5.46(a) and 5.47(a). 
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Long Term 

The fluid loss versus time of the drilling mud with 2% bentonite up to 420 

minutes using API filter paper was modeled using Model I (Eqn. (5.38)), as shown in 

Fig. 5.47(b). The coefficient of determination (R
2
) was 0.97. The root mean square of 

error (RMSE) was 344.7 mL. The model parameter M for drilling mud was 4.57 
𝑚𝐿

√𝑚𝑖𝑛
, 

as summarized in Table 5.12. The experimental results of fluid loss versus time were 

modeled using Model II (Eqn. (5.40)), as shown in Fig.  5.47(b). The coefficient of 

determination (R
2
) was 0.99. The root mean square of error (RMSE) was 193.59 mL, 

44% less than the (RMSE) using Model I. The model parameters A and B were 0.86 
𝑚𝑖𝑛

𝑚𝐿
  

and 0.01 
1

𝑚𝐿
 , respectively, as summarized in Table 5.12. Based on the root mean square 

of error (RMSE) and coefficient of determination (R
2
), the hyperbolic model predicted 

the long-term infiltration phenomena better than the API model, as shown in Figs. 

5.47(b) and 5.48(b). 
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Figure 5-46: Model Predictions of Fluid Loss versus Time for 2% Bentonite  

                     Drilling Using API Filter Paper (a) Short-Term (b) Long-Term 

 

(8%) Bentonite 

Short-Term 

The fluid loss versus time of drilling mud with 8% bentonite up to 30 minutes 

using filter paper was modeled using Model I (Eqn. (5.38)), as shown in Fig. 5.46 (a). 

The coefficient of determination (R
2
) was 0.96. The root mean square of error (RMSE) 

was 5.67 mL. The model parameter M for drilling mud was 1.92 
𝑚𝐿

√𝑚𝑖𝑛
 , as summarized 

in Table 5.12. Also, the experimental results of fluid loss versus time were modeled 

using Model II (Eqn. (5.40)), as shown in Fig. 5.46(a). The coefficient of determination 

(R
2
) was 0.98. The root mean square of error (RMSE) was 2.99 mL, 47% less than the 

(RMSE) using Model I. The model parameters A and B were 1.39 
𝑚𝑖𝑛

𝑚𝐿
 and 0.04 

1

𝑚𝐿
, 

respectively, as summarized in Table 5.12. Based on the root mean square of error 

(RMSE) and coefficient of determination (R
2
), both models predicted the short-term 

infiltration phenomena very well, as shown in Figs. 5.46(a) and 5.47(a). 
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Long-Term 

The fluid loss versus time of drilling mud with 8% bentonite up to 420 minutes 

using API filter paper was modeled using Model I (Eqn. (5.38)), as shown in Fig. 

5.46(b). The coefficient of determination (R
2
) was 0.95. The root mean square of error 

(RMSE) was 105.3 mL. The model parameter M for drilling mud was 1.69 
𝑚𝐿

√𝑚𝑖𝑛
 , as 

summarized in Table 5.12. The experimental results of fluid loss versus time were 

modeled using Model II (Eqn. (5.40)), as shown in Fig. 5.46 (b). The coefficient of 

determination (R
2
) was 0.98. The root mean square of error (RMSE) was 30.1 mL, 72% 

less than the (RMSE) using Model I. The model parameters A and B were 1.96 
𝑚𝑖𝑛

𝑚𝐿
 and 

0.03 
1

𝑚𝐿
, respectively, as summarized in Table 5.12. Based on the root mean square of 

error (RMSE) and coefficient of determination (R
2
), the hyperbolic model predicted the 

long-term infiltration phenomena much better than API model, as shown in Fig. 5.47 

(b). 
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Figure 5-47: Model Predictions of Fluid Loss versus Time for 8% Bentonite  

                      Drilling Using API Filter Paper Using (a) Short-Term (b) Long-Term 

5.14 Porous Media 

In this study, long-term (t > 30 min) up to 400 hours fluid loss versus time of 

drilling mud with different percentages of bentonite was studied using porous media 

instead of API filter paper. The predictions of the API model and hyperbolic model 

were compared with the experimental data results. 

(2%) Bentonite 

The fluid loss versus time of drilling mud with 2% bentonite up to 400 hours 

using porous media was measured and modeled using Model I (Eqn. (5.38)), as shown 

in Fig. 5.48. The coefficient of determination (R
2
) was 0.95. The root mean square of 

error (RMSE) was 0.049 mL. The model parameter M for drilling mud was 0.029 

𝑚𝐿

√𝑚𝑖𝑛
, as summarized in Table 5.12. Also, the experimental results of fluid loss versus 

time were modeled using Model II (Eqn. (5.40)), as shown in Fig. 5.48. The coefficient 

of determination (R
2
) was 0.99. The root mean square of error (RMSE) was 0.016 mL. 
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The model parameters A and B were 345.64 
𝑚𝑖𝑛

𝑚𝐿
 and 0.74

1

𝑚𝐿
, respectively, as 

summarized in Table 5.12. Based on the root mean square of error (RMSE) and 

coefficient of determination (R
2
), the hyperbolic model predicted the infiltration 

phenomena better than the API model, as shown in Fig. 5.48. 

(8%) Bentonite 

The fluid loss versus time of drilling mud with 8% bentonite up to 400 hours 

using porous media was modeled using Model I (Eqn. (5.38)), as shown in Fig. 5.49(d). 

The coefficient of determination (R
2
) was 0.80. The root mean square of error (RMSE) 

was 0.017 mL. The model parameter M for drilling mud was 0.007 
𝑚𝐿

√𝑚𝑖𝑛
, as summarized 

in Table 5.12. The experimental results of fluid loss versus time were modeled using 

Model II (Eqn. (5.40)), as shown in Fig. 5.49. The coefficient of determination (R
2
) was 

0.96. The root mean square of error (RMSE) was 0.003 mL. The model parameters A 

and B were 2336.4 
𝑚𝑖𝑛

𝑚𝐿
and zero, respectively, as summarized in Table 5.12. Based on 

the root mean square of error (RMSE) and coefficient of determination (R
2
), the 

hyperbolic model predicted the long-term infiltration phenomena better than the API 

model, as shown in Fig. 5.49. 
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Figure 5-48: Long-Term Model Predictions of Fluid Loss of the 2% Bentonite  

                     Drilling Mud through Porous Media Using the API Model and Hyperbolic Model 

 

 

Figure 5-49: Long-Term Model Predictions of Fluid Loss of the 8%Bentonite  

                     Drilling Mud through Porous Media Using the API Model and Hyperbolic Model 
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Table 5.11: Model Parameters for Relationships between Bentonite Drilling  

                    Mud Permeability and Time Using Porous Media 

 

 

 

5.15 Drilling Mud Filtration Comparison between API Filter 

Paper and Porous Media 

Based on the experimental and modeling results, the time required to reach 

maximum fluid loss of 2% bentonite drilling mud through soil formation was 400 hours, 

which was equivalent to 40 minutes using API filter paper, as shown in Fig. 5.50(a). 

The time required to reach maximum fluid loss of 8% bentonite drilling mud through 

soil formation was 400 hours, which was equivalent to 13 minutes using API filter 

paper, as shown in Fig. 5.50 (d).  According to the results, the API filter paper cannot 

represent the soil formation in the field, as shown in Fig. 5.50. 

  API Model (I) Hyperbolic Model (II) 

 
Bentonite 

(%) 
Term 

 

M 
RMSE 

(mL) 
R

2
 A B 

RMSE 

(mL) 
R

2
 

Figure 

No. 
  

2 
Short 4.65 2.28 0.99 0.35 0.03 4.54 0.99 5.46 (a) 

Long 4.57 344.7 0.97 0.86 0.01 193.59 0.99 5.46 (b) 

6 
Short 1.92 2.37 0.97 0.78 0.08 2.44 0.98 5.47 (a) 

Long 2.13 126.1 0.96 1.97 0.02 39.94 0.99 5.47 (b) 

8 
Short 1.92 5.67 0.96 1.39 0.04 2.99 0.98 5.48 

Long 1.69 105.3 0.95 1.96 0.03 30.1 0.98 5.49 
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Figure 5-50: Comparison between Normalized Fluid Loss of Bentonite Drilling  

                      Mud through Porous Media and API Filter Paper: (a) Bentonite=2% (b)  

                      Bentonite=8% 

Filter Cake Thickness 

The average thickness of the filter cake of the drilling mud was measured using digital 

Vernier caliper.  
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API Filter Press 

The thickness of the filter cake of the drilling mud increased by increasing the 

bentonite content. The thickness of the filter cake increased from 4 mm to 13 mm when 

bentonite content was increased from 2% to 8% at the end of 30 minutes. By increasing 

the fluid loss time from 30 minutes to 420 minutes, the thickness of the filter cake of the 

drilling mud with 2% and 8% bentonite increased by 75% and 54%, respectively, as 

shown in Fig. 5.51.  

Porous Media 

The filter cake thickness of the drilling mud with different percentages of 

bentonite using porous media was measured at the end of 400 hours. The filter cake 

thickness of the drilling mud with 2% and 8% bentonite using porous media at the end 

of 400 hours was 57% and 60%, thicker than the filter cake thickness using API filter 

paper at the end of 420 min, as shown in Fig. 5.52. 

 

 

 

 

 

 

 

 

 
Figure 5-51: Relationship between Bentonite Content with Thickness of Filter Cake  

                      of Drilling Mud at Two Different Times Using API Filter Paper 
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Figure 5-52: Relationship between Bentonite Content with Thickness of  

                      Filter Cake of Drilling Mud Using API Filter Press and Porous Media 

 

Summery  

 

1. The static model (API model) predicted the short-term fluid loss well, 

compared to its predictions of long-term fluid loss. 

2. The API model has no limit on fluid loss. The model does not account for 

filtrate saturation and instead predicts infinite fluid loss.  

3. A new kinetic hyperbolic model predicted the short-term and long-term fluid 

loss very well. It also modeled all of the kinetic permeability of fluid in the 

porous media. This model has limits on total fluid loss.  

4. The porosity of filter cake decreased by increasing bentonite content, and the 

porosity of cake formation using API filter paper was less than the porosity 

of cake formation using soil formation. 

 

 

 

 

 

0

5

10

15

20

25

30

35

0 2 4 6 8 10

C
ak

e
 T

h
ic

kn
e

ss
 (

m
m

)

Bentonite (%)

Soil Formation, t=400 hr

API Filter Press, t=420min



206 

 

CHAPTER SIX    

 CHARACTERIZING THE HYDRAULIC FRACTURING 

FLUID MODIFIED WITH NANO SILICA PROPPANT 

The composition of the fracturing fluid is important to not only fracture the 

rocks but also provide for efficient transport and placement of proppant into the rocks to 

keep them open enough to extract oil and gas. In this study, the effect of 1% nano silica 

proppant on the rheological properties, fluid loss, and electrical resistivity of the 

fracturing fluids and transport characteristics in the pre-cracked sandstone were 

investigated at various temperatures up to 85
o
C and pressures up to 700 psi (splitting 

tensile strength of rock), respectively. Two different mixes of fracturing fluids were 

developed and used in this study to investigate the effects of nano silica proppant. The 

amount of water in the fracturing fluid varied from 90% to 93% (by total weight of the 

fracturing fluid), and the percentage of the fine sand used varied from 5% to 9% (by 

weight of fluid) with 1% of guar gum. An addition of 1% nano silica increased the 

electrical resistivity by 18% at room temperature. By increasing the temperature from 

25 to 85
o
C, the electrical resistivity of fracturing fluid with and without nano silica 

decreased from 4.56 to 3.11 Ω-m, and from 3.75 to 2.78 Ω-m , respectively.  

The nano silica modification increased the yield stress (o) by 12% at room 

temperature. The yield stress of the fracturing fluid decreased by 32% by increasing the 

temperature from 25 to 85
o
C. The viscosity of the fracturing fluid increased by 10% 

with the addition of 1% nano silica at room temperature. A new test protocol was 

developed using pre-cracked sandstone to evaluate the performance of the fracturing 
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fluids. In the range of 690 to 750 psi, the discharge of fluid increased by 30% when the 

fracturing fluid was modified with nano silica and the temperature was increased from 

25 to 85
o
C at 700 psi. The apparent permeability of the rock increased by 19% when the 

fracturing fluid was modified with 1% nano silica at a temperature of 85
o
C and pressure 

of 700 psi.  The fluid loss and shear-thinning behavior of fracturing fluid with and 

without nano silica has been quantified using a new hyperbolic model. 

 The results showed that the hyperbolic model predicted the fluid loss with the 

time, temperature, pressure, and shear-thinning relationship between the shear stress 

with shear strain rate of fracturing fluids very well. The results also showed strong 

influence of the nano silica and temperature on fracturing fluid rheology, fluid loss, and 

fracturing behavior of the rock. 

Rock Characterization 

Various types of rocks (sandstone, mudstone, coal, kota stone, and shale) are 

encountered during hydraulic fracturing of rocks. Hence, there is interest in 

investigating the correlation between the rock properties. These results are summarized 

in Table 6.1.  

Table 6.1: Test Methods and Mechanical Properties of Rock 

 

Mechanical Property Test Method Value 

Density, g (gm/cm
3
) ASTM D 5195 2.45 

Permeability, k (mD) 
ASTM D 2434 & CIGMAT Testing 

Standard 2011  

6*10
-10

 

Water Absorption (%) ASTM D 6473 0.25 

Porosity, n (%) ASTM D 7263  0.55 

Compressive Strength, c (psi) ASTM D7012  9000 

Splitting Tensile Strength, t (psi) ASTM D3967  768 

Modulus of Elasticity, E (psi) ASTM D3148    450000 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD4525.htm&ei=Kmm0UugtjYDZBbmtgZAD&usg=AFQjCNH7XnIGYLhzueQ-_ofcJTPmnhTKiA&bvm=bv.58187178,d.b2I
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD4525.htm&ei=Kmm0UugtjYDZBbmtgZAD&usg=AFQjCNH7XnIGYLhzueQ-_ofcJTPmnhTKiA&bvm=bv.58187178,d.b2I
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&ved=0CC8QFjAB&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD7263.htm&ei=emq0Ut74J6TN2AWJ_IEo&usg=AFQjCNH9YSEEwwumLAfytQ1-4BhOcJdGQw&bvm=bv.58187178,d.b2I
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&ved=0CC4QFjAB&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD7012.htm&ei=tWq0Uu3rHIjd2QXzpYA4&usg=AFQjCNH3PYOwj7Ma4btiAB7aGJ8oT0VWbg&bvm=bv.58187178,d.b2I
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD3967.htm&ei=C2u0UqaxCMbK2wX7qIHYBQ&usg=AFQjCNE2VSBhEHTBkN1N15t5aBWJEBdQyA&bvm=bv.58187178,d.b2I
http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0CCkQFjAA&url=http%3A%2F%2Fwww.astm.org%2FStandards%2FD3148.htm&ei=ZWu0UtieD4Sl2wWZz4CACA&usg=AFQjCNFq4h8IgnZMTaezlKtzei_9hvhkFQ&bvm=bv.58187178,d.b2I
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6.1 Proposed Hyperbolic Model   

Based on the inspection of the test data, the following relationship was proposed as 

 
XBA

X
YoY

*
   ,                                                                                                     (6.1)                  

where  

X: time or shear strain rate or temperature (independent variable), 

Y: is the fracture fluid property with varying X value, and  

YA, and B: model parameters.   

The relationship proposed in Eqn. (3) can be used to represent various linear and 

nonlinear trends based on the values of parameters A and B, as shown in Fig.1.  

 

       Figure 6-1: Modeling the Linear and Nonlinear Responses of the Fracturing Fluids 

Strength 

Based on the literature data, the correlation between compressive strength (c) 

and tensile strength (t) was developed (Eqn. 6.1). A total of 73 data of c and t for 
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different type of rocks were collected from various research studies, as shown in Fig. 

6.2.  

The relationship for the data collected can be represented as  

c

c

t 




*0003.021.8 
 .                                                                                                   (6.2) 

 The c of collected data varied from 1190 psi to 25000 psi. The t of rock 

samples varied from 145 psi to 2052 psi. The c and t of the sample used in this study 

9000 psi and 690 psi, respectively. The coefficient of determination (R
2
) of Eqn. (6.1) 

was 0.82. 

Permeability (k) 

Based on the data collected from the literature, the correlation between 

compressive strength (c) and permeability (k) was developed (Eqn. 6.2). A total of 21 

data of c and  for different type of rocks were collected from various research studies, 

as shown in Fig. 6.3. The k values varied from 2.2*10
-11

 to 9*10
-9

 mD. Based on the 

experimental and literature data, the correlation between compressive strength (c) and 

the permeability (k) was developed, as shown in Fig. 6.3. The relationship for the data 

collected can be represented as  

)
*71006.0

*12107100(
k

k
c


 .                                                                                         (6.3)  

A constant head permeability test was conducted on the 2.3"diamter *3.3" long 

sandstone rock samples, according to CIGMAT Testing Standard 2011, using double-

ring permeameter mold. The water was allowed to seep through the rock under the 
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pressure of 100 psi to measure the permeability. The coefficient of determination (R
2
) 

of Eqn. (1) was 0.92. Hence, the permeability (k) is represented in terms of compressive 

strength (c) as follows:  

)
7

10*)7100(
12

10

(
06.0*)7100(






c

k
c




,                                                                                         (6.4) 

)
.*002.02.50

.
(

VP

VP
c 
 , and                                                                                    (6.5) 

).*55.0(. VPVS  ,                                                                                                    (6.6) 

where 

k : Permeability (mD), 

c : Compressive strength (psi), 

P.V : Pulse velocity (m/sec), and 

S.V: Shear velocity (m/sec). 

Hydraulic fracturing treatment involves pumping a proppant-free viscous fluid 

or pad, which is usually constituted of water with some fluid additives, in order to 

generate high viscosity into a well faster than the fluid can escape into the formation. 

This causes the pressure to rise and the rock to break, creating fractures or enlarging 

existing ones. After fracturing the formation, a propping agent such as sand is added to 

the fluid. This slurry is pumped into the newly-formed fractures in the formation to 

prevent them from closing when the pumping pressure is released. The proppant 

transportability of a base fluid depends on the type of viscosifying additives that have 

been added to the water (Lukocs et al., 2007).  
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The mechanics of hydraulic fracturing is a convenient description of the 

processes and mechanisms that are important to fracturing technology. Mechanics 

generally refers to an engineering discipline concerned with the mechanical properties 

of the material under consideration and the response of that material to the physical 

forces of its environment. Hydraulic fracturing is complicated because it involves four 

different types of mechanics: fluid, solid, fracture, and thermal. In fracturing, fluid 

mechanics describes the flow of one, two, or three phases within the fracture; solid 

mechanics describes the deformation or opening of the rock because of the fluid 

pressure; fracture mechanics describes all aspects of the failure and parting that occur 

near the tip of the hydraulic fracture; and thermal mechanics describes the exchange of 

heat between the fracturing fluid and the formation.  

To develop tools for the design and analysis of a process as complicated as 

hydraulic fracturing, it is necessary to build models that describe each of the responses 

sufficiently. The fracturing fluid contains suspended proppant particles that are to be 

placed in the fractures to prevent them from fully closing once the hydraulic pressure is 

released. This process forms conductive channels within the formation through which 

hydrocarbons can flow. Once at least one fracture is created and a portion of the 

proppant is substantially in place, the viscosity of the fracturing fluid may be reduced to 

remove it from the formation. In certain circumstances, a portion of the fracturing fluid 

may be lost through undesirable leak off into natural fractures present in the formation. 

This is problematic because such natural fractures often have higher stresses than those 

created by a fracturing operation. These higher stresses may damage the proppant and 
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cause it to form an impermeable plug in the natural fractures, which may prevent 

hydrocarbons from flowing through natural fractures (Welton et al., 2010).  

 

 Figure 6-2: Relationship between Tensile Strength and Compressive Strength of the Rocks 

 

 

             Figure 6-3: Relationship between Compressive Strength and Permeability of the Rocks 
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 Figure 6-4: Relationship between Compressive Strength and Pulse Velocity of the Rocks 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
          Figure 6-5: Relationship between Shear Velocity and Pulse Velocity of the Rocks 
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6.2  Water Permeably Test for Acrylamide Polymer 

A permeability test was conducted for the acrylamide polymer using HPHT cell 

in order to evaluate the durability of the polymer under a high pressure up to 600 psi 

and a high temperature of 100
o
C, as shown in Fig. 6.6. 

.   

Figure 6-6: Fluid Loss versus Time for Acrylamide Polymer under High  

                   Temperature and High Pressure 

 

Based on the test results, the fluid loss through the acrylamide polymer was zero 

under a temperature of 100
o
C and a pressure of 600 psi for up to 16 hours, as shown in 

Fig. 6.6. The fluid loss increased slightly to 4 mL at the end of 21 hours. The results 

showed that the acrylamide polymer has the ability to resist the high temperature and 

high pressure.  
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6.3 Types of Hydraulic Fracturing Fluids 

Shear Stress-Shear Strain Rate Relationship 

The shear stress-shear strain rate relationship for a fracturing fluid with 9% sand 

(Mix 1) is shown in Fig. 6.7(a). The shear stress at shear strain rate of 1024 sec
-1

 

decreased from 126.8 Pa to 90.9 Pa when the temperature was increased from 25
o
C to 

85
o
C. The shear stress-shear strain rate relationship for the fracturing fluid with 5% 

sand and 1% nano silica (Mix 2) is shown in Fig. 6.7(b). The shear stress at shear strain 

rate of 1024 sec
-1

 decreased from 183.4 Pa to 120.5 Pa when the temperature was 

increased from 25
o
C to 85

o
C. An addition of nano silica increased the shear stress at 

strain rate of 1024 sec
-1

 in the fracturing fluid by 44%.  

The apparent viscosity at a strain rate of 170 s
-1 

and a temperature of 25
o
C for 

the fracturing fluid with 9% sand (Mix 1) was 522 cP, and it decreased to 206 cP at a 

temperature of 85
o
C, a 61% reduction. With the increase in temperature, the apparent 

viscosity at a strain rate of 170 s
-1 

and a temperature of 25
o
C for the fracturing fluid, 

with 1% nano silica  and 5% sand (Mix 2), was 574 cP, and it decreased to 226 cP at a 

temperature of 85
o
C, a 61% reduction.  The relationship between the shear stress and 

shear strain rate was conducted on the fracturing fluids at different temperatures up to 

85
o
C. The results were predicted using Eqn (6.6), as shown in Fig. 6.7. By increasing 

the temperature, the shear stress decreased. By increasing the nano silica to 1%, the 

shear stress at shear strain rate of 1024 s
-1

 increased by 44% at room temperature. By 

increasing the temperature for the fluid with 1% nano silica to 85
o
C, the shear stress at 

shear strain rate of 1024 s
-1

 decreased by 58%, as shown in Fig. 6.7 (b).  
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The model parameters A and B with coefficient of determination (R
2
) are 

summarized in Table 6.2. Parameter A varied from 1.28 to 10.55 when the temperature 

increased from 25
o
C to 85

o
C, and the parameter B varied from 0.013 to 0.025 when the 

temperature increased from 25
o
C to 85

o
C. 

 

 

 

Figure 6-7:  Measured and Predicted Shear Stress-Shear Strain Rate Relationship  

                     for Fracturing Fluids at Various Temperatures: (a) 9% Sand  

                    (b) 1% Nano Silica and 5% Sand 
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Table 6.2: Model Parameters for Relationship between Shear Stres-Shear  

                  Strain  Rate of Fracturing Fluids 

 

Mix # 
Temperature 

(
o
C) 

o (Pa) A B R
2
 

1 

25 87.3 1.28 0.025 0.96 

45 74.5 8.61 0.018 0.97 

65 61.7 9.01 0.019 0.98 

85 55.6 10.55 0.018 0.99 

2 

25 110.8 1.43 0.013 0.98 

45 83.3 1.51 0.016 0.96 

65 70.6 1.67 0.016 0.96 

85 67.8 2.25 0.019 0.97 

Yield Stress (o) 

Yield stress (o) was measured according to API specifications, based on the 

Bingham plastic model. The yield stress (o) of the fracturing fluid increased from 87.4 

Pa to 98.3 Pa when the nano silica content changed from 0 to 1% at T=25
o
C, as shown 

in Fig. 6.8. For the fracturing fluid using 9% sand (Mix 1), the o decreased by 36% 

when the temperature increased from 25 to 85 
o
C. For the fracturing fluid using 1% 

nano silica and 5% sand (Mix 2), the o decreased from 98.3 to 67 Pa by increasing the 

temperature from 25
o
C to 85

o
C.  

The relationship between yield stress (o) and temperature was predicted using 

Eqn. (3), as shown in Fig. 6.8, and the model parameters with coefficient of 

determination (R
2
) are summarized in Table 6.3.  An addition of nano silica increased 

the yield stress in the fracturing fluid by 12%. 



218 

 

 

    Figure 6-8: Measured and Predicted Yield Stress of Fracturing Fluids with Temperature 

Viscosity () 

Viscosity () is the slope of shear stress () and shear strain rate (�̇�) relationship 

at a selected shear strain rate. An addition of 1% nano silica increased the viscosity of 

the fracturing fluid at a shear strain rate of 170 s
-1

 by 10% at T=25
o
C, as shown in Fig. 

6.9. For the fracturing fluid using 9% sand (Mix 1), the  at a shear strain rate of 170 s
-1 

of decreased from 479 to 178 cP when the temperature increased from 25
 o

C to 85
o
C. 

For the fracturing fluid using 1% nano silica and 5% sand (Mix 2), the  decreased from 

526 Pc to 192 cP by increasing the temperature from 25 to 85
o
C. The relationship 

between viscosity () at a shear strain rate of 170 s
-1

 and temperature was predicted 

using Eqn. (6.6), as shown in Fig. 6.9, and the model parameters with coefficient of 

determination (R
2
) are summarized in Table 6.3.   
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An addition of 1% nano silica and reduction of sand content by 4% increased the 

apparent viscosity at a shear strain rate of 170 s
-1

 in the fracturing fluid by 11% at 25
o
C.  

 

      Figure 6-9: Measured and Predicated Viscosity (at 170 s
-1

) of Fracturing Fluids with  

                          Varying Temperatures 

 

Table 6.3: Yield Stress and Viscosity Model Parameters for Fracturing  

                  Fluid Mixes 

 

Eqn. 6.6 

Rheological Properties Mix Yo A B R
2
 

Yield Stress (o), Pa 
1 113.3 0.77 0.008 0.99 

2 109.1 1.88 0.007 0.95 

Viscosity (at 170 s
-1

), cP 
1 1253.1 0.012 0.0008 0.99 

2 1505.3 0.009 0.0007 0.99 

                    Table 6.4: Fracturing Fluid Mixes 
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6.4  Electrical Resistivity 

An addition of 1% nano silica to the fracturing fluid increased the electrical 

resistivity. Also, increasing the temperature decreased the electrical resistivity of fluids 

nonlinearly. An addition of 1% nano silica increased the electrical resistivity of the fluid 

from 3.75 to 4.56 -m at room temperature, an increase in resistivity of 18%, as shown 

in Fig. 6.10. For the 9% sand (Mix 1), the electrical resistivity decreased from 3.75 to 

2.78  -m when the temperature was increased from 25 to 85
o
C, but in the 1% nano 

silica and 5% sand (Mix 2), the electrical resistivity changed from 4.56 to 3.11  -m 

when the temperature increased from 25
o
C to 85

o
C, as shown in Fig. 6.10. Eqns. (6.8) 

and (6.9) were developed to predict the electrical resistivity (and temperature (T) 

relationship of fluidswith and without nano silica.   

Mix 1 (9% sand) as  

)
25.0

)(*4.81(*75.3


 ToT                                                                                      (6.7) 

Mix 2 (1% nano silica with 5% sand) as 

)
3.0

)(*6.121(*56.4


 ToT ,                                                                             (6.8) 

where 

To: room temperature (To=25
o
C), and 

: electrical resistivity of fracture fluid at different temperatures (85
o
C  T  25

o
 C).   

The electrical resistivity is a good tool to use as quality control for the hydraulic 

fracturing fluid. The coefficient of determination (R
2
) of Eqns. (6.7) and (6.8) were 0.98 

and 0.95, respectively.  
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          Figure 6-10: Measured and Predicted Electrical Resistivity of Fracturing Fluids 

 

6.5  Filtration Loss  

A long-term fluid loss test on the fracturing fluids was performed, and the 

results are shown in Fig. 6.11. Based on Eqn. (6.6), the volume of fluid loss at 30 

minutes was measured, as shown in Fig. 6.12. An addition of the 1% nano silica 

decreased the filter volume of the fracturing fluid by 60% at room temperature. The 

volume of fluid loss of the fracturing fluid using 9% sand (Mix 1) increased by 52% 

when the temperature increased from 25 to 85
o
C. For the fracturing fluid using 1% nano 

silica  and 5% sand (Mix 2), the volume of fluid loss increased by 76% when the 

temperature was increased from 25 to 85
o
C, as shown in Fig. 6.12.  
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         Figure 6-11: Measured and Predicted Kinetic of Fluid Loss in Fracturing Fluids  

                               with Temperature (a) 9% Sand (b) 1% Nano silica & 5% Sand 
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Figure 6-12: Variation of Fluid Loss Volume after 30 Minutes for Fracturing Fluids  

                     with Temperature 
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method (least square). The linear relationship is as follows: 

)(*)(*)(*)(*)(*, TeNSdPcWbSakBA                                                       (6.9) 

where 

k, a, b, c, d, and e are model parameters and were determined by multiple regression 
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Table 6.5: Fluid Loss-Time Model Parameters for Fracturing Fluid  

                  Modified with 1% Nano Silica for 85
o
C ≥ T ≥ 25

o
C 

 

Model 

Parameter 
k a b c d e 

No. 

of 

Data 

R
2
 

A 1.21 -2.6 0.03 -0.014 0.055 -0.02 6 0.98 

B 1 -1.50E-04 3.70E-04 1.57E-03 -2.53E-04 -8.40E-05 6 0.93 

Filter cake 

The thickness and resistivity of the filter cakes for two fracturing fluids were 

measured at the end of tests. With the addition of 1% nano silica, the thickness of the 

filter cake of the fracturing fluid increased by 30% at room temperature, as shown in 

Fig. 6.13. The thickness of the filter cake of the fracturing fluid using 9% sand (Mix 1) 

increased by 50% when the temperature was increased from 25
o
C to 85

o
C. The 

thickness of the filter cake of the fracturing fluid using 1% nano silica  and 5% sand 

(Mix 2) increased by 45% when the temperature was increased from 25
o
C to 85

o
C, as 

shown in Fig. 6.13.  

The resistivity of the filter cake decreased from 4.02 to 3.84 -m with the 

addition of 1% nano silica at room temperature. The resistivity of the filter cake for 

fracturing fluid using 9% sand (Mix 1) and 1% nano silica and 5% sand (Mix 2) 

decreased by 25% and 31%, respectively, when the temperature was increased from 

25
o
C to 85

o
C, as shown in Fig. 6.14. 

In this study, four different fracturing test setups were tested. The sandstone 

rock sample was saturated and pre-cracked using the splitting tensile test.  
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          Figure 6-13: Variation of Filter Cake Thickness of Fracturing Fluids with Temperature 

 

 

           Figure 6-14: Variation of Resistivity of Filter Cake with Temperature for the  

                                 Fracturing Fluids 

Rock-Fracture Fluid Interactions 

In this study, four different rock-fluid interaction tests were performed. The 

sandstone rock samples were saturated and pre-cracked using the splitting tensile test. 
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Room Temperature (T=25
o
C) 

Test #1: The fracturing fluid used in this test was 9% sand (Mix 1) and subjected 

to different pressures up to 700 psi at room temperature. The amount of the fluid 

collected from the sample was zero mL at 100 psi for 26 hours. By increasing the 

pressure to 500 psi and 700 psi, the discharge collected increased to 33 mL and 72 mL, 

respectively, as shown in Fig. 6.16 (a). The permeability of the rock increased by 89% 

and 103% under a pressure of 500 psi and 700 psi, respectively, as shown in Fig. 6.16 

(a).  

Test #2: The fracturing fluid used in this test was 1% nano silica and 5% sand (Mix 2). 

The effect of adding 1% nano silica at room temperature was investigated. The amount 

of fluid collected from the sample was zero mL at 100 psi after 22 hours. By increasing 

the pressure to 500 psi and 700 psi, the discharge collected increased by 36% and 27%, 

respectively, as shown in Fig. 6.16 (a). The permeability of the rock also increased by 

25% and 37% when the pressure changed from 100 psi to 500 psi and 700 psi, 

respectively, as shown in Fig. 6.17 (a). Adding 1% nano silica increased the 

permeability of the rock at room temperature by 99%, 25%, and 37% under 300 psi, 500 

psi, and 700 psi, respectively, as shown in Fig. 6.17 (a).  



227 

 

 

         Figure 6-15: Double-Ring HPHT Testing Device Used for the Sandstone Permeability  

                               Study 

 

Higher Temperature (T=85
o
C) 

Test #3: The fracturing fluid used in this test was 9% sand (Mix 1) at a 

temperature of 85
o
C. The amount of fluid collected from the sample increased from 0 to 

18 mL at 100 psi after 24 hours. By increasing the pressure to 500 psi and 700 psi, the 

discharge collected increased by 24% and 7%, respectively, as shown in Fig. 6.16(b). 

The permeability of the rock also increased by 25% and 37%  when the pressure 

changed from 100 psi to 500 psi and 700 psi, respectively, as shown in Fig. 6.16(b).  

Test #4: The fracturing fluid used in this test was 1% nano silica and 5% sand (Mix 2). 

The effect of the 1% nano silica at T=85
o
C temperature was investigated. The amount 

of fluid collected from the sample increased from 0 to 7 mL at 100 psi at 18 hours. By 

increasing the pressure to 500 psi and 700 psi, the discharge collected from the mid-
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valve increased by 43% and 27%, respectively, as shown in Fig. 6.16(b). The 

permeability of the rock also increased by 25% and 37%  when the pressure changed 

from 100 psi to 500 psi and 700 psi, respectively, as shown in Fig. 6.17(b). Adding 1% 

nano silica increased the permeability of the rock at T=85
o
C by 15%, 14%, and 14% 

under 300 psi, 500 psi, and 700 psi, respectively, as shown in Fig. 6.17(b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     Figure 6-16: Fluid Discharge through Pre-Fractured Sandstone with Pressure and  

                          Temperature and Fracturing Fluids (a) T=25
o
C (b) T=85

o
C 
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        Figure 6-17: Variation of Permeability of Pre- Fractured Rock with Pressure and  

                              Temperature and Fracturing Fluids (a) T=25
o
C (b) T=85

o
C 
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CHAPTER SEVEN    

  CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

In this research study, advances in polymer and nanotechnologies were used to treat 

sulfate-contaminated soils, drilling muds, and hydraulic fracturing fluids. Both XRD 

and TGA methods were used to characterize the materials. Various models were 

developed to predict the performance of the materials. The conclusions of this study are 

summarized as follows: 

1. Based on the XRD analyses, changes in soil mineralogy were observed with the 

addition of 4% calcium sulfate and the new constituents included calcium 

silicate sulfate (Ternesite Ca5(SiO4)2SO4) and aluminum silicate sulfate 

(Al5(SiO4)2SO4). Hence, some of the changes observed in the index and 

mechanical properties of contaminated soil could have been due to changes in 

the soil mineralogy. Liquid limit of a natural CL soil increased from 40% to 

57% with the addition of 4% calcium sulfate because of the modification of clay 

mineralogy. 

2. TGA analyses also showed greater weight loss up to 800
o
C in sulfate-

contaminated soil and lime-treated soil as compared to polymer-treated soil. The 

CL soil with and without 4% calcium sulfate contamination showed a total 

weight loss of 6.39% and 10.4% at 800
o
C, a 63% increase in weight loss. 

Polymer treatment reduced the weight loss of sulfate-contaminated CL soil by 
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40%, and the weight loss was 6.4% at 800
o
C. Lime treatment of contaminated 

soil had a weight loss similar to the 4% calcium sulfate-contaminated soil. 

3. Adding 6% lime, 10% fly ash, and 15% polymer solution (2.25% polymer 

content) to the 4% sulfate soil decreased the LL by 12%, 22%, and 67%, 

respectively. The plasticity index of the CL soil increased by 45% with 4% 

calcium sulfate content. The plasticity index for 4% sulfate-contaminated soil 

was reduced by 20%, 16%, and 66% when treated with 6% lime, 10% fly ash, 

and 15% polymer solution (2.25% polymer content), respectively. 

4. An addition of 4% calcium sulfate to the natural CL soil increased the free 

swelling by 200%. An addition of 15% polymer solution (2.25% polymer 

content) reduced the free swelling of 4% calcium sulfate-contaminated CL soil 

by 94% because polymer-coated clay particles prevented it from expanding.  

5. The compressive and tensile strength values of CL soil decreased by increasing 

sulfate content. With 4% calcium sulfate contamination, the compressive and 

tensile strength of the soil decreased by 25% and 34%, respectively. Polymer 

solution treatment substantially improved the compressive and tensile behavior 

of the sulfate-contaminated CL soil. Hyperbolic relationships were developed to 

predict the changes between compression and tension strength of the treated, 

contaminated sulfate soil with different percentages of polymer solution. 

6. The hyperbolic model was effective in predicting the changes in the sulfate-

contaminated CL soil with and without treatment. Nonlinear stress-strain models 

were used to predict the behavior of polymer-, lime-, and nanoparticle-modified, 
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sulfate-contaminated soils and drilling mud. The model parameters were 

sensitive to the type of treatment.  

7. Rheological properties including yield stress and maximum shear stress limit 

(new concept) of acrylamide polymer-modified bentonite drilling mud were 

investigated. An addition of an acrylamide polymer affected the yield stress, 

shear-thinning behavior, and ultimate shear stress limit of the drilling muds.  

8. A new hyperbolic model was effective in predicting the shear stress-shear strain 

rate and shear-thinning behavior, and was better than Herschel-Bulkley and 

Casson models based on the coefficient of determination and root mean square 

of error (RMSE). The hyperbolic model predicted the maximum shear stress 

limit for each drilling mud. The other two models predicted infinite shear stress 

tolerance for the drilling mud. 

9.  Based on experimental results and analyses, electrical resistivity was selected as 

the sensing/monitoring property of the drilling mud. Electrical resistivity 

directly correlated with filter cake formation thickness.  

10. Electrical resistivity of the drilling mud decreased by increasing bentonite 

content, nanoclay content, and temperature, and proved to be a good tool for 

quality control of the drilling mud. It also  helped predict the rheological 

properties of the drilling mud in the field. Electrical resistivity was directly 

related to the rheological properties of drilling mud.  

11. Using nano Fe, piezoresistive drilling mud was developed. The resistivity of the 

drilling mud with 2% and 8% bentonite modified with 0.6% nanoFe decreased 

by 10% when the pressure increased from 100 psi to 800 psi. 
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12. Electrical resistivity of the fracturing fluid increased with the addition of nano 

silica content. Resistivity decreased by increasing the temperature, and it can be 

used as a good tool for quality control of the fracturing fluid. 

13.  Hydraulic fracturing fluid was developed using nano silica. An addition of 1% 

nano silica reduced the sand content by 4% and the fluid loss by 16% and 18% 

at room temperatures of 25
o
C and 85

o
C, respectively. New nano silica-based 

fracturing increased the permeability of sand stone and clay shale fractured 

rocks under different pressures.  

14. The hyperbolic model was effective in predicting the rheological properties—

temperature, shear stress-shear strain rate, and fluid loss- time relationships. 

7.2 Recommendations 

Based on the results of this study, the following suggestions are offered for future 

research:  

1. Using an acrylamide polymer to stabilize different types of soil including high 

plasticity clay (CH) must be investigated. Long-term performance of treated soil 

under water must be investigated. 

2. Nano particles should be used to enhance the performance of drilling muds. Also, 

the temperature effect on modified drilling mud must be investigated.  

3. To enhance the performance of fracturing fluids, the addition of various types of 

nanoparticles should be investigated.  
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APPENDIX 

Characterizing and Modeling the Piezoresistive Behavior of Smart Cement  

In this study, the rheological properties and electrical resistivity of the oil well 

cement Class H were investigated. The sensing properties of smart cement modified 

with 0.1% carbon fiber (CF) with a water to cement ratio (w/c) of 0.38, 0.44, and 0.54 

were monitored immediately after mixing up to 7 days of curing. Experiments showed 

that initial electrical resistivity (o) of oil well cement was sensitive to varying water to 

cement ratios. The higher the w/c ratio, the lower the initial electrical resistivity values. 

A unique constitutive model was used to predict the electrical resistivity of cement 

during 7 days of curing. The rheological properties and the piezoresistive behavior of 

cement were evaluated through laboratory experiments and correlations between 

compressive strength, and the change in the electrical resistivity development was 

observed. Minimum electrical resistivity (min) of cement modified with 0.1% CF 

increased by increasing w/c. The shear-thinning behavior of the cement slurry (0% CF) 

with different water to cement ratios have been quantified using the new hyperbolic 

model and compared with the Herschel-Bulkley model and three material parameters. 

The results showed that the hyperbolic model predicted the shear-thinning relationship 

between the shear stress and shear strain rate of the cement slurry very well. Also, the 

hyperbolic model has a maximum shear stress limit whereas the other model did not 

have a limit on the maximum shear stress. Based on the hyperbolic model, the 

maximum shear stress produced by the w/c of 0.38, 0.44, and 0.54 at a temperature of 

25
o
C were 104 Pa, 108 Pa, and 115 Pa, respectively. The maximum shear stress 

produced by the w/c ratio of 0.38, 0.44, and 0.54 at a temperature of 85
o
C were 375 Pa, 
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290 Pa, and 148.6 Pa, respectively; hence, an increase of 23% to 168% in the ultimate 

shear stress, based on the water to cement ratios produced by increasing the temperature 

to 85
o
C, of  cement slurry was observed. Smart cement showed piezoresistive behavior 

under compressive loading, and the piezoresistivity was reduced by increasing the water 

to cement ratio and the curing time. 

Model Development 

Electrical resistivity and piezoresistive behavior of oil well cement  

p-q Model  

The stress-strain behavior of strain-softening materials such as concrete, glass-

fiber-reinforced polymer concrete, fine sands grouted with sodium silicate, and cement 

mortar have been predicted using the p-q model (Mebarkia et al., 1992; Gonzalez et al., 

2007; Bernardino et al., 2008; Vipulanandan et al., 2008). Usluogullari et al. (2011) 

modeled the stress-strain behavior of Portland cement stabilized sand using the p-q 

model. Also, the variation of compressive strength, modulus, and CBR values with 

curing time for the cemented sand was represented using hyperbolic relationships. 

Mohammed and Vipulanandan (2014) used the p-q model to predict the compressive 

strength behavior of the sulfate-contaminated CL soil treated with polymer and lime. 

Sample Mixture 

In this study, Class H cement with a water to cement ratio of 0.38, 0.44, and 

0.54 was used. The samples were prepared according to API standards. To improve the 

sensing properties and piezoresistive behavior of the cement, 0.1% conductive fillers 

(carbon fiber) by the weight of cement were mixed with all the samples. 
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Specimen Preparation 

After mixing, specimens were prepared using cylindrical molds with a diameter 

of 2 inches and a height of 4 inches. Two conductive wires were placed in all of the 

molds. The vertical distances between any two wires were the same. Embedment depth 

of the conductive wire was 1 inch. In order to have consistent results, at least three 

specimens were prepared with each type of mix. The cement slurries were prepared 

using a high-shear blender type mixer with bottom driven blades according to the 

following procedure. First, the weighed amount of cement and solid admixture were 

mixed in a container by hand or using a rod for about one minute. The mixing water 

was then poured into the blender. Then, the required quantity of liquid additive (if any) 

was added into the mixing water using a needle, and the mixing started at a slow speed 

for about 15 seconds so that additives could be properly dispersed in the liquid solution. 

The cement solid additives were added to the liquids over a period of 15 seconds. 

Manual mixing was conducted for 15 seconds and a rubber spatula was used to recover 

material sticking to the wall of the mixing container to ensure homogeneity. Finally, 

mixing resumed for another 35 seconds at high speed. This mixing procedure was 

strictly followed for all cement slurries. All mixing was tested at an ambient room 

temperature of 25±2°C. The total time between the beginning of mixing and the start of 

the rheological properties and electrical resistivity tests was kept constant to avoid the 

effect of external variables on the results. The water-to-cement ratio in all formulations 

in this study was varied from 0.38 to 0.54.  
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Electrical Resistivity 

Based on past studies, electrical resistivity was selected as a monitoring 

parameter to quantify the performance of modified cement during the curing and 

hardening process. Electrical resistivity of the slurries modified with carbon fiber and 

nanoFe was measured using an API standard resistivity meter and conductivity probe. 

Further, electrical resistance was measured using an LCR meter during the curing time. 

To minimize the contact resistances, the resistance was measured at 300 KHz using the 

two-wire method. The principle of measuring the resistance is shown in Fig. A-1.  

It was very critical to identify sensing properties for the cement that can be used 

to monitor the performance. After numerous studies based on the current study on oil 

well cements, electrical resistivity () was selected as the sensing property for cement-

based materials. Hence, two parameters (resistivity and change in resistivity) were used 

to quantify the sensing properties of cement. Electrical resistivity is given by: 

 𝜌 = 𝑅 ∗ (
𝐿

𝐴
) = 𝑅 ∗ 𝐾,                                                                                               (A-1) 

where R is electrical resistance, L is the linear distance between the electrical resistance 

measuring points, A is the effective cross-sectional area, and K is the calibration 

parameter determined based on the resistance measurement method at 300 kHz of 

frequency. Normalized change in resistivity with changing conditions is represented as  

∆𝜌

𝜌0
=

∆𝑅

𝑅0
 ,                                                                                                   (A-2) 

where 

Ro, o: Initial resistance and resistivity, and  

∆R, ∆change in resistance and change in resistivity
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                 Figure A.1: Schematic Illustration of Electrical Resistivity Measurements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
                                        Figure A.2: Schematic Diagram of Cement Specimens 

Curing Conditions 

For each experiment, one series of sample was selected as the baseline without 

any additives and cured for 1 and 7 days at room temperature. These specimens were air 

cured under the room temperature of 23±2˚C.  The weight of specimens was measured 

during curing time to ensure minimal water loss.  
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Resistivity during Curing of Cement 

Studies have shown that, due to the voltage present during electrical resistance 

measurement, electric polarization occurs when the DC resistance measurement is made 

continuously. The polarization results in an increase in the measured resistance (Chung 

et al., 2001). In this study, high-frequency AC measurement was adopted to overcome 

the interfacial problems and minimize the contact resistances. Electrical resistance (R) 

was measured using an LCR meter during curing time. This device has a least count of 

1 μΩ for electrical resistance and measures the impendence (resistance, capacitance, 

and inductance) in the frequency range of 20 Hz to 300 kHz. Each specimen was first 

calibrated using the same cement slurry to determine the parameter K and obtain the 

electrical resistivity (ρ) from the measured electrical resistance (R), based on Eqn. (1). 

This calibration is needed to eliminate the errors in the measurements. Hence, L/A in 

Eqn. (1) is replaced by an experimentally-found calibration factor (K). The principle of 

measuring the electrical resistivity during curing is shown in Fig. 2. 

Based on experimental results, a model proposed by Mebarkia and 

Vipulanandan (1992) was modified and used to predict the electrical resistivity of 

cement during hydration up to 7 days of curing. The model is defined as follows: 

1

𝜌
= (

1

𝜌𝑚𝑖𝑛
)[

(
𝑡+𝑡𝑜
𝑡𝑚𝑖𝑛

)

𝑞+(1−𝑝−𝑞)∗(
𝑡+𝑡𝑜
𝑡𝑚𝑖𝑛

)+𝑝∗(
𝑡+𝑡𝑜
𝑡𝑚𝑖𝑛

)

𝑞+𝑝
𝑝

],                                              (A.3) 

where 

electrical resistivity (Ω-m), 

min: minimum electrical resistivity (Ω-m), as shown in Fig. A.3, 



260 

 

tmin: time corresponding minimum electrical resistivity (min), 

p = (At+B), 

to, A, B, and q are model parameters, and  

t: time (hr). 

 

 

 

 

 

Figure A.3: Typical Electrical Conductivity Development with Curing Time 

Compressive Strength Test 

The cylindrical specimen (2 inches dia.*4 inches height) was capped and tested 

at a predetermined controlled displacement rate. Compression tests were performed on 

cement samples after 1 and 7 days of curing using a hydraulic compression machine. 

 

Piezoresistivity Test 

Piezoresistivity describes the change in electrical resistivity of a material under 

pressure. Since oil well cement serves as a pressure-bearing part of wells in real 

applications, the piezoresistivity of oil well cement with different w/c ratios was 

investigated under compressive loading for two different curing times. During 
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compression testing, electrical resistance was measured in the stress axis. To eliminate 

the polarization effect, AC resistance measurements were made using an LCR meter at 

a frequency of 300 kHz. Further, change in resistivity was related to the applied stress. 

Measuring the resistance with AC reduced the fluctuation in K parameter when 

using the two-wire method. Hence, the AC method can be used for calibration of the 

resistivity based on the resistance in the two-wire method. Based on experimental 

results, the p-q model (Eqn. A.4) was modified and used to predict the change in 

electrical resistivity of cement with applied stress for 1 and 7 days of curing. The model 

is defined as  

𝒚

𝒚𝒄
= [

𝒙

𝒙𝒄

𝒒+(𝟏−𝒑−𝒒)
𝒙

𝒙𝒄
+ 𝒑 (

𝒙

𝒙𝒄
)

𝒑
(𝒑−𝒒)

]   ,                                                               (A.4) 

where 

ystress,  (psi), 

yc: stress at failure, c (psi), 

𝑥 = (
∆𝜌

𝜌𝑜
) ∗ 100 = Percentage of change in electrical resistivity due to stress, 

𝑥𝑐 = (
∆𝜌

𝜌𝑜
)

𝑐
∗ 100 = Percentage of change in electrical resistivity corresponding to the 

stress at failure, 

∆: change in electrical resistivity, 

Initial electrical resistivity (=0 psi), and  

p and q model parameters. 
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Monitoring the Resistivity of Smart Cement during 7 days of Curing 

Several characteristic parameters can be used in monitoring the curing 

(hardening process) of the cement. The parameters are initial resistivity (o), minimum 

resistivity (min), and time to reach the minimum resistivity (tmin). Percentage of 

maximum change in resistivity at the end of 24 hours (𝑅𝐼24ℎ𝑟) and 7 days (𝑅𝐼7𝑑𝑎𝑦𝑠) can 

be defined as 

 𝑅𝐼24ℎ𝑟 =
𝜌24−𝜌𝑚𝑖𝑛

𝜌𝑚𝑖𝑛
 *100                 and                                                       (A.5) 

𝑅𝐼7𝑑𝑎𝑦𝑠 =
𝜌7𝑑𝑎𝑦𝑠−𝜌𝑚𝑖𝑛

𝜌𝑚𝑖𝑛
 *100.                                                                        (A.6) 

Fig. 4 shows the change in bulk resistivity of cement with different w/c for 0.38, 

0.44, and 0.54 for 7 days (168 hours) of curing using AC measurements. The electrical 

resistivities with time were quantified using a modified p-q model (Eqn. A-3). The 

model parameters are illustrated in Table A.2. The tests showed the high sensitivity of 

AC resistivity measurements for characterizing the changes in smart cement during the 

curing process (hardening of the cement). 

The electrical resistivity of the oil well cement with w/c=0.38, 0.44, and 0.54 

modified with 0.1% CF initially (o) were 1.21, 1, and 0.91 Ω.m, respectively, as shown 

in Fig. A.4, and decreased to reach the min resistivity of 1, 0.88, and 0.78 Ω.m, 

respectively,  after 42, 73 and 85 minutes (tmin) , respectively, as shown in Table A. 1. 

The 24-hour electrical resistivity (ρ24) of this sample with w/c=0.38, 0.44, and 0.54 was 

4.15, 2.55, and 1.67 Ω.m, respectively, as shown in Table A.1, which indicated that the 

maximum change in electrical resistivity in 24 hours (RI24hr) was 304%, 191%, and 
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115%, respectively, as shown in Table A.1. Maximum change in electrical resistivity in 

7 days (RI7 days) of this sample for w/c ratios of 0.38, 0.44, and 0.54 was 648.7%, 470%, 

and 493%, respectively, as shown in Table A-1.  

  

 

 

 

 

 

 

 

 

 

 

 

 

          Figure A-4. Bulk Electrical Resistivity Development of OWC with Various  

                               Water to Cement Ratios for (a) 24 hours (b) 7 days of curing 

 

Table A.1. Summary of Bulk Resistivity Parameters for Cement with Various  

                   W/C Ratios for 7 Days of Curing 

w/c 
 o 

(Ω.m) 

 min 

(Ω.m) 

 24hr 

(Ω.m) 

 7 days 

(Ω.m) 

RI 24hr 

(%) 

RI 7days 

(%) 

0.38 1.14 0.8 1.1 1.5 37 87 

0.44 1.06 0.83 1.4 2 69 141 

0.54 0.92 0.98 2.4 3.6 143 264 
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Table A.2. Model Parameters of Electrical Resistivity Development for  

                  Cement with Different W/C  

w/c 

Curing 

Time 

(day) 

c 

(Ω.m)
q to (hr) A B 

tmin 

(hr) 

RMSE 

(1/Ω.m) 
R

2
 

0.38 

1 

0.8 0.12 -0.3 -0.0001 2.37 0.78 0.021 0.95 

0.44 0.85 0.27 -0.55 -0.0001 3.16 1.21 0.024 0.98 

0.54 0.98 0.49 -0.7 -0.002 3.2 1.41 0.025 0.99 

0.38 

7 

0.8 0.11 -0.5 -0.0001 0.73 0.78 0.026 0.97 

0.44 0.85 0.22 -0.6 -0.0004 1.9 1.21 0.017 0.99 

0.54 0.98 0.47 -1 -0.0005 4.6 1.41 0.021 0.99 

 

Rheological Properties 

(a) Apparent Viscosity 

Cement slurries with different w/c ratios at two different temperatures showed 

significantly different rheological properties. However, regardless of the w/c and 

temperature, all slurries exhibited non-Newtonian and shear-thinning behavior, as 

shown in Fig. A.5. 

Increasing the w/c ratios reduced the apparent viscosity of cement slurries. The 

apparent viscosity of cement with w/c of 0.38, 0.44, and 0.54 at a shear strain rate of 

170 s
-1

 (100 rpm) and room temperature was 196 cP, 152 cP and 129 cP, respectively. 

Increasing the temperature to 85
o
C increased the apparent viscosity of the cement 

slurries. It was found that, at the same shear strain rate, the apparent viscosity of cement 

with w/c of 0.38, 0.44, and 0.54 at a shear strain rate of 170 s
-1

 increased by 184%, 

105% and 81%, respectively.    

Fig. A.5 shows the shear stress-strain rate relationship of cement slurries with 

various w/c ratios at 25
o
C and 85

o
C temperatures. It was clear that increasing the water-
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to-cement ratio reduced the shear stress at the same strain rates, which indicates the 

improved flow properties of cement with higher w/c ratios. At 85°C, the high shear 

stress occurred at a very low shear strain rate, which confirmed the formation of  gel 

structure due to the chemical reactions at high temperatures. 

 

 

 

 

 

 

 

 

 

 

 

        Figure A.5. Predicted and Measured Shear Stress-Shear Strain Rate Relationship  

                            for Oil Well Cement Slurries with Different Water-to-Cement Ratios  

                             (a) T=25
o
C (b) T=85

o
C 
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Table A.3 Herschel-Bulkley and Hyperbolic Models Parameters for  

                 Cement Slurries 

  Herschel-Bulkley Model  Hyperbolic Model   

w/c 
T 

(
o
C) 

o1 

(Pa)

k1      

(Pa.s
n
) 

n 
RMSE 

(Pa) 
R

2
 

o2 

(Pa)

C D RMS

E (Pa) 
R

2
 

(Pa.s
-1

) (Pa)
-1

 

0.38 
25 21 8.49 0.397 2.37 0.99 20.7 3.18 0.012 2.43 0.99 

85 38 24.26 0.36 9.26 0.99 41.3 0.62 0.003 9.12 0.99 

0.44 
25 19.2 5.12 0.383 5.89 0.99 17.3 1.48 0.007 6.38 0.98 

85 33 15.41 0.37 11.81 0.97 40 1.4 0.004 5.62 0.99 

0.54 
25 17.7 3.41 0.392 1.62 0.99 14.8 4.7 0.017 1.72 0.98 

85 37.5 14.2 0.309 5.26 0.98 37.5 1.02 0.009 5.1 0.98 

Piezoresistivity Behavior of Smart Cement 

Figs. A.6 and A.7 shows the piezoresistive behavior of cement without and with 

0.1% CF at different w/c ratios of 0.38, 0.44, and 0.54 after 1 and 7 days of curing. 

Because there was minimal change in electrical resistivity before applying the load, the 

smart cement showed piezoresistive behavior after the compressive loading was 

applied. It was found that, for both curing ages, the change in electrical resistivity 

(
∆𝜌

𝜌𝑜
) was increased by increasing the applied load and decreased by increasing the w/c 

ratio and curing time, as shown in Figs. A.6 and A.7. The change in electrical resistivity 

of oil well cement without CF at failure (
∆𝜌

𝜌𝑜
)

𝑐
with different w/c ratios of 0.38, 0.44, and 

0.54 after 1 day of curing was 0.7%, 0.6%, and 0.48%, respectively, as shown in Table 

A.4. The change in electrical resistivity of oil well cement without CF at failure 

(
∆𝜌

𝜌𝑜
)

𝑐
with different w/c ratios of 0.38, 0.44, and 0.54 after 7 days of curing decreased 

by 12%, 8%, and 15%, respectively, as shown in Table A.4. An addition of 0.1% carbon 

fiber (CF) (by weight of cement) increased the change in electrical resistivity of oil well 

cement at failure (
∆𝜌

𝜌𝑜
)

𝑐
 with different w/c ratios of 0.38, 0.44, and 0.54 after 1 day of 
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curing by 832%, 884%, and 739%, respectively, as shown in Table A.4. The change in 

electrical resistivity of oil well cement with 0.1% CF at failure (
∆𝜌

𝜌𝑜
)

𝑐
with different w/c 

ratios of 0.38, 0.44, and 0.54 after 7 days of curing decreased by 26%, 24%, and 9%, 

respectively, as shown in Table 4.  The compressive stress versus percentage of change 

in electrical resistivity (
∆𝜌

𝜌𝑜
) was quantified using Eqn. (4), as shown in Figs. 7 and 8. 

The model parameters are illustrated in Table 4. The compressive strengths (c) of 

cement without CF with different w/c ratios of 0.38, 0.44, and 0.54 at 1 day of curing 

were 1417, 1214, and 666 psi (1 psi=0.007 Mpa), respectively, as shown in Table A.4. 

The compressive strengths of cement with 0.1% CF with different w/c ratios of 0.38, 

0.44, and 0.54 after 1 day of curing were 1585, 1417, and 763 psi, respectively, as 

shown in Table 4.  The model parameters q for oil well cement without CF varied 

between 0.11 and 3.51, based on the w/c ratio and curing time, as shown in Table A.4. 

The model parameters q for oil well cement with 0.1% CF varied between 0.14 and 

1.37, based on the w/c ratio and curing time, as shown in Table A.4. The model 

parameters p for oil well cement without CF varied between 0 and 0.89, based on the 

w/c ratio and curing time. The model parameters q for oil well cement with 0.1% CF 

varied between 0 and 0.85, based on the w/c ratio and curing time, as shown in Table 

A.4.  

During the entire cement hydration process, both the electrical resistivity and 

compressive strength of the cement increased gradually with the curing time. For 

cement pastes with various w/c ratios, the change in resistivity was varied during the 

hardening. The cement paste with a lower w/c ratio had the lowest electrical resistivity 

change (RI24), as compared to cement with a higher w/c ratio as  
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1920248
1

 RI
day

  and                                                      (A.7) 

.2703
24

7.6
7

 RI
day

                                          (A.8) 

For drilling applications, knowledge of the strength development of cement is 

important since it affects the wait on cement (WOC) times. Several tests indicated that 

the electrical resistivity development correlated with the compressive strength 

development of the cement. Therefore, monitoring the resistivity of the cement was a 

reliable method to reflect the compressive strength development and determine the 

WOC times. 

 

 

 

 

 

 

 

 

 

Figure A.6:  Piezoresistive Behavior of Oil Well Cement after (a) 1 Day (b) 7 Days of Curing 
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        Figure A.7:  Piezoresistive Behavior of Oil Well Cement Modified With 0.1% CF  

                             after (a) 1 Day (b) 7 Days of Curing 
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  Table A.1: Model Parameters of Piezoresistive Behavior for Cement with Different W/C  

 

Additive w/c 
Curing 

Time (day) 

(
∆𝜌

𝜌𝑜
)

𝑐

 c 
(psi)

q p 
RMSE 

(psi) 
R

2
 

(%) 

Non 

0.38 
1 0.7 1417 3.51 0.89 0.04 0.99 

7 0.62 2100 0.11 0 0.06 0.97 

0.44 
1 0.6 1214 0.83 0.62 0.03 0.99 

7 0.55 1888 1.14 0.45 0.04 0.99 

0.54 
1 0.48 666 0.34 0.27 0.04 0.98 

7 0.41 1432 1.09 0 0.02 0.99 

0.1% CF 

0.38 
1 583 1585 0.3 0.01 0.01 0.99 

7 432 2110 0.14 0.03 0.03 0.99 

0.44 
1 531 1417 1.29 0.02 0.02 0.99 

7 405 1783 0.33 0.02 0.02 0.99 

0.54 
1 355 763 1.37 0.04 0.04 0.99 

7 325 930 0.41 0.03 0.03 0.99 

Linear and Volume Shrinkage  

A new method was developed to measure the linear and volume shrinkage of the 

cement during the hydration and curing time, as shown in Fig. A.8. The results were 

compared with data from literature that used standard API and ASTM methods. The 

axial shrinkage was measured using a digital Vernier caliper (0.001 mm). The linear 

and volume shrinkage of the oil well cement at 72 hr were 3% and 3.28%, respectively, 

as shown in Fig. A.9. The results were quantified using Eqn. (A.9) as 

  
𝑺

𝑺𝒄
= [

𝒕

𝒕𝒄

𝒒+(𝟏−𝒑−𝒒)
𝒕

𝒕𝒄
+ 𝒑 (

𝒕

𝒕𝒄
)

𝒑
(𝒑−𝒒)

] ,                                                                                     (A.9) 
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Figure A.8:   Measuring the Shrinkage of the Cement Using Sterile Clinical Centrifuge Tube 

 

where 

S: linear shrinkage (%) and 

t: time (hr). 

Sc, tc, p and q are model parameters.  

 

 

 

 

 

 

 
                               Figure A. 9: Variations of Linear Shrinkage of Oil Well Cement 

 

Eqn. A.10 shown the relation between volume shrinkage of cement with time as 
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𝑽𝑺

𝑽𝑺𝒄
= [

𝒕

𝒕𝒄

𝒒+(𝟏−𝒑−𝒒)
𝒕

𝒕𝒄
+ 𝒑 (

𝒕

𝒕𝒄
)

𝟏
(𝒑+𝒒)

],                                                                                        (A.10) 

where 

VS: Volume shrinkage (%), 

t: time (hr), and  

 VSc, tc, p and q are model parameters.  

 

                            Figure A.10: Variations of Volume Shrinkage of Oil Well Cement 

 

 

    Table A.2 : Summary of Volume Shrinkage Model Parameters 

 

Additive 

(%) 
tc VSc p q RMSE R

2
 

0 14 1.87 0.764 0.37 0.042 0.99 

Summary 

In this chapter, the smart cement was characterized. The effects of various 

mineral admixtures on the sensing properties of API Class H oil well cement slurries 
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were investigated. Based on experimental results, the following conclusions can be 

drawn: 

1. For measuring the resistance, AC measurements were performed from low to 

high frequency, and the behavior of material was characterized based on the 

impendence response.  

2. The piezoresistivity test was performed for cement with various compositions 

and different curing conditions, and piezoresistive sensitivities of various 

samples were evaluated. 

3. An addition of carbon fibers increased the piezoresistive sensitivity of the 

cement without compromising the mechanical properties. 

4. The initial electrical resistivity with various admixtures was sensitive to the 

composition of the slurry. 

5. The electrical resistivity responses during curing for various samples 

followed the same trend. Resistivity decreased to a minimum point, increased 

sharply, and then increased gradually with a lower rate. Therefore, electrical 

resistivity was a sensitive parameter to monitor the changes during curing of 

cement. 

6. A correlation was found between percentage change in electrical resistivity 

and the compressive strength of the cement with different percentages of 

additives. 


