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Abstract 
 

 
Fresh water is the essential and key component to support life on this planet. It constitutes 

about 0.01% of world’s total water. Though freshwater is renewable, it is finite. In recent years, 

the demand for fresh water increased due to increase in population and industrial growth and it is 

projected to increase further. To meet the food demand for the growing population more land is 

brought under agriculture with the aid of irrigation. Irrigated agriculture is the largest consumer 

of water for human consumption – 67% of current global water withdrawal and 87% of 

consumptive water use. It is beneficial to look for possible avenues to mitigate water 

consumption in this particular field. One such possible means is to alter the water holding 

capacity of the soils by changing the hydraulic conductivity. Hydraulic conductivity is the 

measure of ability of the soil to transmit water. The hydraulic conductivity of the soil could be 

altered by amending the soils with Super Absorbent Polymers (SAPs).  

SAPs are long chain, slightly cross-linked polymers capable of absorbing large quantities 

of water and retaining it within them. They were initially developed for agricultural usage to 

improve water holding capacity of soils and promote germination of seeds, but they have found 

extensive application in disposable pads, towels used in surgery and various other products.  The 

water absorbing property of the SAPs can be altered by various means. Further, SAPs also 

undergo controllable volume changes when the ambient environment is altered. Non availability 

of SAPs with identical chemical and physical properties leads to preparation of poly (acrylic 

acid-co-acrylamide) with three different cross link ratios and particle sizes using acrylic acid 
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(AA) and acrylamide (AAm) monomers. The SAPs thus prepared were characterized using 

spectroscopic methods. The water absorbing property of the SAPs was measured using de-

ionized water and 9000 ppm sodium chloride solution. Mechanical strength increased and 

porosity decreased with increase in AAm content. The water absorbing capacity of the SAPs 

increased with decreasing AAm content and particle size. Also, the water absorbing capacity of 

SAPs decreases drastically in sodium chloride solution. The SAPs released the absorbed water 

when the ambient pressure is reduced. Further, the water absorbing capacity of the SAPs did not 

decrease drastically when reused.  

Earlier studies do not offer clarity on changes in hydraulic conductivity due to SAP 

amendment in soils. The effect of SAPs on hydraulic conductivity of soils is a function of the 

soils to expand.  The effect of overburdened pressure in soils has not been accounted in the 

previous studies. Three different soils – Sandy Loam, Clay Loam and Sandy Clay Loam are 

amended with SAPs of three different water absorbing capacities and particle sizes. The 

application rates of SAPs in soils are 0.05%, 0.15% and 0.25%. Sandy Loam soil was further 

studied for effect of variable overlying pressure on the soil-SAP mixture with an application rate 

of 0.25%. The overlying pressures used were 0, 0.05, 0.11, 0.18 and 0.23 Pa.  The free swelling 

conditions simulate amendment of SAPs near surface whereas restricted swelling conditions 

simulate that of amendment at subsurface of soil. In sandy loam soil, under free swelling 

condition, the hydraulic conductivity increases with increase in application rate. In clay loam and 

sandy clay loam soils, there is no significant change in hydraulic conductivity on amendment of 

SAPs. Further under free swelling conditions, the expansion of soil increases with increase in 

application rates of SAPs for all the three soils. The hydraulic conductivity of all SAP amended 

soils under restricted swelling conditions decreased drastically compared to free swelling 
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conditions. In restricted swelling conditions, only the sandy loam showed increase in expansion 

with application rate, whereas clay loam and sandy clay loam soils showed mixed response. For 

sandy loam soil under varying overlying pressure the hydraulic conductivity of the soil-SAP 

mixture decreases with increase in overlying pressure. The soil amended with smallest SAPs 

particles has the lowest hydraulic conductivity and soil expansion compared to other SAP 

particle sizes. It can be concluded that, the hydraulic conductivity of the SAP amended soil 

increases under free swelling conditions and decreases under restricted swelling conditions. 
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I. Literature Review 

Introduction 

Water is an essential and a key component of this planet and supports all life that exists 

on it. Of all the global water, fresh water is the most important to support life on this planet. 

Freshwater constitutes about 0.01% of world's water and are held in aquifers, soil pores, lakes, 

swamps and rivers (Postel et al., 1996).  

Fresh water from its resources is renewable but it is finite (Postel 2000). Consumption of 

fresh water in United States of America (USA) as well as across the world has increased 

tremendously due to population explosion and economic growth during the nineteenth and 

twentieth centuries (Brown 2000; Gleick 2003b). World's population has increased from 1.7 

billion in 1910 to 6.9 billion in 2010 and it is forecasted to reach 9 billion in 2050 (Jackson et al. 

2001; United Nations 2010). Arnell (2004) discusses that according to UN Comprehensive 

Assessment of the Freshwater Resources of the World estimates that in 2025 up to two-thirds of 

the world's population would be living in water stressed countries.  

Irrigated agricultural land constitutes about 17% of global cropland and 40% of world's 

food comes from irrigated land (Döll 2002; Postel 2000). Irrigated agriculture is the single 

largest consumer of water for human consumption - 67% of current global water withdrawal and 

87% of the consumptive water use (Döll, 2002; Fereres and Soriano, 2007). Since 1975, global 

irrigated land has increased by approximately 70% (Foley et al. 2005). By 2050, the global grain 

demand was projected to double (Tilman et al., 2002). 

With a projected increase in water stress in the future due to population growth and 

climatic changes and environmental factors related to irrigation, it would be beneficial to look 

for possible avenues to mitigate consumption of water through a combination of good 
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management practices, environment-friendly and efficient technologies. Some of the good 

management practices are usage of drought resistant crops (Parry et al., 1998), crop rotation 

(Huang et al., 2003; Tennakoon and Hulugalle, 2006), better water management practices in 

urban areas (Gleick 2003a) and efficient water delivery systems in irrigated agriculture (Clothier 

and Green, 1994; Fereres and Soriano, 2007; Howell, 2001; Wallace, 2000). 

An alternative method for better water management in agriculture and other  allied 

applications is by altering the water holding property of the soils so that they could be used to 

optimize the use of irrigation water for agricultural operations and recreational activities (such as 

golf courses) while maintaining sustainability of water resources. The irrigation pattern for the 

same plant could be altered for soils with different water retention properties (Grimes and 

Dickens, 1974). Increase in water-retention of the soils has shown increase in plant yield in 

sandy soils (Ahmed et al., 2000). The hydraulic conductivity of the soil can be affected by 

altering the water retention properties that is relation between matric potential and water content 

(van Genuchten, 1980). Thus change in hydraulic conductivity of the soil affects the infiltration 

rates and surface runoffs. A possible means by which water holding capacity and water retention 

in soils could be altered is to mix the soil with hydrophilic superabsorbent polymers (SAPs) that 

are capable of swelling and retaining water 400 - 1600 times their own weight (Buchholz and 

Graham, 1997; Kazanskii and Dubrovskii, 1992).  

Super Absorbing Polymers (SAPs) 

Superabsorbent polymers are cross-linked polymers, which can absorb large volumes of 

liquid and retain it with them.  This is realized by increase in volume of the polymer (Buchholz 

and Graham, 1997; Kazanskii and Dubrovskii, 1992).  Superabsorbent polymers were first 

developed by USDA in 1970s for applications in agriculture to improve the water holding 
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capacity of soils to promote seed germination and plant growth and now finds extensive 

application in disposable pads and sheets, towels used in surgery, adult incontinence and female 

hygiene products (Liu and Guo, 2001). Superabsorbent polymers can be classified into two 

types: based on charge – nonionic and ionic (Buchholz and Graham, 1997) and based on its 

affinity towards water – hydrophobic (Atta et al., 2005; Jang and Kim, 2000) and hydrophilic. 

Ionic SAPs are further classified into cationic and anionic (Buchholz and Graham, 1997). 

Chemical Structure of Super Absorbent Polymers 

SAPs contain long polymeric chains which are slightly cross-linked (Liu and Guo, 2001). 

Superlative water absorbing property of SAPs arises from electrostatic repulsion between 

charges on the polymer chains and osmotic imbalance between the interior and exterior of the 

polymer (Ono et al., 2007).  Besides, certain functional groups in the polymeric chain also forms 

hydrogen bonding with water molecules (Xie et al., 2007). The swelling of the polymer is limited 

as the polymer chains are cross-linked (Liu and Guo, 2001) and this cross-linking makes these 

polymers insoluble in water (Buchholz and Graham, 1997).  

SAPs are prepared by two principal processes – bulk solution polymerization and 

suspension polymerization (Buchholz and Graham, 1997). SAPs are quantified for practical 

features using the following methods – water absorption capacity, swelling rate, swollen gel 

strength, wicking capacity, sol fraction, residual monomer and ionic sensitivity (Zohuriaan-Mehr 

and Kabiri, 2008).  

Water absorbing capacity or swelling of the polymer can be controlled by two methods - 

type and degree of cross linking between polymeric chains and morphology of the SAP. Xie et 

al. (2009) discusses that the water absorbing property of the SAPs can be greatly affected by type 

of cross-linking agent used. Also the cross linking agent varies the polymeric chain length – 
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longer polymer chains have more network space and thus increases water absorbing capacity 

(Buchholz and Graham, 1997). Besides, the length of polymeric chain also affects its water 

absorption capacity – smaller polymer chains have more polymer ends which do not contribute 

to water absorption (Liu and Rempel, 1997). 

Morphological property like porosity also affects water absorption of SAPs (Isık and Kıs, 

2004; Kabiri and Zohuriaan-Mehr, 2004; Turan and Çaykara, 2007).  Another morphological 

property - particle size, also affects water absorption of SAP. Bharadwaj et al. (2007)  discusses 

that smaller the average grain sizes of SAP, larger the water absorption. Also SAPs undergo 

controllable volume changes in response to small environmental conditions such as temperature, 

pH and ionic strength (Beltran et al., 1991; Gudeman and Peppas, 1995; Liu et al., 1995). 

Uses of Super Absorbent Polymers in Agriculture 

The ability of SAPs to absorb large volumes of water and retain it within them has many 

practical applications in agriculture. The saturated hydraulic conductivity of the soil decreases 

significantly with increase in mixing ratio and swelling property of the SAP (Andry et al. 2009). 

Abedi-Koupai et al. (2008) found that as when SAPs swell, it reduces the largest pores in the soil 

especially in the sandy soils. But Bhardwaj et al. (2007) in their finding states that the hydraulic 

conductivity of soil initially increases and then decreases. Andry et al. (2009) further states that, 

the expansion of soil-SAP mixture increases with increase in mixing ratio and swelling property 

of SAP. 

Also the application of SAPs to the soil increases both saturated and residual water 

content, water holding capacity and available water content (Abedi-Koupai et al., 2008; Andry et 

al., 2009; Dorraji et al., 2010; Sivapalan, 2006). Buchholz and Graham (1997) also suggest that 
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the SAPs can be used in the same way as mulch, to help the soil to retain more moisture and also 

for longer.   

Amendment of SAPs also affects other properties of soil like infiltration rates, bulk 

density, soil structure, compaction, soil texture, aggregate stability, crust hardness and 

evaporation rates (Abedi-Koupai and Asadkazemi, 2006). 

The bulk density of the soil decreases with increase in application rates of SAPs (Bai et 

al., 2010). Application of SAPs to soil also reduces infiltration and thus avoids potential loss to 

deep percolation. Further, the infiltration reduction produced did not decline with decreasing 

treated soil layer thickness (Hüttermann et al., 2009; Lentz, 2007). The expansion and 

contraction of SAPs in soil during the cycle of water absorption and evaporation helps to 

improve air content in the soils, especially in clayey soils  (Buchholz and Graham, 1997).  

SAPs application in soils greatly reduces irrigation induced erosion and soil water 

seepage and further increases the uniformity of furrow water applications (Dorraji et al., 2010; 

Geesing and Schmidhalter, 2004; Ingram and Yeager, 1987; Lentz and Sojka, 1994; Lentz et al., 

1992; Lentz and Sojka, 2009). Another advantage of amendment of SAP is that it greatly reduces 

the irrigation frequency particularly in coarse-textured soils. This property could be best utilized 

for water management practices in arid and semi-arid regions (Abedi-Koupai et al., 2008; 

Chatzoudis and Rigas, 1999; Sivapalan, 2006). 

The SAPs are also biodegradable and further their products do not harm the microbial 

community present in the soil (Hüttermann et al., 2009).  

Dorraji (2010) states that SAP amendment increases yield and water use efficiency of 

plants that is increase in plant biomass. SAP amendment aides plant growth by increase in plant 

available water, induce faster growth of plants and also prolong survival of plants under water 
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stress and drought conditions (Beniwal et al., 2010; Buchholz and Graham, 1997; Hüttermann et 

al., 2009).  

El-Rehim et al. (2004) evaluated corn growth in SAP amended soil and have reported 

that the corn grown on SAP amended soil is better than on control soil. Similar results have been 

reported in corn and bean crop by Lentz and Sojka. (2009). Burke et al. (2010) have also stated 

that SAP amended soil has increased the biomass of rye grass by 30, 140 and 300% in normal, 

semi-arid and arid conditions respectively. Dorraji (2010) in his report also found that corn plant 

have greater water use efficiency in SAP amended soil and suggests that SAP amendment would 

help irrigation projects in arid and semi-arid regions. Sivapalan (2006) also observed similar 

results with soybeans.  Other plants like tomatoes, lettuce, barley, wheat, chick pea and some tree 

species have also shown similar results in SAP amended soil (Hüttermann et al., 2009). 

Soils amended with SAP have been used for establishment of tree seedlings and 

transplanted trees in arid regions of Africa and Australia to increase plant survival (Abedi-

Koupai and Asadkazemi, 2006). It is also been reported that SAPs have been used in soils in 

barren lands of Uganda and China for successful establishment of certain trees (Hüttermann et 

al., 2009). Also, they have been amended to soil for grass restoration in arid regions where 

regular irrigation is a constraint (Lucero et al., 2010). The survival rate of plants in the SAP 

amended soil doubles in the absence of irrigation and deficit irrigation (Abedi-Koupai et al., 

2008). Rowe et al. (2005) also supports this argument that the survival of trees in the waste land 

was more in the soil amended with SAPs.  

The success rate of SAP amendment in soils in semi-arid and arid regions could be 

explained by Andry (2009). When the surrounding temperature of the swollen SAP increases, it 

releases the absorbed water, which could then be used by plants for their survival.  



7 
 

SAP amendment in soil alters certain properties of soil which do aid plant growth. SAP 

amendment reduces the negative effect of soil salinity on plants (Dorraji et al., 2010). Also SAPs 

have certain metal chelating groups which tend to bind heavy metals and thus reducing their 

bioavailability for plants (Hüttermann et al., 2009). Further SAPs can be used as a source of slow 

release of nutrients (Liu et al., 2006; Teodorescu et al., 2009).  

The cost of SAP amendment can be recovered by increase in production of crops, 

decrease in irrigation rate and increase in plant survival rate (Hüttermann et al., 2009; Lentz and 

Sojka, 2009). 

Limitations of Super Absorbent Polymers in Agriculture 

Though the SAP amendment in soil has many beneficial uses, there are some limitations 

to its applications in soil. SAPs are quite fragile and tend to break apart easily thereby losing 

their water retention property. Further SAPs can also dehydrate rapidly in a matter of hours thus 

losing their absorbed water (Kim and Nadarajah, 2008). The water absorption of SAPs greatly 

reduces in the soils as SAPs are under pressure and unable to swell and take in water (Bhardwaj 

et al., 2009). The water absorption of SAPs in soils further decreases due to formation of 

additional crosslinks with certain ions like Ca2+ and Al3+ present in the soil (Chatzoudis and 

Rigas, 1999). The water absorption of the SAP also decreases with increase in salinity of 

irrigation water (Lentz and Sojka, 2009; Taban and Naeini, 2006). The SAPs in soils releases 

water with increase in temperature and this water could be potentially lost to deep percolation 

(Andry et al. 2009). Furthermore from Geesing and Schmidhalter (2004) work, it could be 

inferred that the effectiveness of SAP decreased on rewetting and can affect the hydraulic 

properties of soil only if applied in higher application rates. Also the efficacy of the SAP 

decreases over a period of time and to compensate for these loses, higher application rates are 
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required (Al-Harbi et al., 1999). This factor affects the economic value of crops grown on fields 

amended with SAP. 

SAP amendment also has negative effect on plant growth. For example, Ingram and 

Yeager (1987) have found that the height of wheat plant grown in SAP amended soil is shorter 

than on control. Also the height of plant decreased with increase in SAP amendment percentage 

in soil. In certain cases it have been reported that the wilting point of the plants was not affected 

significantly (Chatzoudis and Rigas, 1999). Sarvaš et al. (2007) also reported that higher 

application rate of SAPs may lead to plant mortality.  

For water soluble fertilizer, quantity of potassium leached increases with increase in 

water absorption capacity of polymers. The presence of hydrogels increased dissolution of 

controlled-release fertilizer. SAPs amendment increases water content which in turn increases 

dissolution of fertilizers and potentially leached to deeper depths (Chatzoudis and Rigas, 1998).  

Frantz et al. (2005) discusses that the potential benefit of SAP amendment may be 

realized only in early stages of plant production and little or no benefit later in production and in 

post-production. Our reviews indicate that there is a mixed response of applications of SAPs in 

agriculture. SAPs of identical and physical properties were not used to compare the results. 

Further it can be inferred that there is clear lack of communication between research groups 

working exclusively on SAPs and its application in soils. A detailed cross disciplinary approach 

is required. The goal of this thesis is to have a cross disciplinary approach for preparation of 

SAPs exclusively for applications in soil and study their effects on their hydraulic properties.  

This thesis is organized into three chapters including the literature review chapter. In the 

second chapter we discuss about the synthesis and characterization of SAPs for application in 
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soils. In third chapter we discuss about the effect of SAPs on the hydraulic conductivity of soil 

under free swelling and restricted swelling conditions for the three south eastern USA soils.  
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II. Synthesis and Characterization of Super Absorbent Polymers for Agricultural Purposes 

Abstract 

Super Absorbent Polymers are long chain, slightly cross-linked polymers capable of 

absorbing large quantities of water and retaining it within them. They were initially developed 

for agricultural usage to improve water holding capacity of soils and promote germination of 

seeds but finds extensive application in disposable pads, towels used in surgery and various other 

products. The water absorbing property of the SAPs can be altered by various means. Further the 

SAPs also undergo controllable volume changes when the ambient environment is altered. The 

ability of SAPs to absorb water has many practical applications in agriculture. One such property 

could be affected by amendment of SAPs in soils is hydraulic conductivity. Non availability of 

SAPs with identical chemical and physical properties leads to preparation of poly (acrylic acid-

co-acrylamide) with three different cross link ratios and particle sizes using acrylic acid (AA) 

and acrylamide (AAm) monomers. The SAPs thus prepared were characterized using 

spectroscopic methods. The water absorbing property of the SAPs was measured using de-

ionized water and 9000 ppm sodium chloride solution. The mechanical strength increases and 

porosity decreases with increase in AAm content. The water absorbing capacity of the SAPs 

increases with decrease in AAm content and particle size. Also, the water absorbing capacity of 

SAPs decreases drastically in sodium chloride solution. The SAPs release the absorbed water 

when the ambient pressure is reduced. Further, the water absorbing capacity of the SAPs does 

not decrease drastically when reused.  
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Introduction 

In our daily life, cotton, paper and sponges are commonly used to absorb water. These 

materials absorb only a few times their weight of water and have rather poor properties with 

respect to water retention (Liu and Rempel, 1997). However, some types of polymers and 

copolymers do function as high water absorbents, having very good water retention properties 

and high affinity towards water. These polymers are termed as Super Absorbent Polymers 

(SAPs). High water absorption of SAPs is realized by increase in their volume (Buchholz and 

Graham, 1997; Kazanskii and Dubrovskii, 1992). The SAPs were first developed by group of 

researchers at Northern Regional Research Laboratory of U. S. Department of Agriculture in 

1970s for applications in agriculture to improve water holding capacity of soils to promote 

germination of seeds and plant growth, but finds extensive applications in disposable pads and 

sheets, towels used in surgery, adult incontinence and female hygiene products (Liu and Guo, 

2001).  

  SAPs contain long polymeric chains which are slightly cross-linked (Liu and Guo, 2001). 

Superlative water absorbing property of SAPs arises from electrostatic repulsion between 

charges on the polymer chains and osmotic imbalance between the interior and exterior of the 

SAPs (Ono et al., 2007). Besides, certain functional groups in the polymeric chain forms 

hydrogen bonding with water molecules (Xie et al., 2007). The swelling of the SAP is limited as 

the polymer chains are cross-linked (Liu and Guo, 2001) and this cross-linking makes these 

SAPs insoluble in water (Buchholz and Graham, 1997). Water absorbing properties of the SAPs 

are controlled by two methods – type and degree of cross linking between polymeric chains 

(Buchholz and Graham, 1997; Liu and Rempel, 1997; Xie et al., 2009) and morphology of SAP 

particles (Isɪk and Kɪs, 2004; Kabiri and Zohuriaan-Mehr, 2004; Turan and Çaykara, 2007). 
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SAPs also undergo controllable volume changes in response to small environmental conditions 

such as temperature, pH and ionic strength (Beltran et al., 1991; Gudeman and Peppas, 1995; Liu 

et al., 1995).  

 The ability of SAPs to absorb water and retain it within them has many practical 

applications in agriculture. This thesis focuses on how the amendment of SAPs in soil affects one 

of the properties of soil - the hydraulic conductivity. To study the effects of amendment of SAPs 

in soil, SAPs with identical physical and chemical properties are required. Due to unavailability 

of SAPs with above criteria, poly(acrylic acid – co – acrylamide) SAPs are prepared with 

different cross-link ratio and particle size and their effect on water absorption are studied. 

Further for agricultural purposes, the SAPs have to release the absorbed water and should be 

reusable. These aspects of the SAPs are also investigated. 

Materials and Methods 

 Materials 

Acrylic acid (AA) (99%), Acrylamide (AAm) (98%), Formaldehyde (37% solution in 

water, v/v), Potassium Peroxydisulfate (KPS) (99%), Potassium Metabisulfite (KMB) (95%) 

were supplied by Alfa Aesar (USA). Sodium hydroxide (98.1%) supplied by Fischer-Scientific 

(USA) was used to prepare 333333ppm solution using de-ionized water. All the above chemicals 

were used as such in SAP preparation.  Ethanol (98%) was used to precipitate polymer from its 

solution. 

Preparation of SAP 

The SAPs are prepared as mentioned in Liu and Rempel (1997). 0.1 g of KPS and 0.042g 

of KMB and 185 ml of water are mixed in a three necked round bottom flask to form the redox 

initiator and heated to 65°C in a water bath such that temperature is maintained. A pre-
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determined amount of AA and AAm (table 1) are mixed in 32 ml of water and then added in 

drop-wise fashion into the redox system at 65°C over a period of 10 minutes. The solution is 

then mixed for 10 minutes and neutralized with sodium hydroxide solution to a pH of 4.5. The 

pH of the solution is measured using a pH meter.  The solution is then heated at 70°C for 2 

hours. The solution mixture is then cooled to 45°C. 6.25 ml of formaldehyde solution is added 

and mixed for 30 minutes. The solution mixture is then heated at 70°C for 3 hours. The polymer 

thus formed is dewatered using ethanol and dried at 80°C to a constant weight. The polymer thus 

formed is cross linked poly(acrylic acid - co acrylamide) super absorbing polymer (SAP).   

Classification to different particle size 

The polymer in its newly formed state is shaped as one mass. The SAPs thus obtained are 

crushed under mortar and pestle and sieved to obtain the necessary particle sizes. In this study, 

we form three distinct particle sizes as shown in Table 2. These particle sizes are selected 

because they represent the soil particle sizes for very coarse sand, medium sand and very fine 

sand respectively.  

Fourier Transform Infra-Red Spectroscopy 

In Fourier Transform Infra-Red Spectroscopy, Infra-Red (IR) radiation is passed through 

a sample. A part of the IR radiation is absorbed and a part of it is transmitted through the sample. 

The resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample. Like a fingerprint no two molecular structures have the 

same infrared spectrum. Thermo Fischer Scientific NICOLET 6700 FT-IR instrument is used for 

analysis. The sample holder and probe in the spectrometer are cleaned. The spectrometer is 

scanned to collect the spectrum of the background. This is done to nullify the effect of chemicals 

other than the sample present in the spectrometer environment (background IR spectrum). The 
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SAP sample is then placed in the sample holder and pressed against the diamond in the sample 

holder using the probe. Care should be taken not to damage the diamond in the sample holder. 

The FT-IR spectrometer is then turned on to scan the sample. The sample was scanned for 

wavenumbers 4000 to 400 cm-1. The output from the detector is fed to the computer, which 

removes the background spectrum to give the IR spectrum of the sample.  

Scanning Electron Microscopy (SEM) 

The SAP sample is analyzed in Scanning Electron microscope to study its morphological 

features. Scanning electron microscope Zeiss EVO50 is used for SEM analysis. The SAP 

samples are non-conductors, so before SEM analysis the samples are sputter coated with gold as 

a sample preparation step to make them conductive.  

Water Absorbing Capacity 

Determination of water absorbing capacity by the SAP was carried out according to Liu 

and Rempel (1997). About 0.2 g (W2) of SAP of particle size L is taken and soaked in 200 ml of 

de-ionized water for 30 minutes. The swollen SAP is filtered through the mesh and weighed 

(W1). Water absorbing capacity (WA) of the SAP is measured by using eqn. [2.1]. 

	ܣܹ ൌ 	 ଵܹ െ	 ଶܹ

ଶܹ
 

The water absorbency of the SAPs of particle size M and S are measured using the above 

procedure. Water absorbing capacity of SAPs can also be defined as the ability of per unit mass 

of SAP to retain water. 

Electrolyte Absorbing Capacity 

About 0.2 g (WB) of SAP of particle size L is taken and soaked in 200 ml of 9000 ppm 

sodium chloride solution for 30 minutes. The swollen SAP is filtered through the mesh and 

[2.1] 
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weighed (WA). Electrolyte Absorbing Capacity (WAE) of the SAP is measured by using eqn. 

[2.2]. 

ாܣܹ 	ൌ 	
ௐಲି	ௐಳ

ௐಳ
 

The electrolyte absorbency of the SAPs of particle size M and S are measured using 

above procedure  

Water absorption kinetics 

1 g of SAP of particle size L is taken in a nylon mesh bag. The bag is then immersed in 

de-ionized water for certain pre-determined time. The SAP along with the nylon bag is then 

removed from water and allowed to drain in air for 5 minutes. The weight of the swollen SAP in 

air is then noted. Water absorbing capacity of the SAP is measured using eqn. [2.1]. The 

assumption in this water absorption kinetics approach is that when lifted above water, water 

absorption by the SAP ceases and the water that is not absorbed drains. This procedure is carried 

out till the weight of SAP in air reaches a steady state. The same procedure is used to study the 

water absorption kinetics of SAPs of particle size M and S. 

Desorption 

The SAP of particle size L is soaked in de-ionized water for 30 minutes. The swollen 

SAP is filtered through an appropriate mesh. Water absorption of SAP is measured using eqn. 

[2.1]. A funnel fitted with Whatmann filter paper Number 40 is used and about 25 g of the 

swollen SAP is weighed and placed in the funnel. Rearranging eqn. [2.1], the initial dry weight 

(W2) of SAP can be calculated using eqn. [2.3], where W1 is weight of swollen polymer and WA 

is the water absorbing capacity of the SAP.  

ଶܹ ൌ
ௐభ

ௐ஺ାଵ
 

[2.2] 

[2.3] 
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The funnel is then placed in a vacuum chamber and negative pressure is applied in a step 

wise fashion for every 24 hours. Weight of swollen SAP before each pressure increase step is 

measured. From the initial dry weight of SAP (W2) and the weight of swollen SAP measured 

before each pressure increase, water absorbing capacity of SAP is calculated using eqn. [2.1].  

The same procedure is repeated for other SAP particle sizes Medium and Small.  

Reswelling 

About 200 mg (W2) of dry SAP of particle size L is taken in a nylon bag. The bag is 

soaked in de-ionized water for 30 minutes. The bag is then suspended in air for 5 minutes to 

drain the water unabsorbed by the SAP. The weight of swollen polymer is measured as W1. 

Water absorbing capacity of SAP is calculated using eqn. [I2.1]. The bag is then placed in an 

oven at 105°C. The bag is kept in the oven until the weight of bag reaches steady state. The 

weight of nylon bag with the SAP is noted and again soaked in de-ionized water and the same 

procedure is repeated for six times. The above procedure for reswelling is carried out for other 

SAP particle sizes M and S.   

Results and Discussion 

FTIR  

 The infra-red spectra of SAP A, B and C are given in figure 2.2.  The characteristic peak 

at wave number 1033.4 cm-1 arises from the ether group -O- providing evidence of a crosslinking 

reaction. 

Scanning Electron Microscopy (SEM) 

The SEM images of the SAPs are given in figure 2.3.  The pore size increases with 

increase in AAm content. Also the quantity of pores decreases with increase in AAm content in 

the polymer. The pores in the polymers are formed when ethanol evaporates from the polymer 
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during the drying process. The difference in pore size and quantity is caused by the cross-linking 

density. Increase in AAm increases cross-linking density and this forms a tight network structure 

in the polymer. In the preparation process, when ethanol vaporizes from within the polymer 

system, enough pressure has to be created to break the tight polymer structure. So for SAP A 

more vapors are required to create enough pressure to break the tight  network structure and 

escape from the system whereas in SAP C less amount of vapors are enough to create pressure to 

break the network structure.  

Water Absorbing Capacity 

 The water absorbing capacities of the SAPs are given in figure 2.4. Water absorbing 

capacity of the SAP increases with decrease in AAm content. Besides, it also increases with 

decrease in particle size of SAPs. The increase in water absorbing capacity with decrease in 

AAm content could be explained as follows. The copolymer is divided into non-ionic and ionic 

part. The ionic part in SAP is acrylic acid and non-ionic part is acrylamide. Acrylic acid 

component in the polymer chain has charges in the molecule. These charges are responsible for 

the osmotic pressure in the SAP. When the SAPs are soaked in water, the chains become mobile. 

Due to repelling of the chains, the polymer chains expand and absorb more water. Further higher 

is the charge difference between the polymer and the solution, more is the osmotic pressure (Liu 

et al., 1995). So increase in acrylic acid content increases the water absorbing capacity of SAPs. 

Further acrylic acid content in the SAPs forms hydrogen bonding with the water molecules. 

Also as seen from the polymer reaction equation, increase in acrylamide content 

increases cross linking density of the SAPs with resists the swelling and decreases its water 

absorbing capacity. Besides, porosity of the SAPs decreases with increase in AAm content as 

shown in the SEM images in figure 2.3.  
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Electrolyte Absorbing Capacity 

When 9000 ppm of sodium chloride solution was used, water absorbing capacity of the 

SAPs decreases drastically. The difference in charge within the polymer and the electrolyte 

solution decreases due to presence of ions in electrolyte (Liu et al., 1995). This causes decrease 

in osmotic pressure - the primary driving force for superlative water absorbing capacity in the 

SAP. SAP A has the lower charge and thus decrease in absorbing capacity is lower compared to 

that of SAP C which has a higher charge due to presence of more AA content. The particle size 

has negligible effect on absorbing capacity of SAPs.  

Water Absorption Kinetics 

 The water absorption kinetics of SAPs is given in figure 2.5. The particle sizes of the 

SAPs have negligible effect on water absorption of the polymer. SAP A attains steady state faster 

than SAP B and C.  

Desorption 

 Desorption of water from SAPs under application of negative pressure or vacuum is 

given in figure 2.6. The water absorbing capacity of SAPs decreases with increase in applied 

negative pressure. Further, the SAPs also release all the absorbed water at 800 cm of pressure. 

Comparatively, SAP C releases more water at low negative pressures compared to SAPs A and 

B. 

Reswelling 

 Reswelling of all three SAPs is given in figure 2.7. The water absorbing capacity of the 

SAPs do not decrease drastically even after repeated swelling for six times. This property of the 

SAPs enables them to be reused in applications where their properties can be best utilized.  
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Conclusion 

 Super Absorbing Polymers with different water absorbing capacities and particle sizes 

were prepared. As the AAm content in the SAP increases, the mechanical strength increases and 

porosity decreases. Water absorbing capacity of the SAPs increases with decrease in AAm 

content, particle size and electrolyte concentration. Further, water absorption by SAP is 

reversible as it releases the absorbed water when subjected to negative pressures.  Also, the 

reswelling ability of the SAPs makes it reusable in many fields especially in agriculture were it 

can be applied. The ability of the SAPs to absorb water and retain under normal conditions has 

many possible applications in agriculture. One such application is amendment of soil with SAPs 

to alter the hydraulic properties of the soil. Further research is required to explore the possible 

applications of SAPs in agriculture.  
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Table 1: Composition of Super Absorbent Polymers 

SAP Type AA:AAm Weight of AA (g) Weight of AAm (g) 

A 97:3 24.25 0.75 

B 98:2 24.5 0.5 

C 98.75:1.25 24.69 0.31 

 

 

Table 2: Particle size classification of Super Absorbent Polymers 

Type Particle Size Representative soil 

classification ASTM Mesh Number Mm 

Large (L) -10 + 18 1 – 2 Very coarse sand 

Medium (M) -35 + 60 0.25 - 0.5 Medium sand 

Small (S) -140 + 270 0.053 - 0.106 Very fine sand 
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Figure 2.1: Polymerization reaction
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Figure 2.2: FT-IR Spectrum of Super Absorbent Polymers
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Figure 2.3: SEM images of Super Absorbent Polymers. Clockwise - (a) - SAP A, (b) - SAP B, (c) - SAP C

Scale 10 μm 
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Figure 2.4: Comparison of Water and Electrolyte Absorbing Capacity of Super Absorbent Polymers 
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Figure 2.5: Water Absorption Kinetics of Super Absorbent Polymers 
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Figure 2.6: Desorption of water by Super Absorbent Polymers under negative pressure 



36 
 

SAP A

Reswelling times

0 1 2 3 4 5 6

W
at

er
 A

bs
or

bi
ng

 C
ap

ac
ity

 (g
/g

)

0

50

100

150

200

250
SAP B

Reswelling times

0 1 2 3 4 5 6

W
at

er
 A

bs
or

bi
ng

 C
ap

ac
ity

 (g
/g

)

0

100

200

300

400

500

SAP C

Reswelling times

0 1 2 3 4 5 6

W
at

er
 A

bs
or

bi
ng

 C
ap

ac
ity

 (g
/g

)

0

200

400

600

800

1000

 

Figure 2.7: Reswelling of Super Absorbent Polymers 
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III. Hydraulic Conductivity of SAP amended Soil under Free Swelling and Restricted 

Swelling Conditions 

Abstract 

Hydraulic conductivity of soil is a measure of ability of soil to transmit water. The 

hydraulic conductivity of the soil could be altered by amending the soils with super absorbent 

polymers (SAPs). Previous studies do not offer clarity on changes in hydraulic conductivity due 

to SAP amendment in soils. The effect of SAP on hydraulic conductivity of soils is a function of 

the soils to expand.  The effect of overburdened pressure in soils has not been accounted in the 

previous studies. Three different soils – Sandy Loam, Clay Loam and Sandy Clay Loam are 

amended with SAPs of three different water absorbing capacities and particle sizes. The 

application rates of SAPs in soils are 0.05%, 0.15% and 0.25%. Sandy Loam soil was further 

studied for effect of variable overlying pressure on the soil-SAP mixture with an application rate 

of 0.25%. The overlying pressures used were 0, 0.05, 0.11, 0.18 and 0.23 Pa.  The free swelling 

conditions simulate amendment of SAP near surface whereas restricted swelling conditions 

simulate that of amendment at subsurface of soil. In Sandy Loam soil, under free swelling 

condition, the hydraulic conductivity increases with increase in application rate. In Clay Loam 

and Sandy Clay Loam soils, there is no significant change in hydraulic conductivity on 

amendment of SAPs. Further under free swelling conditions, the expansion of soil increases with 

increase in application rates of SAPs for all the three soils. The hydraulic conductivity of all SAP 

amended soil under restricted swelling conditions decreased drastically compared to free 

swelling conditions. In restricted swelling condition, only the Sandy Loam showed increase in 

expansion with application rate, whereas Clay Loam and Sandy Clay Loam soils showed mixed 
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response. For Sandy Loam soil under varying overlying pressure the hydraulic conductivity of 

the soil-SAP mixture decreases with increase in overlying pressure. The soil amended with 

smallest SAPs particles has the lowest hydraulic conductivity and soil expansion compared to 

other SAP particle sizes. It can be concluded that, the hydraulic conductivity of the SAP 

amended soil increases under free swelling conditions and decreases under restricted swelling 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 
 

Introduction 

The rate of movement of water through soils is of considerable importance in many 

aspects of agricultural and hydrology. Some of the important situations where rate of movement 

of water through soils play an important role are entry of water into soil, movement of water to 

plant roots, flow of water to drains and wells and evaporation of water from the soil surface 

(Klute and Dirksen, 1986). The physical factors that determine the flow of water through soils 

are hydraulic conductivity and water retention characteristics. Hydraulic conductivity of soil is 

the measure of ability of soil to transmit water, whereas water retention characteristics are an 

expression of its ability to store water. These two properties are often discussed as hydraulic 

properties of soil. 

Theory 

 For one dimensional flow conditions, flow of water can be defined by Darcy’s law which 

may be written as follows  

ݍ ൌ 	െܭሺߠሻ
ܪ߲
ݖ߲

 

 where q is the volume flux density, Darcy velocity, or apparent velocity (i.e., the volume 

of liquid phase passing through unit cross-sectional area of soil in unit time), ߲ݖ߲/ܪ is the 

gradient of hydraulic head H and K(θ) is the hydraulic conductivity. The driving force is 

expressed as the negative gradient of the hydraulic head composed of the gravitational head z 

and the pressure head h which may be written as follows  

ܪ ൌ ݄ ൅  ݖ

 The hydraulic conductivity of saturated soils is measured in laboratory by applying the 

Darcy’s equation to a saturated soil column of uniform cross-sectional area. A hydraulic head 

[3.1] 

[3.2] 
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difference is imposed on the soil column and the resulting flux of water is measured. The 

hydraulic conductivity is given by  

௦ܭ ൌ 	
௏௅

஺௧ሺுమି	ுభሻ
 

 where V is  the volume of water that flows through the sample of cross-sectional area A 

for time t and (H2-H1) is the hydraulic head difference imposed across the sample of length L. 

The hydraulic conductivity of saturated layered soils in series (figure 3.1) is measured in 

laboratory by applying eqn. [3.4] which is written as follows 

௘௙௙ሺ௦ሻܭ ൌ 	
ܮ

∑ ݈௜
௦௜ܭ

௡
௜ୀଵ

 

 where Keff(s) is the effective hydraulic conductivity of the layered soil system in series of 

total length L. Ksi is the hydraulic conductivity of individual soil layer of length li and n is the 

number of soil layers of different hydraulic conductivity in the soil core.  

 Eqn. [3.4] can be derived as follows. In layered soils, the Darcian velocity q remains 

constant across all the layers. Applying Darcy’s law for each soil layer 

ݍ ൌ ௦ଵܭ
ሺுమିுభሻ

௟భ
ൌ ௦ଶܭ

ሺுయିுమሻ

௟మ
ൌ ௦ଷܭ

ሺுరିுయሻ

௟య
ൌ ௦ସܭ	

ሺுఱିுరሻ

௟ర
 

where (Hi+1 -   Hi) is the hydraulic head across the soil layer of length li. Also 

ݍ ൌ ௘௙௙ሺ௦ሻܭ	
ሺܪହ െ ଵሻܪ

ܮ
 

Rearranging  

ሺܪହ െ	ܪଵሻ ൌ 	
ܮݍ

௘௙௙ሺ௦ሻܭ
 

and 

ሺܪହ െ ଵሻܪ ൌ ሺܪଶ െ ଵሻܪ ൅	ሺܪଷ െ ଶሻܪ ൅	ሺܪସ െ ଷሻܪ ൅	ሺܪହ െ  ସሻܪ

From eqn. [3.5] and [3.6]  

[3.4] 

[3.5] 

[3.8] 

[3.7] 

[3.6] 

[3.3] 
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ሺܪଶ െ ଵሻܪ ൌ 	
௤௟భ
௄భ

 

 

Similarly 

ሺܪଷ െ ଶሻܪ ൌ 	
ଶ݈ݍ
ଶܭ

 

 

ሺܪସ െ ଷሻܪ ൌ 	
ଷ݈ݍ
ଷܭ

 

 

ሺܪହ െ ସሻܪ ൌ 	
ସ݈ݍ
ସܭ

 

Substituting eqn. [3.7] and [3.9] to [3.12] in [3.8]  

ܮݍ
௘௙௙ሺ௦ሻܭ

ൌ
ଵ݈ݍ
ଵܭ

൅	
ଶ݈ݍ
ଶܭ

൅	
ଷ݈ݍ
ଷܭ

൅
ସ݈ݍ
ସܭ

 

 

Rearranging 

௘௙௙ሺ௦ሻܭ ൌ 	
ܮ

݈ଵ
ଵܭ

൅	 ݈ଶܭଶ
൅	

݈ଷ
ଷܭ

൅	 ݈ସܭସ

 

Rewriting gives eqn [3.4]  

௘௙௙ሺ௦ሻܭ ൌ 	
ܮ

∑ ݈௜
௦௜ܭ

௡
௜ୀଵ

 

Hydraulic Conductivity and SAPs 

 A possible means by which hydraulic conductivity of soil could be altered is to mix the 

soil with hydrophilic superabsorbent polymers (SAPs) that are capable of swelling and retaining 

water 400 – 1600 times their own weight (Buchholz and Graham, 1997). Andry (2009) states 

[3.9] 

[3.10] 

[3.11] 

[3.12] 

[3.13] 

[3.14] 

[3.4] 
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that the hydraulic conductivity of soil decreases significantly with increase in mixing ratio and 

swelling properties of SAPs. This phenomenon is due to the fact as the SAP swells, it reduces the 

largest pores in the soil especially in the sandy soils. (Abedi-Koupai et al, 2008). Also, SAP 

amended soils expand when the SAPs swell and the expansion increases with increase in mixing 

ratio and swelling property of SAPs (Andry et al. 2009). Some of the other properties which are 

affected by SAPs amendment in soils are infiltration rates, bulk density, soil structure, 

compaction, soil texture, aggregate stability, crust hardness and evaporation rates (Abedi-Koupai 

and Asadkazemi, 2006). It is clear that SAPs amendment alters the texture and structure of the 

soil which are the primary determinants of geometry of soil pores, one of the physical factors 

that determine the hydraulic conductivity. In this research, hydraulic conductivity of SAP 

amended soil is studied under free swelling and restricted swelling conditions. This study would 

give valuable information regarding the effect of SAPs on hydraulic conductivity of soils when 

applied near surface and at subsurface.  

Materials and Methods 

Materials 

 Three different soils from Southeastern US are used for analysis. Each soil - Sandy 

Loam, Clay Loam and Sandy Clay Loam are designated as HL, TN1 and TN2 respectively . 

Sandy Loam soil was collected from Wiregrass Research Station located in Headland, AL, USA. 

Soils Clay Loam and Sandy Clay Loam were obtained from Sevier County near Knoxville, TN, 

USA. The details of the soils are given in table 3.1. Super absorbent polymers (SAPs) A, B and 

C are used as amendment for the above mentioned soils. The particle sizes of SAPs used are 

Large (1-2 mm), Medium (0.25-0.5 mm) and Small (0.053-0.106 mm). Metal columns made of 

either stainless steel or brass of dimension 5.36 cm diameter and length 6 cm are used to pack the 
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soil. Industrial sand of particle size F75 bought from F & S Abrasives Co., Inc. (Birmingham, 

AL, USA) is used for restricted swelling experiment. Flat circular rings are used as dead weight 

to apply pressure on soil. A wooden rack with a trough and able to hold eight soil columns is 

used to measure saturated hydraulic conductivity using constant head method (figure 3.2).  

Sample preparation 

 Oven dried soil enough to pack the desired number of soil cores are placed in a plastic 

bag. A known quantity of SAP is added to achieve the required application rate and mixed well. 

The application rates of SAPs used in soils are 0.05%, 0.15% and 0.25%. For our measurements, 

we use a metal column of 12 cm length to pack the soil. One end of the metal column is covered 

with cheese cloth and a base plate is inserted (figure 3.3). About 130 g of soil-SAP mixture is 

then packed into each metal column to the required bulk densities. The required bulk densities 

for HL, TN1 and TN2 soils are 1.79, 1.25 and 1.33 g/cm3 respectively. 

For restricted swelling condition samples, soil-SAP mixture is packed into the metal 

columns similar to free-swelling condition. The top of the soil is covered with a small cheese 

cloth. About 70 g of industrial sand of particle size F75 is carefully packed over the cheese cloth. 

The sand is covered with double layer cheese cloth and sufficient overburdened pressure is added 

to avoid the soil from swelling. The overburdened pressure was applied using heavy circular 

rings such that the water flow in to the soil column is not impeded (figure 3.4). The industrial 

sand and the flat circular rings together apply a pressure of 0.23 Pa uniformly over the soil-SAP 

mixture. 

The HL soil is further studied for variable overlying pressure. SAPs A, B and C of 

particle sizes L, M and S are used. The application rate of SAPs is 0.25% and the overlying 
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pressures are 0, 0.05, 0.11, 0.18 and 0.23 Pa. The sample preparation is same as mentioned for 

restricted swelling condition.  

  The metal columns with soil-SAP mixtures are then placed in a trough containing water 

to saturate them from bottom. Such a procedure assures minimum air entrapment. . The samples 

were allowed to saturate with water for 12 hours or until water level within the metal columns 

are above the top layer of the soil-SAP mixture. 

Experimental setup – Constant head method 

The saturated soil columns were connected to a constant head of water at the top and 

allowed to drain from the bottom. The volume of water V that passes through the sample for time 

t was measured. Substituting the hydraulic head driving the flow, (H2-H1), V and t in to eq. [3.3], 

the saturated hydraulic conductivity of the soil column was estimated. For restricted swelling and 

variable overlying pressure conditions, eq. [3.3] gives effective saturated hydraulic conductivity 

of entire soil column with sand. The hydraulic conductivity of the soil-SAP mixture is given by 

substituting values in eq. [3.4].  

Results 

Free Swelling Condition 

Changes in hydraulic conductivity of soil-SAP mixture for all three soils under free 

swelling conditions are given in figures 3.5 to 3.7. Significant changes in hydraulic conductivity 

with increase in application rate of SAPs in soils are observed in HL soil. Whereas in TN1 and 

TN2 soils, little or insignificant changes in hydraulic conductivity with amendment of SAPs in 

soils were observed. In HL soil, increase in particle size of SAPs greatly affects the hydraulic 

conductivity. In TN1 and TN2 soil, variation in particle size has no significant effect on 

hydraulic conductivity. Further it can also be observed, the variation in water absorbing capacity 
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of SAPs have negligible influence on hydraulic conductivity of all three soils. Percentage 

increase in volume of soil-SAP mixtures upon saturation with water are given in figures 3.9 to 

3.11. For all three soils, the volume increases with increase in application rate. The particle size 

and water absorbing capacity of SAPs have little or no effect on expansion of soil columns.  

Restricted Swelling Condition 

 Changes in hydraulic conductivity of HL, TN1 and TN2 soils under restricted swelling 

conditions are given in figures 3.5 to 3.7. The hydraulic conductivity of the soil-SAP mixture 

under restricted swelling conditions decreases significantly compared to free swelling conditions. 

There is mixed response of particle size, water absorbing capacity and application rate of SAPs 

effect on hydraulic conductivity. Percentage increase in volume of soil-SAP mixtures upon 

saturation with water are given in figure 3.8 to 3.10. In HL soil, the volume increases with 

increase in application rate. The particle size and water absorbing capacity of the SAP has little 

effect on hydraulic conductivity of soil. In TN1 and TN2 soils, the volume change has mixed 

response for application rate, particle size and water absorbing capacity of SAPs. 

 Changes in hydraulic conductivity of soil-SAP mixture of HL soil under variable 

overlying load are given in figure 3.11. The hydraulic conductivity of the soil decreases with 

increase in overlying pressure. When there is no overlying pressure, the soil amended with SAP 

particles of size L has the highest hydraulic conductivity. SAP C amendment in soil shows the 

lowest hydraulic conductivity for all the overlying pressures. Besides, amendment of soil with 

SAP particles of size S, have the lowest hydraulic conductivity for all the overlying pressures. 

Percentage increase in volume of soil-SAP mixture of HL soil upon saturation with water is 

given in figure 3.12. The expansion of soil-SAP mixture decreases with increase in overlying 

pressure. SAP C amendment causes the lowest expansion in soils for all the overlying pressure 
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compared to SAP A and B. Further, the soil amended with SAP particles of size S have the 

lowest expansion compared to other particle sizes L and M within SAPs of same water absorbing 

capacities.  

Discussion 

In free swelling conditions, increase in hydraulic conductivity of SAP amended HL soil 

could be explained as follows. When the soil-SAP mixture is saturated with water, the SAP 

particles in soil absorb water and swell. This swelling of SAP exerts pressure on soil particles 

surrounding it and causes expansion. The expansion of soil column creates large and new soil 

pores and thus increases the hydraulic conductivity of soil. In TN1 and TN2 soils, the pressure 

exerted by the SAPs is not sufficient enough to cause expansion and thus reduces the creation of 

new soil pores. This is evident by comparing the percentage increase in volume of soil-SAP 

mixtures of all the three soils. Since the SAP particles are restricted to swell, the swelling 

pressure of the SAP tends to squeeze it into the soil pores thus further blocking them. Further 

compared to HL soil, the clay content in TN1 and TN2 soils are higher (table 3). The clay 

particles in present in these soils may interfere with the swelling of the SAPs. It can also be 

assumed from increase in volume, the bulk density of the soil-SAP mixture decreases when the 

soil core is saturated with water.  

In restricted swelling conditions, decrease in hydraulic conductivity of control soil could 

be explained as follows. The control soil expands 5-8%. But under restricted swelling conditions 

the swelling of soils is restricted due to the pressure exerted by the overlying load. When the soil 

under load is saturated with water, the soil column collapses (Barden et al., 1973). The collapse 

of soil column causes reduction in soil volume and reduces the number of soil pores and 

eventually decreases the hydraulic conductivity of the soil.  The decrease in hydraulic 
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conductivity of soil-SAP mixture can be explained as follows. When the soil-SAP mixture is 

saturated with water, the SAP particles in soil absorb water and swell. This swelling of SAP 

exerts pressure on soil particles surrounding it and tends to cause expansion. The expansion of 

soil column is restricted due to the overlying load. The internal pressure within the SAP created 

due to swelling squeezes it into the soil pores available after collapse, thus further reducing the 

soil pores available for water movement.  

In HL soil under variable overlying pressure conditions, the hydraulic conductivity 

decreases with increase in overlying pressure. As explained above, the geometry of soil pores are 

affected due to overlying pressure and clogging of pores due to squeezing of polymers into them. 

The hydraulic conductivity under overlying pressure for the HL soil amended with SAP C has 

the lowest value for all the three particle sizes compared to other SAPs. This could be explained 

as follows.  As discussed in chapter 2, SAP C has the lowest mechanical strength and highest 

water absorption capacity compared to SAPs A and B. The swelling pressure created by SAP C 

is not adequate to cause expansion and thus SAP C squeezes itself into the soil pores blocking 

them and thus reducing the hydraulic conductivity.  

Conclusion 

The hydraulic conductivity of HL soil under free swelling conditions is greatly affected 

by amendment with SAP. In TN1 and TN2 soils, amendment of SAPs has mixed response. 

Amendment of SAP causes expansion of soil which eventually causes decrease in bulk density of 

the soil. Also, the hydraulic conductivity of the soil decreases with increase in overlying pressure 

for both control and SAP amended soil. The expansion of the soil-SAP mixture decreases with 

increase in overlying pressure. The properties of the SAP – particle size, mechanical strength and 
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water absorption capacity also affects the hydraulic conductivity and expansion of soil to certain 

extent. 

It can be concluded from hydraulic conductivity experiments under free swelling and 

restricted swelling conditions, that when soil is amended with SAP at near surfaces increases 

hydraulic conductivity in sandy soils. Whereas when SAP is amended to soil at a certain depth, 

reduces the hydraulic conductivity of the soil greatly. The latter property of SAP amendment in 

soils could be potentially used in land-fills for clay linings to reduce the flow of percolate beyond 

the confining layer in case of any damage to it. 
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Table 3: Classification of Soils 

 

  

Type 
Soil 

Name 
Location 

Family 

Description
Order pH 

% 

OM 

% 

Sand 

% 

Silt 

% 

Clay 

Soil 

Texture

Bulk 

Density 

(g/cm3) 

Particle 

Density 

(g/cm3) 

Soil 1 HL 
Henry 
County, 
AL 

Plinthic 
Kandiudults 

Ultisol 5.4 1.5 69 12 19 
Sandy 
Loam 

1.79 2.61 

Soil 2 TN1 
Sevier 
County, 
TN 

Cumulic 
Hapdudolls 

Mollisol 4.3 4.3 40 32 28 
Clay 
Loam 

1.25 2.37 

Soil 3 TN3 
Sevier 
County, 
TN 

Typic 
Eutrodept 

Inceptisol 6.6 4.1 52 22 27 
Sandy 
Clay 
Loam 

1.33 2.46 
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Figure 3.1: Flow of water through soils in series
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Figure 3.2: Measurement of Hydraulic Conductivity - Constant Head Method
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Figure 3.3: Sample Setup - Free Swelling Condition
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Figure 3.4: Sample Setup - Restricted Swelling Condition
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Figure 3.6: Comparison of Hydraulic Conductivity under Free Swelling and Restricted Swelling 
Conditions in TN1 Soil 
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Figure 3.8: Comparison of Volume Change under Free Swelling and Restricted Swelling 
Conditions in HL Soil 
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Figure 3.9: Comparison of Volume Change under Free Swelling and Restricted Swelling 
Conditions in TN1 Soil 
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Figure 3.10: Comparison of Volume Change under Free Swelling and Restricted Swelling 
Conditions in TN2 Soil 
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Figure 3.11: Effect of Varying Overlying Pressure, Water Absorbing Capacity and Particle Size of SAPs on Hydraulic Conductivity of 
HL Soil 
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Figure 3.12: Effect of Overlying Pressure, Water Absorbing Capacity and Particle Size of SAP on Expansion of HL Soil 
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