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Abstract 

 

The Effect of Expanded Shale Lightweight Aggregates on the Hydraulic 

Drainage Properties of Clays 

Ghadi Mechleb, M.S.E 

The University of Texas at Austin, 2013 

 

Supervisor:  Robert B. Gilbert 

 

Fine grained soils, in particular clays of high plasticity, are known to have very 

low values of hydraulic conductivity. This low permeability causes several problems 

related to vegetation growth and stormwater runoff. One way to improve the permeability 

of clay soils is by using coarse aggregates as a fill material. Recently, Expanded Shale 

has been widely applied as an amendment to improve drainage properties of clayey soils. 

However, limited effort has been made to quantify the effect of Expanded Shale on the 

hydraulic conductivity or on the volume change of fine grained soils. Specifically, the 

field and laboratory tests required to quantify the amounts of Expanded Shale to be mixed 

with clays to obtain desired hydraulic conductivity values have not been conducted.  

This paper presents the results of a series of laboratory fixed-wall permeameter 

tests conducted on naturally occurring clay deposits in the Austin area with different 

plasticity. The testing program comprised of clay samples with different quantities of 

Expanded Shale aggregates by volume, ranging between 0 and 50%, and compacted at 

two different compaction efforts (60% and 100% of the standard Proctor compaction 

effort).  
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The laboratory test results indicate that the hydraulic conductivity of the three 

soils increases by at least an order of magnitude when the Expanded Shale is mixed in 

quantities between 25 to 30% by volume depending on the compaction effort. Expanded 

Shale amended samples also showed lower swelling potential with increasing amendment 

quantities. Moreover, when the clay with the higher plasticity was mixed with 25% 

Expanded Shale, the compression and recompression ratios decreased by 25% and 15% 

respectively.   
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1. INTRODUCTION 

Fine-grained soils, in particular clays, have low hydraulic conductivity which 

inhibits water infiltration through these soils. Although geotechnical engineers have 

benefited from this characteristic in many applications such as drains and landfills, other 

environmental problems emerged due to the low permeability of clays. The growth of 

vegetation in clays is sometimes questionable because plants are not able to benefit from 

rainfall which is usually transformed into subsurface runoff. Moreover, stormwater, 

runoff can cause many problems in impervious areas where water infiltration is minimal. 

Stormwater runoff can be a transportation media for chemicals and pollutants and it can 

cause downstream flooding, erosion and even habitat destruction. For that reason, 

regulations and rules have been developed by environmental and governmental agencies 

to achieve better stormwater management. 

The two problems above (the difficulty of vegetation growth and the problems 

caused by stormwater runoff are both due to the low hydraulic conductivity of clays. 

Thus, finding a way to enhance the hydraulic conductivity of fine-grained soils is of an 

important value. 

One viable way of increasing soils drainage properties is to use soil amendments. 

Soil amendments are additives used to enhance specific properties of soils such as 

permeability, aeration, water retention, and structure (Davis and Wilson, 2005). 

Lightweight aggregates, such as Expanded Shale, are an example of soil amendments 

commonly added fine-grained soils in order to improve their drainage properties.  

Expanded Shale is produced by subjecting shale to very high temperatures which 

results in a light weight mechanically stable aggregate. Besides being an aggregate used 
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with concrete in order to make light weight structures, Expanded Shale can be used as an 

additive to clayey soils to improve drainage properties or even is used as an ornamental 

product in buildings and gardens. It is also claimed that Expanded Shale decreases the 

compressibility of soils which allow them to maintain a relatively open structure that 

benefits root development and plant growth. Although its application is becoming 

common in low permeability soils, information has not been published about its effect on 

the hydraulic conductivity or on the swelling and consolidation behavior of soils.. 

1.1 Objectives 

The research investigates the effect of Expanded Shale on drainage properties of 

clays which may justify its use as amendment with the shallower portions of fine-grained 

soils. This is achieved by defining a set of objectives that revolve around this topic. The 

objectives are listed below: 

1. Compare the hydraulic conductivity of clays with and without Expanded Shale.  

2. Study the effect of plasticity on the variation in hydraulic conductivity for clays 

amended with Expanded Shale.  

3. Study the effect of the compaction effort on the variation in hydraulic 

conductivity for clays amended with Expanded Shale.  

4. Study the effect of the volume of Expanded Shale per unit volume of soil on the 

hydraulic conductivity of clays. 

5. Compare the effect of the internal porosity of expanded shale particles on the 

hydraulic conductivity of clays.  

6. Study the effect of Expanded Shale on the consolidation behavior of clays. 
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1.2 Scope of Work 

In order to achieve the required objectives, it is necessary to set a testing plan that 

best fits the purpose of the research.  

Three types of clayey soils are used in this investigation. Clay samples are 

obtained from different locations in Austin and its suburbs. The selection of the soils was 

based on plasticity and the three selected soils have plasticity indices of 15, 28, and 48. 

Expanded Shale samples are provided by TXI Expanded Shale Aggregate, Dallas, Texas. 

The testing plan consists of small scale hydraulic conductivity experiments 

conducted on compacted clay samples that are amended with different quantities of 

Expanded Shale. For each soil, samples are mixed with percentages of Expanded Shale 

ranging between 0% and 50% and then compacted using two different efforts (the 

standard Proctor and the reduced Proctor). The hydraulic conductivity is then reported 

and plotted versus the amendment percentage.  

In order to study the effect of the internal porosity of Expanded Shale on the 

hydraulic conductivity, another set of experiments is undertaken on the clay with a 

plasticity index of 28 amended with crushed limestone and compacted using the reduced 

Proctor which allows the comparison between Expanded Shale and regular aggregates 

having the same grain size distribution. 

The effect of Expanded Shale on the swelling behavior is studied by conducting 

swell tests on the clay with plasticity index of 28. Consolidation tests are also undertaken 

on the clay with a plasticity index of 48 with three different percentages of amendment.  
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1.3 Thesis Organization 

Chapter 2 of this thesis includes a comprehensive literature review related to the 

topic of the research. The literature review is divided into three parts: an overview of the 

hydraulic conductivity of clays along with the many factors affecting it, an overview of 

the shrink – swell behavior of clays, and background information for the Expanded Shale 

lightweight aggregates. The different materials that were used in this investigation and 

their characteristics are presented in Chapter 3. Chapter 4 consists of a description of the 

equipment and testing procedures utilized in the research. Chapter 5 presents the results 

of the experiments including soil characterization, hydraulic conductivity tests, swell 

tests, and consolidation tests. Chapter 6 consists of a discussion of all the results. Finally, 

the conclusions of this study are presented in Chapter 7.  
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2. LITERATURE REVIEW 

The objective of this Chapter is to present an overview of previously published 

information relevant to this research. The information includes a review of the hydraulic 

conductivity of clays, an overview of the shrink – swell behavior of expansive soils, and 

some background information for the Expanded Shale aggregates.  

2.1 Hydraulic Conductivity of Clays 

2.1.1 INTRODUCTION 

Flow of liquids through porous media is a complex phenomenon. Darcy’s 1856 

coefficient of permeability “k” is often the most commonly used engineering parameters 

used to define the hydraulic conductivity of soils. Darcy showed that the rate of flow of a 

liquid through porous media is proportional to the cross-sectional area of flow and to the 

hydraulic gradient, which is the head loss over the length of flow. He introduced the 

coefficient of permeability “k” as the coefficient of proportionality and expressed his law, 

known as Darcy’s (1856) law using the following formula: 

𝑄 = −𝑘 ∗ 𝑖 ∗ 𝐴 

Where Q  = rate of flow (L3/T) 

 k   = hydraulic conductivity (L/T) 

 i    = hydraulic gradient (dimensionless) 

 A   = cross sectional area of flow (L2) 

 Hydraulic conductivity is another term alternatively used in the literature 

along with coefficient of permeability. It describes the ease of flow of a certain fluid 

through a specific porous medium.  
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The hydraulic conductivity is an important factor that plays a major role in many 

engineering practices such as seepage analysis and design of drainage features 

(Cedergren, 1989). The hydraulic conductivity presents a very large variability between 

soils over many orders of magnitudes. Also, it widely depends on several factors which 

as described below. 

2.1.2 FACTORS AFFECTING THE HYDRAULIC CONDUCTIVITY OF CLAYS 

Molding Water Content and Degree of Saturation 

Molding water content and soil fabric are two inter-related factors that affect the 

hydraulic conductivity of clays. The effect of these factors on the hydraulic conductivity 

was studied in the work of Mitchell et al. (1965), Boynton (1983), Benson and Daniel 

(1990), Shelley (1991), and many other authors.  

Mitchell et al. (1965) noticed that variations in molding moisture content can have 

significant effect on the hydraulic conductivity of clays for a given compactive effort. 

Variations were maximized around the optimum water content. Boynton (1983) reported 

that the hydraulic conductivity decreased with increasing compaction water content.  A 

difference of one to two orders of magnitude was sometimes observed.                           

One possible way to explain these variations is to refer to the particles orientation 

model as suggested by Boynton (1983) and Shelley (1991). This model suggests that clay 

particles compacted dry of optimum will tend to be in a flocculated state with randomly 

oriented bonds. On the other hand, for higher water content, clay particle will tend to be 

“parallel to one another and perpendicular to the direction of fall of the compaction 

hammer” (Boynton, 1983). This model implies that the hydraulic conductivity is equal in 

both the vertical and horizontal direction for samples compacted dry of optimum, while 
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hydraulic conductivity in the vertical direction is generally lower than in the horizontal 

direction for samples compacted wet of optimum.  

 

 

Figure 2-1: Variation of Permeability of Jamaica Sandy Clay versus Molding Water 
Content (Mitchell et al., 1965) 

As for the degree of saturation, its effect on the hydraulic conductivity of fine 

grained material is well documented in the work of Mitchell et al. (1965), Boynton 

(1983), and Shelley (1991). Because the net area of flow is decreased for partially 

saturated samples, it is observed that the hydraulic conductivity increases as the degree of 

saturation increases.  In other terms, the presence of air pockets in the soil skeleton 

hinders the flow of any fluid through the voids.  

The molding water content and the degree of saturation are two interrelated 

factors that affect the hydraulic conductivity of soils. As explained by Lambe (1954), 

clays compacted dry of optimum are less saturated than clays compacted wet of optimum 

which further explains the differences observed in the hydraulic conductivity.  
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Particle Size and Void Ratio 

The hydraulic conductivity is dependent on soil grain size distribution and is 

sensitive, in particular, to the quantity and distribution of the finer fraction. Generally, lab 

or field testing are used to determine the hydraulic conductivity, rather than directly 

correlating it to some soil properties such as grain size. However, soil type and grain size 

can help in determining the range in which the hydraulic conductivity is expected to be.  

Hazen (1892) presented a relationship that relates the grain size to the hydraulic 

conductivity of sands and gravel in the form of a simple equation: K = C(D10)2. 

In Hazen’s formula, k is the hydraulic conductivity expressed in cm/s, C is a 

constant which varies for each soil in cm/(mm2sec), and D10 is the particle diameter 

such that 10 percent of the soil is finer, in the unit of mm. Hazen’s formula has only 

proven to be a back-of-the-envelope check and provides a rough estimation for the 

hydraulic conductivity of coarse material.  

Similarly, Kenney et al. (1984) found that the hydraulic conductivity of sands and 

gravels is proportional to the square of the size of particles in the fine fraction. 

Although those relationships proved to be useful for coarse-grained soils, their use 

for predicting hydraulic conductivity of clays was not as successful because of the 

difference in particle shape, size, and fabric.  

After failing to relate the hydraulic conductivity of clays to a grain size parameter, 

researchers attempted to use pore size distribution as a governing parameter (Lapierre et 

al. 1990, and Juang and Holtz, 1986). This method was found to be more rational and 

more successful. However, no unique relationship was able to relate the hydraulic 

conductivity to pore size distribution. The flow of a liquid through soils was found to be a 

complex phenomenon which is best evaluated through direct testing.  
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The establishment of the relationship between hydraulic conductivity and gravel 

content of clays was also investigated. Shelley (1991) performed lab testing on kaolinite 

and mine spoils, where he permeated different samples mixed with varying amounts of 

gravel. He found out that the hydraulic conductivity was practically invariant between 0 

and 50 percent gravel by weight after which the hydraulic conductivity substantially 

increased.  

Compactive Effort 

The effect of compactive effort on hydraulic conductivity was studied by Mitchell 

et al. (1965) who performed permeability tests on silty clay samples compacted with 

three compactive efforts. As indicated in Figure 2-2, at certain water content, the 

hydraulic conductivity decreased with increasing compactive effort. What is also 

remarkable in their results is the behavior of samples compacted wet of optimum. 

Although the samples compacted at water content greater than 18 percent had the same 

dry unit weight using the two higher compactive efforts, the hydraulic conductivity 

varied by more than an order of magnitude. This led to the conclusion that for samples 

compacted wet of optimum, increasing the compactive effort leads to increasing the 

degree of particle dispersion, while the density is still constant, which explains the 

observed differences in hydraulic conductivity.  
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Figure 2-2: Effect of Compactive Effort on the Hydraulic Conductivity (Mitchell et al. 
1965) 

 Method of Compaction 

The method of compaction will have an influence on the hydraulic conductivity 

since every method results in a different soil structure. In this context, if a method of 

compaction promotes a dispersed structure, it is anticipated that the hydraulic 

conductivity will be low.  
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Mitchell et al. (1965) studied the effect of method of compaction by comparing 

different samples of silty clay that were compacted to equal densities by the mean of 

static, vibratory, and kneading compaction.  As presented in Figure 2-3, the results 

indicated that a very negligible effect is observed for samples compacted dry of optimum. 

However, when compacted wet of optimum, samples prepared using kneading 

compaction had up to four times lower hydraulic conductivities compared to those 

prepared with static compaction.  

In their attempt to explain those results, Mitchell et al. (1965) that the clods 

formed during mixing are strong if the compaction is performed dry of optimum. Thus, 

even though the shear strains induced by kneading were higher than those induced by 

static compaction, the clods were more resistant to breakage for both methods and the 

variability in hydraulic conductivity is not significant. On the contrary, wet of optimum, 

clods are weaker and easily broken by kneading which leads to lower hydraulic 

conductivity values. Despite this difference, it is thought that the variation in hydraulic 

conductivity with the compaction method is of little importance.  
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Figure 2-3: Effect of Compaction Method on the Hydraulic Conductivity (Mitchell et al. 
1965) 

 Direction of flow 

Hydraulic anisotropy exists usually due to the effect of soil fabric. If clay particles 

are flocculated for samples compacted dry of optimum and dispersed for wet of optimum 

compaction, then hydraulic anisotropy is most likely to occur for wet of optimum 

compaction conditions. Boynton and Daniel (1984) studied the effect of flow direction on 

the hydraulic conductivity of clays by trimming horizontal and vertical specimens of 

compacted clay samples and performing hydraulic conductivity tests at different molding 

water content. They concluded that for laboratory-compacted samples with good bonding 

between the lifts, the horizontal and vertical hydraulic conductivity were essentially 

identical. However, the researchers added that hydraulic anisotropy may be much greater 
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in the field as a result of poor bonding between the lifts and of the heterogeneity of the 

soil itself.  

Desiccation Cracking 

In the field, weathering effects may cause cracks in the soil. These defects also 

known as desiccation cracks will result in higher hydraulic conductivity in the field 

compared to the lab. Therefore, the use of flexible-wall permeamters will be less 

representative of field conditions since the confining pressure will lead to the 

minimization of any crack that may be present in the clay samples. 

2.2 Swelling and Shrinking of Clays 

2.2.1 INTRODUCTION 

Soils exhibit volume changes when water is added or removed. If water is added 

to a dry soil, its volume increases; this phenomenon is called swelling. When a soil loses 

water, its volume decrease; this phenomenon is called consolidation (Fang, 1997). 

The Swelling and Shrinking behavior of clays depend on a number of factor 

including the types and amounts of clay minerals (smectite, montmorillonite, 

vermiculite…), the initial water content and void ratio, and the overburden stresses. 

2.2.2 EXPANSIVE SOILS 

Expansive soils are generally clays that are subjected to large volume changes due 

to water content variations. The expansive soils are widely spread in the United States 

and in particular in the State of Texas.  Figure 2-4 presents a map Texas that shows 

different of zones having various swelling potentials. Many major cities  such as Dallas, 

Austin, and San Antonio, are located within the zone with clays having high swell 

potential showed in red in Figure 2-4 (Walker, 2012).  
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Figure 2-4: USGS Expansive Soil Map of Texas (Olive et al., 1998) 

2.2.3 PROBLEMS CAUSED BY VOLUME CHANGE OF CLAYS 

Expansive clays can cause a lot of problem due to the large volume changes upon 

moisture content fluctuations. Those problems are mainly due to partial deflections 

underneath existing structures. The non-uniform deflections can cause damage to the 

foundation and framing. Usually, damages related to the swell-shrink behavior of clays 

are more observed in arid and semi-arid regions. The repairs of the damages can cost up 

to several billion dollars a year (Krohn and Slosson, 1980).  
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Figure 2-5: Examples of Failures Caused by Expansive Soils (Amer et al., 2005) 

Stabilizers such as lime can be used to reduce the swelling potential of expansive 

soils (Amer et al. 2005). However, Information relating the effect of coarse amendment 

on the swell – shrink behavior of clays has not been published. 

2.3 Expanded Shale Lightweight Aggregates 

2.3.1 HISTORY OF THE EXPANDED SHALE INDUSTRY 

The following section summarizes the history of the Expanded Shale industry as 

presented by ESCSI (1971). 

The Expanded Shale industry came into light during World War I. Back then, 

Expanded Shale was used in the concrete shipbuilding program initiated by the United 

States Fleet Corporation. Due to the shortage of high-grade plate steel required for 

building ships and the high demand on warships upon the start of World War I, the 

Federal Government requested from United States Fleet Corporation to find a material 

that can successfully replace steel in shipbuilding. Reinforced concrete was the favorite 
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replacement material as it was successfully used in shipbuilding in the Scandinavian 

countries.  

The use of reinforced concrete posed the problem of increasing deadweight of the 

vessel which reduces its efficiency. For that reason, researchers started searching for light 

weight aggregates in an attempt to reducing concrete’s deadweight.  

Meanwhile, Stephen Hayde, a brick-maker from Kansas City, Missouri, was 

investigating the possibility of using the lightweight material (that was usually discarded 

in the brickmaking process) as a concrete aggregate. He noticed that this material formed 

by non-interconnected air pockets had a significantly smaller density compared to sands 

and gravels, and yet maintained the basic requirements of aggregates.  

When the United States Fleet Corporation knew of Mr. Hayde’s work, they led a 

set of experiments that allowed them to conclude that certain clays can be burnt under 

very high temperatures to obtain light weight aggregates which are very similar to 

volcanic basalt. After additional investigation, the National Bureau of Standards started 

the production of Expanded Shale aggregates and “Mr. Hayde was granted a patent on his 

process and he granted free use of his patent to the Federal Government for both 

experimental and construction phases of the shipbuilding program”. Moreover, the 

research concluded that the use of rotary kilns for burning shale and clays yielded a more 

uniform lightweight aggregate.  

The United States Fleet Corporation initiated a large scale project aiming at 

constructing a 7500 –ton tanker. This ship, named the U.S.S. Selma, was launched in 

June 1919. It had a length of 434 feet and a beam of 43 feet. Building The Selma required 

the use of 7350 tons of Expanded Shale aggregate, which was supplied in two gradations 

(fine material and coarse material with an average unit weight of 69 pounds per cubic 
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foot and 44 pounds per cubic foot, respectively). The successful use of Expanded Shale in 

World War I encouraged the Federal Government to further use this type of aggregate in 

ship construction. In World War II, Expanded Shale, that was by that time more and more 

utilized as a construction material, played a major role in the construction of the United 

States naval fleet. A total of 104 ships of different sizes were constructed and served 

different purposes in various battle zones.  

Thirty four years after the launch of the Selma, the Expanded Shale, Clay and 

Slate Institute assigned the duty of inspecting the concrete’s quality to the Engineers 

Testing Laboratory, Inc. of Houston, Texas. The results of the investigation were very 

encouraging as the concrete condition was excellent even in areas that were exposed to 

severe action of wind and tides as well as salt air and sea water. The steel reinforcements 

were also in good condition even where thin concrete covers were applied.  

In 1928, a twenty-eight story building was constructed using lightweight concrete 

which allowed a tremendous reduction in deadload and consequently doubling the 

allowed floors which were originally limited to only 14 floors. The successful use of 

Expanded Shale in lightweight concrete allowed its acceptance as a feasible construction 

material. However, the growth of the Expanded Shale industry effectively started after 

the Hayde patents expired in 1946 and producing plants spread throughout the United 

States and Canada. In addition, the Expanded Shale, Clay and Slate Institute was founded 

in 1952 as a non-profit organization which aimed at supporting this industry and ensuring 

to conduct the necessary research in order to improve the quality and diversify the uses of 

Expanded Shale. 
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2.3.2 PRODUCTION OF EXPANDED SHALE LIGHTWEIGHT AGGREGATES 

The production of Expanded Shale light weight aggregates is performed in rotary 

kilns where crushed shale is fired under high temperatures reaching 2200 degrees 

Fahrenheit. The high temperature results in the expansion of the shale by the action of 

internal gases resulting in the creation of new material comprised of unconnected air 

pockets. The expanded material is then cooled, crushed and screened depending on the 

required gradation. The end-product is a high quality porous ceramic aggregate that has a 

low density and high durability. Figure 2-6 demonstrates the production process of 

Expanded Shale by the rotary kiln method. 

 

 

Figure 2-6: Production Process of Expanded Shale (escsi.org) 
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2.3.3 PROPERTIES OF EXPANDED SHALE 

Porosity and Dry Density 

Expanded Shale aggregates are lightweight coarse aggregates that have shapes 

varying from rounded to angular. Holm and Valsangkar (1990) conducted a study on the 

properties of lightweight aggregates. They explained that the main attributes of light 

aggregates reside in their high interstitial void content (typical to most of well-graded 

aggregates) and the high volume of internal voids withheld within the solid phase of the 

aggregates.  

One of the key properties of Expanded Shale is its low specific gravity. Holm and 

Valsangkar (1990) reported typical values of oven-dry specific gravity varying 1.25 to 

1.40.  Combined with the high void content, the low specific gravity eventually results in 

low dry densities close to 720 kg/m3 as reported by Holm and Valsangkar (1990). 

 

 

Figure 2-7: Same Mass of Different Aggregates (escsi.org) 
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. In an attempt to explain the differences in porosity and bulk density between 

conventional aggregates and lightweight aggregates, Holm and Valsangkar (1990) 

referred to the following schematics and calculations where the two types of aggregates 

are compared. 

 

 

Figure 2-8: Solids and Voids Distribution in an Regular Aggregate (Holm and 
Valsangkar, 1990) 

For the ordinary aggregate having a specific gravity of 2.6 and a density of 1520 

kg/m3 (in a loose state), the solid phase (particle) occupies 59% of the total volume and 

the remaining (41%) of the volume will be comprised of voids. 
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Figure 2-9: Solids and Voids Distribution in a Lightweight Aggregate (Holm and 
Valsangkar, 1990) 

 

 

 

Figure 2-10: Distribution of Solids, Interparticle Voids, and Internal Pores in a 
Lightweight Aggregate (Holm and Valsangkar, 1990) 
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As illustrated in Figure 2-9, for light weight aggregates having a specific gravity 

of 1.38 and a density of 714 kg/m3 (in a loose state), have 52% of the total volume 

composed of the ceramic matrix and 48% composed of inter-particle voids. However, it 

is necessary to take into account the internal voids within the ceramic matrix. For ceramic 

solids having a specific gravity of 2.55, 54% of the volume of the ceramic matrix will 

comprise of solids while the remaining 46% will comprise of internal pores. Thus, 

relative to the total volume, only 28% corresponds to the solid phase, 24% to the ceramic 

matrix internal pores, and 48% to the inter-particle voids. These calculations demonstrate 

why lightweight aggregates possess low bulk densities compared to regular coarse 

aggregates. 

Durability 

The durability of lightweight aggregates has been shown to be comparable to 

ordinary coarse aggregates. Valsangkar and Holm (1999) initiated a study to investigate 

the mechanical durability of Expanded Shale aggregate. They performed a series of one-

dimensional compression and direct shear tests on Expanded Shale samples subjected to 

cyclic loading. The quantification of the particle breakage was studied by the mean of 

particle size analysis which allowed comparing Expanded Shale condition before and 

after the application of the loads. The researchers concluded that minimal breakage 

occurred and fines generated were always less than 5% and typically between 1 and 2%.   

Shear Strength 

Stoll and Holm (1985) conducted a series of triaxial compression tests on large 

specimen of Expanded Shale. They found out that the angle of internal friction always 

exceeded 40 degrees for samples obtained from six production plants. Valsangkar and 
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Holm (1990) led a testing program in which they performed many direct shear tests on 

different types of Expanded Shale aggregates. Their findings were in accordance with the 

results of Stoll and Holm and the angle of internal friction exceeded 40 degrees even for 

loose samples.  

Thermal Resistance 

Lightweight concrete has been widely used in exterior walls to minimize energy 

losses (Valsangkar and Holm, 1990). According to Valore (1988), lightweight concrete 

can be used as a thermal insulator, a property that is also correct for Expanded Shale 

aggregates often used in preparing lightweight concrete. 

2.3.4 EXPANDED SHALE AS A SOIL AMENDMENT 

The use of Expanded Shale as soil amendment is becoming more and more 

common to improve the physical properties of soils. Sloan et al. (2002) investigated the 

suitability of Expanded Shale amendments for clay soils. Specifically, they decided to 

study the effect of Expanded Shale on the growth of winter-grown pansies and summer-

grown scaevola. They concluded that Expanded Shale amendment enhanced the growth 

of roots especially during periods of excessive rainfall. Also, they noticed large diameter 

Expanded Shale favored foliage quality and survival of scaevola. Out of a total of five 

tested amendments including small (0.039 to 0.118 inches) and large diameter (0.118 to 

0.354 inches) Expanded Shale, quartz sand, sphagnum peatmoss, and cottonseed hulls, 

large diameter Expanded Shale provided the best conditions for plants growth and roots 

development.  

Other researchers have also examined the benefits of Expanded Shale aggregates 

when used as soil conditioners. Ferguson (2005) describes Expanded Shale as porous and 
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stable aggregates. Those properties allow them to be a favorite component of plant 

potting media. Nash et al. (1990) concluded that the growth of plants was enhanced in a 

medium amended with Expanded Shale and peat moss.  

The Expanded Shale, Clay, and Slate Institute (2002) lists a series of properties 

that proves the suitability of Expanded Shale as soil amendment: 

- Non-toxic, clean, and odorless ensuring a safe environment for plant and 

animal life. 

- 100% inert and inorganic and will not react with other chemicals. 

- Strong and durable thus maintaining its structure over time. 

- Thermal insulator protecting the root system from weather fluctuations 

and severe conditions. 

- Aerates the soil and decreases its density allowing better conditions for 

root development. 

- Light in weight and sterile making it friendly to users.  
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Figure 2-11: Comparison of Plant growth in Clay and in Clay Amended with Expanded 
Shale (ESCSI, 2002) 

2.3.5 GEOTECHNICAL APPLICATION OF EXPANDED SHALE 

ESCSI explains some of the reasons behind the successful use of Expanded Shale 

in geotechnical applications. Being a lightweight material with approximately half the 

density of regular fill materials, and having a relatively high friction angle, Expanded 

Shale aggregates present many advantages to geotechnical engineers and designers.  

Expanded Shale are often used as retaining walls backfill as they help reducing 

lateral forces, reducing loads on slopes, and providing a free draining media.  Those 

characteristics also allow the use of Expanded Shale in structural repair and 

rehabilitation.  
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Figure 2-12: Expanded Shale Used as Retaining Walls Backfill (ESCSI, Publication # 
6600) 

Geotechnical applications of Expanded Shale are not limited to retaining walls 

and landscape fills. The high chemical stability coupled with the high permeability allows 

their use in some geoenvironmental applications such as landfills. Expanded Shale is 

becoming a well-known material in landfill drainage systems and leachate collection 

systems. Bowders et al. (1997) studied the suitability of Expanded Shale aggregates for 

leachate collection systems. They found that the hydraulic conductivity of Expanded 

Shale exceeded the specified minimum design value. Also, Bowders et al. (1997) did not 

notice any sign of mechanical deterioration of the lightweight aggregates upon immersion 

in actual landfill leachate.  Finally, they conducted a series of tilt-table tests and 

concluded that the interface friction angle between Expanded Shale aggregates and a 

smooth HDPE geomembrane was high enough to provide stability on slopes ranging 

between 23 and 27 degrees (adequate for typical landfill slopes).  
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ESCSI (2008) describes Expanded Shale as the “Total Geotechnical Solution” and 

provides a list of advantages for designers, contractors, owners, and the environment. The 

advantages are summarized listed in Table 2-1.. 

 

Table 2-1 Advantages of Expanded Shale in Geotechnical Applications 

 Designers Contractors Owners Environment 

Less weight Quick delivery Economical Inert 

Stable  Standard equipment 
Reliable 

(permanent 

solution) 

Non-toxic 

Free draining No formwork 
Land use 

(allows land 

reclamation) 

No 
maintenance 

Abrasion 

resistant 

Not weather 

sensitive 
    

Available       

Durable       

 

2.3.6 OTHER APPLICATION OF EXPANDED SHALE 

The applications of Expanded Shale are not limited to horticulture or geotechnical 

engineering. In fact, Expanded Shale can be used as aggregate in masonry units, concrete 

bricks, and sound absorption walls. Others applications include, and are not limited to, 

asphalt pavements, waste water treatment, shotcrete, insulators, and fire protections 

systems (escsi.org). 
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2.4 Summary of Chapter 2 

This Chapter shows that the hydraulic conductivity of clays is a complex 

phenomenon that depends on various factors such as grain size distribution, molding 

water content, compaction effort, and many others. The low hydraulic conductivity of 

clays can cause problems related to vegetation growth and stormwater runoff.  

Chapter 2 also demonstrates that expansive soils that are really abundant in Texas, 

can cause structural damages and other problems.   

Expanded Shale aggregates are nowadays used in a variety of applications 

including amending poorly draining clays. However, information on the effect of 

Expanded Shale on the hydraulic conductivity or on the consolidation behavior of clays is 

still not published.  

 

 

 

   



 

29 
 

3. MATERIALS 

This Chapter briefly presents the materials used in the research. The selection 

process of the soils and aggregates are clearly stated along with the location of 

acquisition of each of the material used. 

3.1 Soils 

For the purpose of this research, the selection of the soils is made in a way that 

best represents the Austin area. This was achieved by referring to the City of Austin, 

Texas Standard Specification (2012).  

In those specifications, the City of Austin establishes a set of requirements that 

govern earthwork, electrical work, environmental enhancements, and many other types of 

services. In the subgrade and base construction specification, soils are classified into 

three categories depending on their Plasticity Index (P.I.). The three types of soils are (1) 

Non-swelling Soils with P.I. less than 20, (2) Swelling Soils with P.I. between 20 and 35, 

and (3) Swelling Soils with P.I. greater than 35.  

Accordingly, the selection of the soils is made base on the classification above. 

Thus, a clay with P.I. less than 20, a clay with P.I. ranging between 20 and 25, and a clay 

with P.I. greater than 35 are selected from different locations in Austin. The plasticity 

indices of the three soils are 15, 28, and 48 respectively and each soil is named according 

to its plasticity index.  The characteristics of each soil are listed in the Results Chapter.  
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3.1.1 CLAY WITH P.I. = 15 

The Clay with P.I. = 15 is acquired from North Austin. Figure 3-1 shows the 

location of the acquired clay.  This location is a residential area that contains many 

single-stories houses. Thus, it is necessary to get the permission of one of the owners 

before being able to extract clay samples. The residential address from which the clay 

was taken is 1008 ALEGRIA RD, AUSTIN, TX. 

 

 

Figure 3-1: Location of Extraction of the Clay with P.I. = 15 

3.1.2 CLAY WITH P.I. = 28 

The Clay with P.I. = 28 used in the research consists of Black Taylor clay samples 

obtained from a research site located in Manor, Texas (Figure 3-2). The Black Taylor 

clay forms the upper weathered portion of the Taylor clay formation. Usually, the 

weathered Taylor, which as a dark grey color, extends until a depth of approximately 10 
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feet below ground surface. The unweathered Taylor clay underlies the Black Taylor clay 

and is characterized by a light-brown color.  

 

 

Figure 3-2: Location of Extraction of the Clay with P.I. = 28 

3.1.3 CLAY WITH P.I. = 48 

The Clay with P.I. = 15 is acquired from 2611 NOTTINGHAM LANE, AUSTIN, 

TX. Figure 3-3 shows the location of the acquired clay.   



 

32 
 

 

Figure 3-3: Location of Extraction of the Clay with P.I. = 48 

3.2 Expanded Shale 

The Expanded Shale aggregates used in this research are provided by The 

Expanded Shale & Clay (ES&C) group at Texas Industries, Inc. (TXI). As specified by 

the producer, the dry specific gravity of the Expanded Shale is approximately 1.40 while 

the saturated surface dry specific gravity is approximately 1.80. The grain size 

distribution of the Expanded Shale is shown in Figure 3-5. 
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Figure 3-4: Expanded Shale Lightweight Aggregate Used in this Research 

 

 

 

Figure 3-5: Grain Size Distribution of the Expanded Shale Aggregate 
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3.3 Summary of Chapter 3 

In this research, three clays are selected from the Austin area. The clays have 

plasticity indices of 15, 28, and 48, respectively. Also, Expanded Shale samples are 

provided by The Expanded Shale & Clay (ES&C) group at Texas Industries, Inc. (TXI). 

The characteristics of the selected materials will be discussed later in the Results 

Chapter.  
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4. METHODOLOGY 

This Chapter describes the testing methodology adopted to reach the previously 

set objectives. This includes the soil characterization tests, the hydraulic conductivity 

tests, the swell tests, and the consolidation tests.  

4.1 Soil Characterization 

The soil characterization tests are performed as the first step of the 

experimentation process. The Atterberg Limits, the specific gravity, the grain size 

distribution, the compaction curve are determined for each of the three selected soils.  

4.1.1 ATTERBERG LIMITS 

The Atterberg Limits are considered a major factor in selecting the three soils to 

be tested. The liquid and plastic limits are measured in accordance with ASTM D 4318. 

Based on the Atterberg Limits, the soils are classified according to the Unified Soil 

Classification System. 

4.1.2 SPECIFIC GRAVITY 

Specific gravity tests are performed on each of the tested soils. The measurement 

of specific gravity is completed in accordance with ASTM D 854-02.  

4.1.3 GRAIN SIZE DISTRIBUTION 

The grain size distribution is determined for each soil using both sieve analysis 

and hydrometer analysis. The tests are in accordance with ASTM D 422-63. The sieve 
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analysis entails using sieve numbers 10, 20, 40, 60, 140, and 200. The hydrometer tests 

are performed in 1 liter sedimentation cylinders on soils that passed Sieve # 10. 

4.1.4 COMPACTION 

The impact compaction tests, also referred to as “Standard Proctor Tests”, are 

conducted according to the test procedures described by ASTM D 698 - 07. Five sub-

specimens are prepared prior to compaction and allowed to hydrate in plastic bags for 24 

hours. After compaction, the water content computed is the average of three samples 

taken from top, middle, and bottom of the compacted soil.  

4.2 Hydraulic Conductivity Tests 

The objective of this section is to describe the hydraulic conductivity tests 

performed on various samples of clays and amended clays.  Thus, a description of the 

testing apparatus is presented, along with the sample preparation and testing procedure.  

Hydraulic conductivity tests are either performed in flexible wall permeameters or 

in rigid-wall permeameters. In this study, the tests are conducted in rigid-wall 

permeameters which allows direct compaction of the samples in the mold. This ensures 

the maintenance of the samples’ structure which tends to collapse upon extrusion, 

especially for high aggregate quantities and lower compactive efforts. Also, rigid-wall 

permeamters are characterized by the simplicity of equipment and ease of testing 

compacted specimen directly in the compaction mold (Boynton and Daniel, 1984). 

Moreover, the results of Boynton and Daniel’s investigation on the effect of 

permeameters type on the hydraulic conductivity indicates slight difference between 
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flexible-wall and rigid wall permeameters, especially for swelling clays. For that reason, 

rigid wall permeameters are used in this study. 

Hydraulic conductivity tests are conducted on the selected soils with quantities of 

Expanded Shale varying between 0% and 50% by volume and compacted with two 

efforts (standard and reduced Proctor).  

A set of hydraulic conductivity tests is conducted on the Clay with P.I. = 28 

amended with crushed limestone having the same grain size distribution as the Expanded 

Shale. The purpose is to compare the effect of both aggregates on the hydraulic 

conductivity. 

4.2.1 EQUIPMENT 

The compaction-mold permeameter used has a diameter of 4.0 inches and a height 

of 4.5 inches which are compatible with the standard Proctor compaction mold. The top 

and bottom cap have O-ring grooves which ensure perfect seal and prevent any outward 

leakage. Four tie rods join the top and the bottom cap and help tightening the seal after 

placing the specimen in the permeameter. Figure 4-1 shows a schematic of the 

compaction-mold permeameter. 
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Figure 4-1: Schematic of the Compaction-Mold Permeameters 

In order to better represent conditions in the field, hydraulic conductivity tests are 

performed while maintaining a constant head throughout the permeation. The advantages 

of constant head tests are the simplicity in data interpretation. Also, a constant head helps 

keeping a relatively constant volume for the soil skeleton compared to falling head tests 

where the hydraulic gradient changes throughout permeation.  

There exists several ways of establishing a constant head in laboratory 

experiments. The first technique involves using a very large reservoir as the water inflow 

source. In doing so, as the water starts infiltrating through the specimen, the change in 

head will be negligible since the decrease in water level will be very small in the large 
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reservoir. In this case, the quantity of flow is determined by measuring the outflow 

quantity without being able to accurately measure inflow. 

Another simpler way of maintain a constant head is through the use of a Mariotte 

bottle. An example of a Mariotte bottle is shown in Figure 4-2.The Mariotte bottle 

consists of a burette in which an inner tube is inserted through a rubber stopper. When 

water starts flowing through the sample, the inner tube drains first until the water level 

reaches the bottom level of the inner tube. At this point, suction is developed between the 

upper water level and the rubber stopper of the outer tube.  Thus, even as water level 

decreases during permeation, the point of zero pore water pressure will always remain at 

the base of the inner tube, which is always open to the atmosphere. The hydraulic head at 

the top of the specimen is obtained by measuring the vertical distance separating the tip 

of the inner tube and the upper surface of the tested specimen. The head can be easily 

varied by increasing or decreasing the height of the inner tube by sliding it through the 

rubber stopper. The manifestation of the constant point of zero pore water pressure is 

observed through air bubbles that periodically appear and emerge from the tip of the 

inner tube.  

For clayey soils with very low hydraulic conductivity, the inner tube may take a 

considerable time to completely drain. Thus, the constant head will not be achieved from 

the beginning of the permeation process. For that reason, it is necessary to include a T-

section connection between the Mariotte bottle and the soil sample. The connection 

comprises two valves (Figure 4-3). The drainage valve is first opened to drain the inner 

tube. Once the inner tube is empty and air bubbles start to appear, the valve is closed and 

the permeation process is initiated.  
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Figure 4-2: Mariotte Bottle 
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Figure 4-3: T-Connection between Mariotte Bottle and Soil Sample 

The quantity of inflow can be measured if a graduated burette is used as the outer 

tube. However, since the inner tube is empty and occupies a certain volume, a calibration 

factor must be applied to accurately determine the inflow. The calibration is made by 

letting 100 ml. of water pass through the Mariotte device, collecting the outflow, and 

measuring the exact quantity of water using a graduated cylinder. The calibration factor is 

equal to 0.9556 for the apparatus used in this study.  

4.2.2 SAMPLE PREPARATION 

Clay samples are directly compacted in the rigid-wall permeameter before starting 

the hydraulic conductivity tests. In the following section, the stages of sample preparation 

are presented in details.  

The clay is spread in wide pans to let it air-dry. The clay is sieved using the No. 4 

sieve and then mechanically grinded. Water is then added and mixed thoroughly with the 

pulverized clay. Clay samples are then taken and the water content is measured according 

to ASTM D 2216. The targeted water content is bounded by 5% and 2% dry of optimum 

for all the soils tested.  For amended clay samples, a certain percentage of amendment, by 
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weight, is added and manually mixed with the clay. The amended clay is then compacted 

in the fixed wall cell. Figure 4-4 shows the grinded clay before and after amending it with 

Expanded Shale. 

 

 

Figure 4-4: Clay Before and After the Addition of Expanded Shale 

The compaction process is performed using two different compactive efforts. The 

first one is the standard Proctor effort which requires compacting the soils in three lifts, 

using a 5.5 pounds hammer, and 25 blows per lift. The second effort is the reduced 

Proctor which entails applying 15 blows per lift instead of 25. After carefully removing 

the top cap, the extra 0.5 inches is trimmed using a sharp edge metal plate. For amended 

clay, if some aggregates that happen to be exactly on the surface are pealed during the 

trimming process, the voids are manually filled with clay before weighing the specimen. 

The net weight of the compacted sample is obtained by subtracting the weight of 

the empty mold from the total weight of the mold and amended clay. The weight of 
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amendment in the compacted specimen is then calculated by multiplying the weight of 

the mixture by the percentage of amendment previously determined while mixing. The 

volume is finally obtained by dividing the weight of amendment by its dry density and 

the volume percentage is equal to the volume of amendment over the total volume of the 

specimen. 

4.2.3 TESTING PROCEDURE 

After compaction, the fixed wall cell is mounted on the permeameter where a 

fully saturated porous stone and filter paper are previously placed in the bottom of the 

apparatus. Vacuum grease is applied on the top cap before placing the four tie rods and 

closing the permeameter.  

The inflow outlet is then linked to the T-section connection which is directly 

connected to the Mariotte bottle. The tip of the inner tube of the Mariotte device is placed 

at an appropriate height to obtain the desired hydraulic gradient, which ranged between 5 

for highly amended samples to 15 for some non-amended samples. The reason for 

applying higher gradients for samples that are expected to have very low hydraulic 

conductivity is to reduce testing time.  

Once all the parts are connected, the drainage valve of the T-section is opened to 

completely drain the inner tube of the Mariotte device. The drainage valve can also be 

used to lower the water level until it is leveled with the first reading mark of the 

graduated burette. At this stage, the permeation process can be initiated.  

The inflow valve is opened and water starts flowing while air bubbles start 

appearing from the tip of the inner tube. The outflow is also collected and measured using 

a graduated cylinder. Once the inflow and outflow volumes are within 10% of one 
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another, the permeation time is determined using a stopwatch. The hydraulic conductivity 

is calculated based on the volume of inflow and the recorded time. The tests are stopped 

once the hydraulic conductivity reaches a relatively steady value. 

It is important to note that no specific attempts are done to saturate the specimens 

prior to measuring the hydraulic conductivity.  

4.3 Swell and Consolidation Tests 

Several Swell tests are performed on the Clay with P.I. = 28 amended with 

different percentages of Expanded Shale. Also, consolidation tests are done on the Clay 

with P.I. = 48 to study the effect of amendments on the compressibility of expansive 

clays. The applied overburden pressure is equal to 125 psf. which is equivalent to 1 foot 

of soil thus representing the shallower portion of the soil in the field. This is in 

accordance with the expected application of Expanded Shale as amendment with the top 

portion of clays. The sample are compacted to approximately 95% of the maximum dry 

density at a molding content of 2 to 5% dry of optimum,  

4.3.1 EQUIPMENT 

The tests are performed using 4 inches diameter consolidation cells. The loading 

apparatus shown in Figure 4-6 is capable of withstanding prolonged high pressure 

loading and has also the necessary sensitivity to adequately measure the deflections due 

to the lower pressures used in the beginning of the experimentation process.  
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Figure 4-5: Consolidation and Swell Testing Apparatus (Kuhn, 2010) 

4.3.2 SAMPLE PREPARATION 

The samples to be tested are directly compacted in the consolidation ring.  The 

following steps describe the procedure used for sample preparation 

- The consolidation cell is assembled and a filter paper is placed on the 

bottom porous stone. 

- The vertical distance (H1) between the filter paper and a fixed reference 

point is taken using a dial gauge.  

- The typical height of each lift is determined. Usually, 0.5 inches lifts were 

used for compacting samples in the consolidation cell.  
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- The required mass of soil (or amended soil) is determined per lift. This is 

done by calculating the mass of soil needed to achieve a target dry density 

(1.5 g/cm3 for swell tests on the clay with P.I. = 28 and 1.4 g/cm3 for the 

consolidation tests on the clay with P.I.= 48) 

- The soil is placed in the consolidation cell and compacted using a small 

hammer and a 1 inch diameter metal rod.  

- The vertical height (H2) between the reference point and the compacted 

soil is periodically determined until the difference between H1 and H2 is 

equal to the desired height of the lift. 

- The same procedure is repeated for the rest of the lifts.  

- A filter paper is placed on the top of the compacted specimen and the 

consolidation cell is assembled.  

4.3.3 TESTING PROCEDURE 

The Swell tests are made in accordance with ASTM D 4546, Method B, which is 

also known as “single point wetting-after-loading test on a single specimen”. A pressure 

of 125psf. is applied to the samples, which is representative of approximately one foot of 

soil, as expected when the soil amendments are used.  

The Consolidation tests are performed by incrementally doubling the applied 

pressure on the sample and measuring the deflections for each increment.  

The data are automatically collected using a computerized data acquisition system 

which recorded deflections based on a logarithmic scale reading schedule.  
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4.4 Summary of Chapter 4 

In Chapter 4, the different testing procedures are explained, including soil 

characterization tests, hydraulic conductivity tests, and consolidation tests.  

The soil characterization tests are made according to ASTM standards and 

include grain size distribution, Atterberg Limits, specific gravity, and standard Proctor 

compaction.  

Hydraulic conductivity tests are performed in fixed-wall permeameters and a 

constant head is maintained using a Mariotte device.  

The consolidation tests are made in conventional loading apparatus where the 

applied pressure is equal to about 125psf.   
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5. RESULTS 

This Chapter presents the results of the various tests conducted throughout the 

research.  

The first section demonstrates the soil characteristics for each of the three soils. 

The second section shows the results of the hydraulic conductivity experiments. The third 

and fourth sections show the results of the swell tests and consolidation tests respectively. 

Please note that each of the three soils will be referred to according to their 

plasticity index (P.I.). Thus, the tested soils are named “Clay with P.I. = 15”, “Clay with 

P.I. = 28”, and “Clay with P.I. = 48”. 

Table 5-1 illustrates the test plan adopted in this research including the types and 

number of tests performed on each of the three soils.  

Details of all of the experiments conducted are shown in Appendices A 

 and B. 

 

Table 5-1: Types and Number of Tests Conducted on Each of the Three Soils 

 

 

 Clay with  P.I. = 15 Clay with  P.I. = 28 Clay with  P.I. = 48

Hydrometer 1 1 1

Standard Proctor 1 1 1

Specific Gravity 2 2 2

Atterberg Limits 2 2 2

Hydralulic Conductivity 12 24 12

Swell - 4 -

Consolidation - - 3
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5.1 Soil Characterization 

5.1.1 CLAY WITH P.I. = 15 

Atterberg Limits 

The Clay with P.I. = 15 has a liquid limit of 39, a plastic limit of 24, thus a 

plasticity index of 15. According to the Unified Soil Classification, this clay classifies as 

clay of low plasticity (CL). 

Specific Gravity 

Two specific gravity tests are performed on the Clay with P.I. = 15. The specific 

gravity is equal to 2.692, an average of 2.686 for the first test and 2.697 for the second.  

Grain Size Distribution 

The grain size distribution of the Clay with P.I. = 15 is shown in Figure 5-1. The 

analysis shows that the percentage of fines is approximately 70%. 
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Figure 5-1: Grain Size Distribution for the Clay with P.I. = 15 

Compaction 

The compaction curve is shown in Figure 5-2.  The maximum dry density of the 

Clay with P.I. = 15 is equal to 1.66 g/cm3 while the optimum water content is at 18.63%. 

 

 

Figure 5-2: Compaction Curve for the Clay with P.I. = 15 
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5.1.2 CLAY WITH P.I. = 28 

Atterberg Limits 

The Clay with P.I. = 28 has a liquid limit of 58, a plastic limit of 30, thus a 

plasticity index of 28. According to the Unified Soil Classification, the Clay with P.I. = 

28 classifies as clay of high plasticity (CH). 

Specific Gravity 

Two specific gravity tests are performed on the Clay with P.I. = 28. The specific 

gravity is equal to 2.717, an average of 2.711 for the first test and 2.722 for the second.  

Grain Size Distribution 

The grain size distribution of the Clay with P.I. = 28 is shown in Figure 5-3. The 

analysis shows that the percentage of fines is approximately 77%. 

 

 

Figure 5-3: Grain Size Distribution for the Clay with P.I. = 28 
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Compaction 

The compaction curve is shown in Figure 5-4.  The maximum dry density of the 

Clay with P.I. = 28 is equal to 1.55 g/cm3 while the optimum water content is at 22%. 

 

 

Figure 5-4: Compaction Curve for the Clay with P.I. = 28 

5.1.3 CLAY WITH P.I. = 48 

Atterberg Limits 

The Clay with P.I. = 48 has a liquid limit of 92, a plastic limit of 44, thus a 

plasticity index of 48. According to the Unified Soil Classification, the Clay with P.I. = 

48 classifies as clay of high plasticity (CH). 

Specific Gravity 

Two specific gravity tests were performed on the Clay with P.I. = 48. The specific 

gravity is equal to 2.739, an average of 2.745 for the first test and 2.734 for the second.  
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Grain Size Distribution 

The grain size distribution of the Clay with P.I. = 48 is shown in Figure 5-5. The 

analysis shows that the percentage of fines is approximately 85%. 

 

 

Figure 5-5: Grain Size Distribution for the Clay with P.I. = 48 

Compaction 

The compaction curve is shown in Figure 3-6.  The maximum dry density of the 

Clay with P.I. = 48 is equal to 1.52 g/cm3 while the optimum water content is at 24%. 
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Figure 5-6: Compaction Curve for the Clay with P.I. = 48 

5.1.4 SUMMARY OF THE SOIL CHARACTERIZATION 

Table summarizes the characteristics of the three soils. 

Table 5-2: Summary of the Soils Characterization 

 

 

5.2 Hydraulic Conductivity Tests 

5.2.1 PRELIMINARY TESTS 

Before starting the tests on amended clay samples, a total of twelve hydraulic 

conductivity tests are performed on the Clay with P.I. = 28 samples compacted using four 

Soil Gs % Fines LL PL PI USCS ρd,max (g/cm3) wopt (%)

Clay with P.I. = 15 2.692 70 39 24 15 CL 1.67 19

Clay with P.I. = 28 2.717 77 58 30 28 CH 1.55 22

Clay with P.I. = 48 2.739 85 92 44 48 CH 1.52 24
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different compactive efforts (Table 5-3). The objective of the trials is to ensure the 

repeatability of the tests before starting the experiments on amended clays.   

Table 5-3: Compactive Efforts 

 

 

 

Figure 5-7: Void Ratio vs. Hydraulic Conductivity of the Clay with P.I. = 28 

 

Method
Hammer 

Weight (lb)

Number 

of Lifts
Blows/Lift

Height 

of Drop 

(ft)

Volume 

(ft3)

Energy 

(ft-lb)/ft3

A 2.2 3 15 1 0.03 2970

B 2.2 3 25 1 0.03 4950

C 5.5 3 15 1 0.03 7425

D 5.5 3 25 1 0.03 12375
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The graph shows comparative results for each compactive effort. Moreover, it 

demonstrates a linear increase of the natural logarithm of the hydraulic conductivity with 

increasing void ratio. The hydraulic conductivity change index, Ck, defined in the 

equation below, was found to be equal to 0.24 for the clay with P.I. = 28. 
 

𝐶𝑘=
∆𝑒

log(
𝑘2
𝑘1

)
 

5.2.2 CLAY WITH P.I. = 15 

The results of the hydraulic conductivity tests conducted on the Clay with P.I. = 

15 are shown in Table 5-4, Table 5-5 and Figure 5-8. 

Table 5-4: Hydraulic Conductivity Experimental Data – Reduced Proctor Compactive 
Effort – Clay with P.I. = 15 

 

 

 

 

%ES by dry mass 0.00 11.50 22.63 33.40 43.78 54.13

Dry density (g/cm3) 1.576 1.474 1.432 1.408 1.373 1.350

Volume of sample (cm3) 926.67 926.67 926.67 926.67 926.67 926.67

Dry mass (g) 1460.03 1365.56 1327.41 1304.32 1271.87 1251.00

Mass ES (g) 0.00 157.10 300.40 435.60 556.80 677.15

Volume ES (cm3) 0.00 104.73 200.27 290.40 371.20 451.43

% ES by volume 0.00 11.30 21.61 31.34 40.06 48.72

k (m/s) 7.62E-08 7.71E-08 8.60E-07 4.52E-06 6.89E-06 1.44E-05
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Table 5-5: Hydraulic Conductivity Experimental Data – Standard Proctor Compactive 
Effort – Clay with P.I. = 15 

 

 

 

Figure 5-8: Hydraulic Conductivity vs. Volume Percentage of Expanded Shale – Clay 

with P.I. = 15 

 

 

 

%ES by dry mass 0.00 11.50 22.63 33.40 43.82 53.92

Dry density (g/cm3) 1.619 1.527 1.471 1.449 1.428 1.372

Volume of sample (cm3) 926.67 926.67 926.67 926.67 926.67 926.67

Dry mass (g) 1500.63 1415.11 1362.76 1342.94 1323.59 1271.39

Mass ES (g) 0.00 162.80 308.40 448.50 580.00 685.49

Volume ES (cm3) 0.00 108.53 205.60 299.00 386.67 457.00

% ES by volume 0.00 11.71 22.19 32.27 41.73 49.32

k (m/s) 1.97E-08 1.74E-08 1.22E-07 2.91E-06 8.33E-06 2.10E-05
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5.2.3 CLAY WITH P.I. = 28 

The results of the hydraulic conductivity tests conducted on the Clay with P.I. = 

15 are shown in Table 5-6, Table 5-7 and Figure 5-9. 

Table 5-6: Hydraulic Conductivity Experimental Data – Reduced Proctor Compactive 
Effort – Clay with P.I. = 28 

 

 

Table 5-7: Hydraulic Conductivity Experimental Data – Standard Proctor Compactive 
Effort – Clay with P.I. = 28 

 

 

%ES by dry mass 0.00 11.76 23.08 33.96 44.44 58.65

Dry density (g/cm3) 1.445 1.405 1.377 1.334 1.236 1.182

Volume of sample (cm3) 926.67 926.67 926.67 926.67 926.67 926.67

Dry mass (g) 1338.65 1302.23 1275.98 1236.36 1145.59 1095.20

Mass ES (g) 0.00 153.20 294.46 419.90 509.15 642.32

Volume ES (cm3) 0.00 102.14 196.30 279.93 339.43 428.21

% ES by volume 0.00 11.02 21.18 30.21 36.63 46.21

k (m/s) 6.46E-09 9.42E-09 4.78E-07 1.99E-06 1.06E-05 1.62E-05

%ES by dry mass 0.00 11.50 22.78 33.38 44.44 56.34

Dry density (g/ccm3) 1.545 1.446 1.418 1.379 1.333 1.255

Volume of sample (cm3) 926.67 926.67 926.67 926.67 926.67 926.67

Dry mass (g) 1432.07 1339.75 1314.32 1278.10 1234.80 1163.09

Mass ES (g) 0.00 154.13 299.40 426.60 548.80 655.26

Volume ES (cm3) 0.00 102.75 199.60 284.40 365.87 436.84

% ES by volume 0.00 11.09 21.54 30.69 39.48 47.14

k (m/s) 1.92E-09 2.40E-09 1.24E-08 7.18E-07 8.64E-06 1.03E-05
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Figure 5-9: Hydraulic Conductivity vs. Volume Percentage of Expanded Shale – Clay 
with P.I. = 28 

5.2.4 CLAY WITH P.I. = 48 

The results of the hydraulic conductivity tests conducted on the Clay with P.I. = 

15 are shown in Table 5-8, Table 5-9 and Figure 5-10 
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Table 5-8: Hydraulic Conductivity Experimental Data – Reduced Proctor Compactive 
Effort – Clay with P.I. = 48 

 

 

Table 5-9: Hydraulic Conductivity Experimental Data – Standard Proctor Compactive 
Effort – Clay with P.I. = 48 
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Figure 5-10: Hydraulic Conductivity vs. Volume Percentage of Expanded Shale – Clay 
with P.I. = 48 

5.2.5 CLAY WITH P.I. = 28 AND CRUSHED LIMESTONE AMENDMENT 

A set of hydraulic conductivity experiments is conducted on the Clay with P.I. = 

28 amended with crushed limestone and compacted using the reduced Proctor effort. The 

purpose is to compare the effect of Expanded Shale with the effect of limestone on the 

hydraulic conductivity of the amended clays.  
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Table 5-10: Hydraulic Conductivity Experimental Data – Reduced Proctor Compactive 
Effort – Clay with P.I. = 28 –Limestone Amendment 

 
 

 

Figure 5-11: Hydraulic Conductivity vs. Amendment Percentage by Volume – Clay with 

P.I. = 28 – Reduced Proctor Effort 

5.3 Swell Tests 

The results of swell tests conducted on the Clay with P.I. = 28 and amended with 

various quantities of Expanded Shale are in Figure 5-16.  
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Figure 5-12: Swell (%) vs. Volume Percentage of Expanded Shale - Clay with P.I. = 28 - 
Dry Density = 1.5 g/cm3 

 

5.4 Consolidation Tests 

Three consolidation tests were performed on the Clay with P.I. = 48 amended 

with 0%, 25%, and 35% Expanded Shale respectively. The strains are plotted instead of 

void ratios since it is difficult to accurately account for the internal voids of the Expanded 

Shale aggregates. The Compression Ratio (CR) and Recompression Ratio (RR) are then 

computed. Those ratios are defined in the following equations as the strain divided by the 

difference in the natural logarithm of the pressure for the normally consolidated (RR) part 

and the overconsolidated part (CR) of the curve.  
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Figure 5-13: Strain vs. Log(p) Curve for 0% Expanded Shale 

 

 

Figure 5-14: Strain vs. Log(p) Curve for 25% Expanded Shale 
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Figure 5-15: Strain vs. Log(p) Curve for 35% Expanded Shale 
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6. DISCUSSION 

In this Chapter, a discussion of the experimental results is presented. The 

discussion of the results is in direct relation with the objectives of the research previously 

defined in the introductory Chapter.  

 

Hydraulic Conductivity of Non-Amended Clays 

 

 

Figure 6-1: Variation of the Hydraulic Conductivity of the Non-amended Soils with the 
Plasticity Index 

The hydraulic conductivity of the non-amended soils is shown in Figure 6-1 for 

the two compaction efforts. The first thing to notice is the decrease of hydraulic 

conductivity with increasing plasticity index. For a plasticity index of 15, the hydraulic 

conductivity is an order of magnitude greater than the clay with a plasticity index of 28. 

The difference is less significant between the clay with a plasticity index of 28 and the 
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clay with plasticity index of 48 where the hydraulic conductivity decreases by only a 

factor of 2. 

The compaction effort also affects the hydraulic conductivity of the non-amended 

soils. When compacted using the reduced Proctor effort, the hydraulic conductivity of the 

three soils is about 4 times greater compared to specimen compacted with the standard 

Proctor effort. 

Comparing the Hydraulic Conductivity of Amended and Non-amended Clays 

For each compaction effort, the hydraulic conductivity curves of the three soils 

are plotted in Figure 6-2 and Figure 6-3, and many aspects of the discussion will be 

related to those two figures.  

 

 

Figure 6-2: Hydraulic Conductivity vs. Volume Percentage of Expanded Shale - Reduced 

Proctor Effort 
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Figure 6-3: Hydraulic Conductivity vs. Volume Percentage of Expanded Shale – 

Standard Proctor Effort 

As shown in Figure 6-2 and Figure 6-3 above, a general increasing pattern of 

hydraulic conductivity is observed as the quantities of Expanded Shale increases. The 

hydraulic conductivity of the non-amended samples is higher than the non-amended 

samples for values exceeding 10% to 20% depending on the compaction effort.  

The Effect of Plasticity on the Variation of Hydraulic Conductivity of Amended 

Clays 

The hydraulic conductivity increasing pattern is similar for all three soils. The 

relative increase in hydraulic conductivity differs for each soil since the initial value for 

non-amended differs according to plasticity. Nonetheless, the Expanded Shale 

amendment similarly affects the hydraulic conductivity for the tested soils having 

plasticity indices of 15, 28, and 48.  
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The Effect of Compaction Effort on the Variation of Hydraulic Conductivity of 

Amended Clays 

Expanded Shale aggregates increase the hydraulic conductivity for samples 

compacted using both the reduced Proctor effort and the standard Proctor effort. 

However, the effect of Expanded Shale is noted for values exceeding 15% for the 

reduced Proctor effort and 20% for the standard Proctor effort.    

The Effect of the Volume of Expanded Shale per Unit Volume of Soil on the 

Hydraulic Conductivity of Clays 

 For samples compacted using the reduced Proctor, Figure 6-2 reveals that 20% of 

Expanded Shale is sufficient to produce a notable increase in hydraulic conductivity. A 

sharp increase is noticed up to 30% Expanded Shale where the hydraulic conductivity is 

about three orders of magnitude greater than that of the non-amended clays. At about 

50% Expanded Shale, the hydraulic conductivity of the three soils seem to converge to a 

value around 1*10-5 m/s.   

For samples compacted using the reduced Proctor, Figure 6-3 reveals that 25% of 

Expanded Shale is sufficient to produce a notable increase in hydraulic conductivity. A 

sharp increase is noticed up to 35% Expanded Shale where the hydraulic conductivity is 

about three orders of magnitude greater than that of the non-amended clays. At about 

50% Expanded Shale, the hydraulic conductivity of the three soils seem to converge to a 

value around 1*10-5 m/s.   

Studying the Effect of Internal Porosity of Expanded Shale on the Hydraulic 

Conductivity of Clays 

Figure 6-6 shows the variation of hydraulic conductivity with varying percentages 

of Expanded Shale and crushed limestone amendment when used with the Clay with P.I. 

= 28 compacted using the reduced Proctor effort. 
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Figure 6-4: Hydraulic Conductivity vs. Amendment Percentage – Clay with P.I. = 28 – 

Reduced Proctor Effort 

The effect of Expanded Shale aggregates on the hydraulic conductivity is higher 

compared to crushed limestone for the Clay with P.I. = 28 compacted using the reduced 

Proctor compactive effort. If the comparison is made based on weight percentages, 25% 

limestone has no effect on the hydraulic conductivity while 25% Expanded Shale 

increases the hydraulic conductivity by almost 2 orders of magnitude. If the comparison 
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is made based on volume percentages, the difference between the hydraulic conductivity 

curves is reduced. However, Expanded Shale amended samples still possess a hydraulic 

conductivity that is almost 10 times greater than limestone amended clay samples. 

The results show that the internal porosity of expanded shale is probably helping 

increasing the hydraulic conductivity of clays. Thus, some of the air pockets in expanded 

shale may be connected which allows additional flow of water through them.  

The Effect of Expanded Shale on the Swelling Potential of Clays 

A discussion of the swell tests performed on the Clay with P.I. = 28 is shown 

below The samples are tested with a 125 psf. overburden pressure and compacted to 1.5 

g/cm3 target dry density. 

In order to better understand the swelling behavior of the amended clay, a 

theoretical model was generated aiming at predicting the swelling potential of clay by 

assuming that the clay fraction will only exhibit volume change. The swelling of clays is 

assumed to be one dimensional. Thus, knowing the volume and the mass of Expanded 

Shale in each sample, the volume of the clay can be back-calculated.  Then, based on the 

swelling potential of non-amended clay (0% ES), the one-dimensional volume increase is 

calculated. Finally, the theoretical swell is obtained by dividing the height increase by the 

total height of the amended sample. The experimental results and the predicted swell are 

shown in Figure.   
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Figure 6-5: Swell (%) vs Volume Percentage of Expanded Shale 

The results show a continuous decrease of the swelling potential of clays with 

increasing amounts of Expanded Shale. The decrease is approximately linear as shown in 

Figure 5-12. The swell potential was about 7% for 0% Expanded Shale and becomes 

approximately 3.5% for 34% Expanded Shale. The experimental results seem to agree 

with the theoretical model. Therefore, the reduction in swell potential is probably simply 

due to the decrease in clay mass in the amended samples as the Expanded Shale mass 

increases.  

The Effect of Expanded Shale on the Consolidation Behavior of Clays 

Figure 6-9 shows the consolidation curves for the Clay with P.I. = 48 amended 

with 0%, 25%, and 35% Expanded Shale and compacted to a target dry density of 1.45 

g/cm3. 
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Figure 6-6: Strain vs. Log (p) - 0%, 25%, and 35% Expanded Shale 

The consolidation tests show that the strain decreases as the Expanded Shale mass 

increase. Both the compression and the recompression ratios decrease with increasing 

amendment quantities.  

The compression ratio is equal to 0.181 for 0% Expanded Shale and is reduced to 

0.138 for 25% Expanded Shale and 0.110 for 35% expanded, a reduction of 24% and 

39% respectively.  

Although the difference is smaller for the recompression ratio, the effect of 

Expanded Shale is still notable. The recompression ratio is equal to 0.027 for 0% 

Expanded Shale and is reduced to 0.023 for 25% Expanded Shale and 0.019 for 35% 

expanded, a reduction of 15% and 30% respectively.  
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The Effect of Expanded Shale Amendment on the Dry Density of Amended Clays 

The results shown below are dry densities for samples compacted at the same 

water content. Those measurements were taken prior to each hydraulic conductivity test. 

The dry density is plotted against the volume percentage of Expanded Shale for both of 

the compaction efforts.  

 

 

Figure 6-7: Dry Density vs. Volume Percentage of Expanded Shale –Reduced Proctor 

Effort 
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Figure 6-8: Dry Density vs. Volume Percentage of Expanded Shale -Standard  Proctor 
Effort 

The dry density of amended samples decreases for increasing quantities of 

Expanded Shale amendment. The decrease is linear for both compaction effort and for the 

three clays. Each 10% increment of Expanded Shale produces a decrease in dry density 

ranging between 0.45 to 0.55 g/cm3.  

The dry density is expected to decrease for amended clays due to the internal 

porosity of Expanded Shale. 

6.1 Summary of Chapter 6 

The results show that Expanded Shale amendment help increasing the hydraulic 

conductivity of all tested clays for percentages exceeding 10 to 20% by volume 

depending on the compaction effort. The increasing trend in hydraulic conductivity is 

similar for all the studied case (combinations of soils and compaction effort). 

Expanded Shale amendments have a greater effect on the hydraulic conductivity 

compared to crushed limestone having the same grain size distribution. This may indicate 
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that the internal porosity of Expanded Shale can help increasing hydraulic flow due to 

some connections of the internal pores.  

Also, tests proved that the consolidation potential decreased with increasing 

Expanded Shale percentages which is probably due to the decrease in the volume of clay 

for amended samples. 
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7. CONCLUSIONS 

The purpose behind this research was to study the effect of Expanded Shale 

lightweight aggregates on the hydraulic drainage properties of clays. The constant head 

fixed-wall hydraulic conductivity tests performed on three clays retrieved from the 

Austin area were able to quantify the variation of hydraulic conductivity with respect to 

different percentages of Expanded Shale. Swell and consolidation tests allowed 

comparing the swelling and compressibility behavior of amended clays samples. 

 

The main conclusions drawn in this research are summarized below: 

1- The hydraulic conductivity of the non-amended samples is higher than the 

non-amended samples for values exceeding 10% to 20% depending on the 

compaction effort.  

2- The Expanded Shale amendment similarly affects the hydraulic 

conductivity for the all three tested soils having respective plasticity 

indices of 15, 28, and 48.  

3- Expanded Shale aggregates increase the hydraulic conductivity for 

samples compacted using both the reduced Proctor effort and the standard 

Proctor effort.  

4-  

o For samples compacted using the Reduced Proctor effort, 

Expanded Shale quantities between 20% and 25% by volume is 

enough to produce an increase in hydraulic conductivity by at least 

an order of magnitude for the three soils. When the Expanded 

Shale exceeds 35%, the hydraulic conductivity increases by 2 to 3 
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orders of magnitude and the hydraulic conductivity converges to 

approximately 1*10-5 m/s for all soils 

o For samples compacted using the Standard Proctor effort, 25% to 

30% of Expanded Shale ensures an increase by at least an order of 

magnitude for the three soils tested. As the Expanded Shale 

exceeds 40%, the hydraulic conductivity reaches a peak increasing 

by 2 to 3 orders of magnitude depending on the soils initial 

hydraulic conductivity. The curves seem to reach a plateau where 

the effect of increasing amendments becomes very small and the 

hydraulic conductivity converges to a value around 1*10-5 m/s. 

5- The effect of Expanded Shale aggregates on the hydraulic conductivity is 

higher compared to crushed limestone for the Clay with P.I. = 28 

compacted using the reduced Proctor compactive effort. Expanded Shale 

amended samples possess a hydraulic conductivity that is almost 10 times 

greater than limestone amended clay samples for most of the compared 

samples. The internal porosity of expanded shale is probably helping 

increasing the hydraulic conductivity of clays due to some connections 

between the internal pores.  

6-  

o The Clay with P.I. = 28 samples compacted show a continuously 

decreasing swelling potential with increasing Expanded Shale 

percentages. Since the clay minerals are considered the only 

expansive materials, this reduction in swelling potential is 

probably due to the decrease in clay mass in the amended samples.  
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o Both of the compression ratio and the recompression ratio 

significantly decreased as 25% and 35% Expanded Shale were 

added to the Clay with P.I. = 48 and tested in a conventional 

consolidation apparatus. The compression ratio is reduced by 24% 

and 39% for 25% and 35% Expanded Shale respectively. The 

recompression ratio is reduced by 15% and 30% for 25% and 35% 

Expanded Shale respectively. 

 

At the end of this research, it can be concluded that Expanded Shale lightweight 

aggregates can significantly affect the hydraulic properties of clays. Whether by 

increasing the hydraulic conductivity or decreasing the swelling potential, and the 

compression potential, the use of Expanded Shale in poorly draining soils will eventually 

help plant growth and reduce stormwater flux.  

The small-scale laboratory tests revealed the general patterns expected when 

adding Expanded Shale amendment to clayey soils. However, more research is needed to 

quantify those effects on a larger scale by conducting in-situ field tests. Moreover, a 

cost/benefit type of analysis may also be important to compare the applicability of 

Expanded Shale on large scale projects. 
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Appendix A: Soil Characterization Results 

Specific Gravity Tests – Clay with P.I. = 15 

 

 

Specific Gravity Tests – Clay with P.I. = 28 

 

 

 

Dry Weight of Soil (g) 16.09

Weight of Flask + Water (g) 96.32

Weight of Flask + Soil + Water (g) 106.42

Temperature (deg. C) 22.3

Correction for Temperature 0.9970

Specific Gravity, Gs 2.686

Dry Weight of Soil (g) 14.78

Weight of Flask + Water (g) 96.38

Weight of Flask + Soil + Water (g) 105.68

Temperature (deg. C) 22.3

Correction for Temperature 0.9970

Specific Gravity, Gs 2.697

Test 2

Test 1

Dry Weight of Soil (g) 14.56

Weight of Flask + Water (g) 96.67

Weight of Flask + Soil + Water (g) 105.86

Temperature (deg. C) 22.5

Correction for Temperature 0.9970

Specific Gravity, Gs 2.711

Dry Weight of Soil (g) 12.82

Weight of Flask + Water (g) 96.12

Weight of Flask + Soil + Water (g) 104.23

Temperature (deg. C) 22.3

Correction for Temperature 0.9970

Specific Gravity, Gs 2.722

Test 2

Test 1
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Specific Gravity Tests – Clay with P.I. = 48 

 

 

Standard Proctor Test – Clay with P.I. = 15 

 

 

 

 

 

 

 

Dry Weight of Soil (g) 13.78

Weight of Flask + Water (g) 96.78

Weight of Flask + Soil + Water (g) 105.54

Temperature (deg. C) 22.3

Correction for Temperature 0.9970

Specific Gravit, Gs 2.745

Dry Weight of Soil (g) 15.31

Weight of Flask + Water (g) 96.89

Weight of Flask + Soil + Water (g) 106.6

Temperature (deg. C) 22.3

Correction for Temperature 0.9970

Specific Gravit, Gs 2.734

Test 2

Test 1

Trial 1 2 3 4 5 6

Weight of mold (g) 4233.33 4233.33 4233.33 4233.33 4233.33 4233.33

Weight of compacted soil + mold (g) 5921.00 5991.00 6056.00 6117.00 6111.00 6071.00

Weight of compacted soil (g) 1687.67 1757.67 1822.67 1883.67 1877.67 1837.67

Volume of mold (cm3) 943.89 943.89 943.89 943.89 943.89 943.89

Wet Density (g/cm3) 1.788 1.862 1.931 1.996 1.989 1.947

Average Moisture Content (%) 12.53% 14.51% 16.28% 18.63% 20.79% 24.18%

Dry Density (g/cm3) 1.589 1.626 1.661 1.682 1.647 1.568
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Standard Proctor Test – Clay with P.I. = 28 

 

 

Standard Proctor Test – Clay with P.I. = 48 

 

 

  

Trial 1 2 3 4 5 6

Weight of mold (g) 4233.33 4233.33 4233.33 4233.33 4233.33 4233.33

Weight of compacted soil + mold (g) 5845.50 5935.70 6036.00 6039.20 6012.00 5989.00

Weight of compacted soil (g) 1612.17 1702.37 1802.67 1805.87 1778.67 1755.67

Volume of mold (cm3) 943.89 943.89 943.89 943.89 943.89 943.89

Wet Density (g/cm3) 1.692 1.787 1.892 1.896 1.867 1.843

Average Moisture Content (%) 15.08% 17.65% 21.76% 23.55% 26.04% 20.17%

Dry Density (g/cm3) 1.470 1.519 1.554 1.534 1.481 1.534

Trial 1 2 3 4 5

Weight of mold (g) 4233.33 4233.33 4233.33 4233.33 4233.33

Weight of compacted soil + mold (g) 5851.68 5944.26 6036.07 6041.88 6012.75

Weight of compacted soil (g) 1618.35 1710.93 1802.74 1808.55 1779.42

Volume of mold (cm3) 943.89 943.89 943.89 943.89 943.89

Wet Density (g/cm3) 1.715 1.813 1.910 1.916 1.885

Average Moisture Content (%) 18.23% 21.49% 24.18% 25.56% 27.12%

Dry Density (g/cm3) 1.450 1.492 1.538 1.526 1.483
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Appendix B: Hydraulic Conductivity and Consolidation Results 

Please note that Expanded Shale percentages in the appendix are expressed in 

terms of total mass. The converted percentages are shown in the RESULTS AND 

DISCUSSION section above.  

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 0% ES – Reduced Proctor  

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 50% ES – Reduced Proctor 

 

 

 

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.79 4.44 7.62E-08

Hours Minutes Seconds

Reading #1 6 35 0 76.46 8.95E-06

Reading #2 5 33 0 58.30 8.10E-06

Reading #3 9 31 0 86.98 7.05E-06

Reading #4 10 9 0 92.90 7.06E-06

Reading #5 10 20 0 92.90 6.93E-06

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

18.00 4.44 1.44E-05

Hours Minutes Seconds

Reading #1 0 3 0 95.58 1.47E-03

Reading #2 0 3 2 95.58 1.46E-03

Reading #3 0 3 7 95.58 1.42E-03

Reading #4 0 3 3 95.58 1.45E-03

Reading #5 0 3 12 95.58 1.38E-03

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 15 – 40% ES – Reduced Proctor 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 30% ES – Reduced Proctor 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.20 4.44 6.89E-06

Hours Minutes Seconds

Reading #1 0 6 2 95.58 7.33E-04

Reading #2 0 6 12 95.58 7.13E-04

Reading #3 0 6 23 95.58 6.93E-04

Reading #4 0 6 23 95.58 6.93E-04

Reading #5 0 7 12 95.58 6.14E-04

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 4.52E-06

Hours Minutes Seconds

Reading #1 0 8 12 95.58 5.39E-04

Reading #2 0 10 18 95.58 4.29E-04

Reading #3 0 10 41 95.58 4.14E-04

Reading #4 0 7 56 76.46 4.46E-04

Reading #5 0 8 43 81.24 4.31E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 15 – 20% ES – Reduced Proctor 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 10% ES – Reduced Proctor 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.23 4.44 8.60E-07

Hours Minutes Seconds

Reading #1 0 47 0 89.85 8.84E-05

Reading #2 0 55 0 95.58 8.04E-05

Reading #3 0 52 0 95.58 8.50E-05

Reading #4 0 51 0 95.58 8.67E-05

Reading #5 0 44 0 85.07 8.94E-05

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.35 4.44 7.75E-08

Hours Minutes Seconds

Reading #1 7 0 0 78.38 8.63E-06

Reading #2 8 50 0 89.85 7.84E-06

Reading #3 9 59 0 93.67 7.23E-06

Reading #4 8 50 0 91.76 8.01E-06

Reading #5 7 45 0 70.73 7.04E-06

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 15 – 0% ES – Standard Proctor 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 50% ES – Standard Proctor 

   

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.50 4.44 1.97E-08

Hours Minutes Seconds

Reading #1 23 55 0 95.58 3.08E-06

Reading #2 23 43 0 86.02 2.80E-06

Reading #3 32 31 0 57.35 1.36E-06

Reading #4 30 9 0 52.57 1.34E-06

Reading #5 29 20 0 47.79 1.26E-06

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 2.15E-05

Hours Minutes Seconds

Reading #1 0 1 57 95.58 2.27E-03

Reading #2 0 1 59 95.58 2.23E-03

Reading #3 0 1 55 95.58 2.31E-03

Reading #4 0 2 15 95.58 1.96E-03

Reading #5 0 2 13 95.58 1.99E-03

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 15 – 40% ES – Standard Proctor 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 30% ES – Standard Proctor 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 8.33E-06

Hours Minutes Seconds

Reading #1 0 5 1 95.58 8.81E-04

Reading #2 0 5 14 95.58 8.45E-04

Reading #3 0 5 25 95.58 8.16E-04

Reading #4 0 5 22 95.58 8.24E-04

Reading #5 0 5 32 95.58 7.99E-04

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 2.91E-06

Hours Minutes Seconds

Reading #1 0 12 0 95.58 3.68E-04

Reading #2 0 17 0 95.58 2.60E-04

Reading #3 0 14 0 85.07 2.81E-04

Reading #4 0 15 0 89.85 2.77E-04

Reading #5 0 16 0 92.71 2.68E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 15 – 20% ES – Standard Proctor 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 15 – 10% ES – Standard Proctor  

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 1.22E-07

Hours Minutes Seconds

Reading #1 4 36 0 91.76 1.54E-05

Reading #2 5 23 0 66.91 9.58E-06

Reading #3 5 45 0 95.58 1.28E-05

Reading #4 6 10 0 95.58 1.19E-05

Reading #5 6 34 0 95.58 1.12E-05

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 1.74E-08

Hours Minutes Seconds

Reading #1 30 17 0 95.58 2.43E-06

Reading #2 34 34 0 66.91 1.49E-06

Reading #3 31 25 0 57.35 1.41E-06

Reading #4 25 46 0 62.13 1.86E-06

Reading #5 24 39 0 47.79 1.49E-06

Time Volume 

(ml)
k (cm/s)



 

89 
 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 0% ES – Reduced Proctor  

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 50% ES – Reduced Proctor 

 

 

 

 

 

 

 

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

20.39 4.44 6.48E-09

Hours Minutes Seconds

Reading #1 24 0 0 20.07 6.45E-07

Reading #2 24 0 0 24.85 7.98E-07

Reading #3 24 0 0 21.03 6.75E-07

Reading #4 48 0 0 34.41 5.53E-07

Reading #5 48 0 0 35.36 5.68E-07

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

19.50 4.44 1.72E-05

Hours Minutes Seconds

Reading #1 0 2 31 95.58 1.76E-03

Reading #2 0 2 32 95.58 1.75E-03

Reading #3 0 2 35 95.58 1.71E-03

Reading #4 0 2 36 95.58 1.70E-03

Reading #5 0 2 38 95.58 1.68E-03

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 28 – 40% ES – Reduced Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 30% ES – Reduced Proctor 

 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

18.00 4.44 1.08E-05

Hours Minutes Seconds

Reading #1 0 3 55 95.58 1.13E-03

Reading #2 0 4 1 95.58 1.10E-03

Reading #3 0 4 8 95.58 1.07E-03

Reading #4 0 4 13 95.58 1.05E-03

Reading #5 0 4 16 95.58 1.04E-03

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

18.88 4.44 2.00E-06

Hours Minutes Seconds

Reading #1 0 13 55 95.58 3.18E-04

Reading #2 0 16 35 95.58 2.67E-04

Reading #3 0 30 47 95.58 1.44E-04

Reading #4 0 28 32 82.20 1.33E-04

Reading #5 0 32 23 95.58 1.37E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 28 – 20% ES – Reduced Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 10% ES – Reduced Proctor 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

20.50 4.44 5.29E-07

Hours Minutes Seconds

Reading #1 1 0 18 95.58 7.33E-05

Reading #2 1 17 30 95.58 5.70E-05

Reading #3 1 34 0 95.58 4.70E-05

Reading #4 1 30 0 85.07 4.37E-05

Reading #5 1 42 0 95.58 4.33E-05

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

18.80 4.44 9.43E-09

Hours Minutes Seconds

Reading #1 24 0 0 31.54 1.01E-06

Reading #2 24 0 0 28.67 9.21E-07

Reading #3 24 0 0 30.59 9.82E-07

Reading #4 24 0 0 27.72 8.90E-07

Reading #5 48 0 0 56.39 9.06E-07

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 28 – 0% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 50% ES – Standard Proctor 

 

 

   

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

20.53 4.44 1.90E-09

Hours Minutes Seconds

Reading #1 48 0 0 11.47 1.84E-07

Reading #2 48 0 0 11.47 1.84E-07

Reading #3 48 0 0 13.38 2.15E-07

Reading #4 48 0 0 12.43 2.00E-07

Reading #5 48 0 0 10.51 1.69E-07

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

19.00 4.44 1.31E-05

Hours Minutes Seconds

Reading #1 0 3 2 95.58 1.46E-03

Reading #2 0 3 14 95.58 1.37E-03

Reading #3 0 3 35 95.58 1.23E-03

Reading #4 0 3 41 95.58 1.20E-03

Reading #5 0 3 25 95.58 1.29E-03

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 28 – 40% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 30% ES – Standard Proctor 

 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

20.00 4.44 8.74E-06

Hours Minutes Seconds

Reading #1 0 4 45 95.58 9.31E-04

Reading #2 0 4 54 95.58 9.02E-04

Reading #3 0 4 57 95.58 8.93E-04

Reading #4 0 5 12 95.58 8.50E-04

Reading #5 0 5 34 95.58 7.94E-04

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

16.90 4.44 7.48E-07

Hours Minutes Seconds

Reading #1 0 50 55 95.58 8.68E-05

Reading #2 0 56 35 95.58 7.81E-05

Reading #3 1 0 47 95.58 7.27E-05

Reading #4 1 2 32 82.20 6.08E-05

Reading #5 0 58 23 95.58 7.57E-05

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 28 – 20% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 28 – 10% ES – Standard Proctor  

 

 

  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

18.00 4.44 1.26E-08

Hours Minutes Seconds

Reading #1 24 0 0 43.01 1.38E-06

Reading #2 24 0 0 41.10 1.32E-06

Reading #3 24 0 0 36.32 1.17E-06

Reading #4 24 0 0 37.28 1.20E-06

Reading #5 24 0 0 39.19 1.26E-06

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

17.00 4.44 2.33E-09

Hours Minutes Seconds

Reading #1 24 5 18 8.60 2.75E-07

Reading #2 24 50 0 6.69 2.08E-07

Reading #3 48 55 0 14.34 2.26E-07

Reading #4 48 5 0 15.29 2.45E-07

Reading #5 48 27 0 13.38 2.13E-07

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 0% ES – Reduced Proctor  

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 50% ES – Reduced Proctor 

 

 

 

 

 

 

 

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

21.00 11.33 3.67E-09

Hours Minutes Seconds

Reading #1 32 0 0 51.61 4.88E-07

Reading #2 44 0 0 53.52 3.68E-07

Reading #3 64 0 0 74.55 3.52E-07

Reading #4 24 0 0 23.90 3.01E-07

Reading #5 24 0 0 25.81 3.25E-07

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

22.50 4.44 5.39E-06

Hours Minutes Seconds

Reading #1 0 7 45 95.58 5.70E-04

Reading #2 0 8 12 95.58 5.39E-04

Reading #3 0 8 16 95.58 5.35E-04

Reading #4 0 8 25 95.58 5.25E-04

Reading #5 0 8 27 95.58 5.23E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 40% ES – Reduced Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 30% ES – Reduced Proctor 

 

 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

23.12 4.44 3.65E-06

Hours Minutes Seconds

Reading #1 0 12 22 95.58 3.57E-04

Reading #2 0 12 2 95.58 3.67E-04

Reading #3 0 12 3 95.58 3.67E-04

Reading #4 0 12 5 95.58 3.66E-04

Reading #5 0 12 6 95.58 3.65E-04

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

22.30 4.44 1.54E-06

Hours Minutes Seconds

Reading #1 0 26 50 95.58 1.65E-04

Reading #2 0 28 14 95.58 1.57E-04

Reading #3 0 28 45 95.58 1.54E-04

Reading #4 0 30 2 95.58 1.47E-04

Reading #5 0 29 51 95.58 1.48E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 20% ES – Reduced Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 10% ES – Reduced Proctor 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

22.30 10.89 2.02E-08

Hours Minutes Seconds

Reading #1 6 47 0 43.96 2.04E-06

Reading #2 6 0 0 34.40 1.80E-06

Reading #3 5 38 0 43.00 2.40E-06

Reading #4 5 55 0 32.49 1.73E-06

Reading #5 4 32 0 30.58 2.12E-06

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

21.00 10.00 3.72E-09

Hours Minutes Seconds

Reading #1 28 35 0 32.50 3.90E-07

Reading #2 26 50 0 29.63 3.78E-07

Reading #3 22 56 0 24.85 3.71E-07

Reading #4 24 0 0 23.90 3.41E-07

Reading #5 24 0 0 26.76 3.82E-07

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 0% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 50% ES – Standard Proctor 

 

 

   

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

23.00 15.11 9.57E-10

Hours Minutes Seconds

Reading #1 48 0 0 21.98 1.04E-07

Reading #2 48 0 0 22.94 1.08E-07

Reading #3 48 0 0 20.07 9.48E-08

Reading #4 24 0 0 9.56 9.03E-08

Reading #5 24 0 0 8.60 8.13E-08

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

22.30 4.44 4.36E-06

Hours Minutes Seconds

Reading #1 0 10 1 95.58 4.41E-04

Reading #2 0 10 14 95.58 4.32E-04

Reading #3 0 10 21 95.58 4.27E-04

Reading #4 0 10 3 95.58 4.40E-04

Reading #5 0 10 5 95.58 4.38E-04

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 40% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 30% ES – Standard Proctor 

 

 

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

21.80 4.44 3.09E-06

Hours Minutes Seconds

Reading #1 0 14 21 95.58 3.08E-04

Reading #2 0 14 23 95.58 3.07E-04

Reading #3 0 14 15 95.58 3.10E-04

Reading #4 0 14 18 95.58 3.09E-04

Reading #5 0 14 16 95.58 3.10E-04

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

21.80 4.44 2.32E-07

Hours Minutes Seconds

Reading #1 2 50 0 95.58 2.60E-05

Reading #2 3 10 0 95.58 2.33E-05

Reading #3 3 21 0 95.58 2.20E-05

Reading #4 3 15 0 95.58 2.27E-05

Reading #5 3 19 0 95.58 2.22E-05

Time Volume 

(ml)
k (cm/s)
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Hydraulic Conductivity Test – Clay with P.I. = 48 – 20% ES – Standard Proctor 

 

 

 

Hydraulic Conductivity Test – Clay with P.I. = 48 – 10% ES – Standard Proctor  

 
  

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

21.60 15.11 2.72E-09

Hours Minutes Seconds

Reading #1 24 0 0 30.85 2.91E-07

Reading #2 26 12 0 29.85 2.58E-07

Reading #3 24 0 0 27.86 2.63E-07

Reading #4 24 0 0 28.86 2.73E-07

Reading #5 23 0 0 27.86 2.75E-07

Time Volume 

(ml)
k (cm/s)

Molding Water 

Content (%)
Hydraulic Gradient kavg (m/s)

22.40 10.00 1.45E-09

Hours Minutes Seconds

Reading #1 48 0 0 23.90 1.71E-07

Reading #2 48 0 0 16.25 1.16E-07

Reading #3 24 0 0 11.47 1.64E-07

Reading #4 24 0 0 8.60 1.23E-07

Reading #5 24 0 0 10.51 1.50E-07

Time Volume 

(ml)
k (cm/s)
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Theoretical Swell Calculations for Amended Clay Samples – Assuming Swelling 

of Clay is Equal to 6.09% 

 

 

Consolidation Test – Clay with P.I. = 48 – 0% ES 

 

 

 

 

Circular Area (cm2) 81.0732 81.07 81.07 81.07 81.07 81.07

Height of Sample (cm) 2.54 2.54 2.54 2.54 2.54 2.54

Volume (cm3) 205.9259 205.93 205.93 205.93 205.93 205.93

Dry Density (g/cm3) 1.5 1.5 1.5 1.5 1.5 1.5

Total Dry Mass (g) 308.89 308.89 308.89 308.89 308.89 308.89

%ES 0 0.10 0.20 0.30 0.40 0.50

Mass of ES (g) 0.00 30.89 61.78 92.67 123.56 154.44

Volume of ES (g) 0.00 20.59 41.19 61.78 82.37 102.96

Volume of Clay (cm3) 205.93 185.33 164.74 144.15 123.56 102.96

Theoretical Height of Clay (cm3) 2.54 2.29 2.03 1.78 1.52 1.27

Theoretical Swell (cm) 0.15 0.14 0.12 0.11 0.09 0.08

Theoretical Swell (%) 6.09% 5.48% 4.88% 4.27% 3.66% 3.05%

Initial Sample 

Height (in.)
1.0856

Stage Δ (in.)

Machine 

Deflection 

(in.)

Total 

Deflections 

(in.)

Strain %

LOAD 125 psf. Consol -0.00742 1.07818

- 125 psf. Swell 0.20483 1.28301

250 250 psf. Consol -0.00642 1.276586 0.0004 -0.0068 0.53%

500 500 psf. Consol -0.00755 1.269034 0.0006 -0.0146 1.14%

1000 1000 psf. Consol -0.01282 1.256215 0.0009 -0.0277 2.16%

2000 2000 psf. Consol -0.0262 1.23001 0.0013 -0.0543 4.23%

4000 4000 psf. Consol -0.0437 1.186307 0.0021 -0.0988 7.70%

8000 8000 psf. Consol -0.06084 1.125463 0.003 -0.1605 12.51%

16000 16000 psf. Consol -0.06884 1.056626 0.0042 -0.2306 17.97%

32000 32000 psf. Consol -0.06944 0.987191 0.0062 -0.3020 23.54%

64000 64000 psf. Consol -0.0647 0.922495 0.0097 -0.3702 28.86%

0% ES
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Consolidation Test – Clay with P.I. = 48 – 25% ES 

 

 

Consolidation Test – Clay with P.I. = 48 – 35% ES 

 

 

 

 

25% ES
Initial Sample 

Height (in.)
0.9474

LOAD Stage Δ (in.)

Machine 

Deflection 

(in.)

Total 

Deflections 

(in.)

Strain 

- 125 psf. Swell 0.1225 1.0698

250 250 psf. Consol -0.0037 1.0661 0.0004 -0.0041 0.39%

500 500 psf. Consol -0.0042 1.0619 0.0006 -0.0085 0.80%

1000 1000 psf. Consol -0.0110 1.0509 0.0009 -0.0198 1.85%

2000 2000 psf. Consol -0.0200 1.0309 0.0013 -0.0402 3.76%

4000 4000 psf. Consol -0.0275 1.0034 0.0021 -0.0685 6.40%

8000 8000 psf. Consol -0.0349 0.9686 0.0030 -0.1043 9.75%

16000 16000 psf. Consol -0.0404 0.9282 0.0042 -0.1459 13.64%

32000 32000 psf. Consol -0.0450 0.8831 0.0062 -0.1929 18.03%

64000 64000 psf. Consol -0.0501 0.8330 0.0097 -0.2466 23.05%

Initial Sample 

Height (in.)
1.1002

Stage Δ (in.)

Machine 

Deflections 

(in.)

Total 

Deflections 

(in.)

Strain %

LOAD 125 psf. Consol - 1.1002

- 125 psf. Swell 0.122859 1.223059

250 250 psf. Consol -0.00342 1.219642 0.0004 -0.0038 0.31%

500 500 psf. Consol -0.00451 1.215136 0.0006 -0.0085 0.70%

1000 1000 psf. Consol -0.01005 1.205091 0.0009 -0.0189 1.54%

2000 2000 psf. Consol -0.02237 1.182719 0.0013 -0.0416 3.40%

4000 4000 psf. Consol -0.02989 1.152828 0.0021 -0.0723 5.91%

8000 8000 psf. Consol -0.03384 1.118984 0.003 -0.1071 8.75%

16000 16000 psf. Consol -0.03655 1.082431 0.0042 -0.1448 11.84%

32000 32000 psf. Consol -0.04118 1.041255 0.0062 -0.1880 15.37%

64000 64000 psf. Consol -0.05084 0.990418 0.0097 -0.2423 19.81%

35% ES
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