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Bauxite residue is the iron-oxide rich mine waste from the processing of bauxite 

ore for the extraction of alumina through the Bayer process. The Bayer process uses 

caustic soda, high pressure, and high temperature to leach alumina from ferruginous 

residue slurry (bauxite residue or red mud).  This leaching process produces alumina to 

ferruginous/bauxite residue at ratios of 1:1 to 1:4 with the end result being billions of tons 

of bauxite residue waste (4 billion tons worldwide by this year (2015)). The residue is 

associated with being chemically basic (average pH = 12), high in heavy metals, and has 

shown low level naturally occurring radioactive materials (NORMs) (equivalent to other 

household building materials like granite, gypsum, and marble).  

The objectives of this research were to characterize bauxite residue using the 

traditional methods developed in the field of geotechnical engineering for classifying 

soils, study possible source and processing effects that may contribute to the behavior of 
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the material, and assess the feasibility of the material for beneficial reuse as a civil 

engineering building material. Characterization of the material included index properties 

(grain size distribution, specific gravity, and plasticity), powder x-ray diffraction, 

compaction behavior, and performance behavior that included compressibility, hydraulic 

conductivity, shear strength, and erosion resistance. The research focused on the potential 

beneficial reuse of bauxite residue in the form of fill for a flood protection levee. 

The research findings are that bauxite residue is a fine-grained, low plasticity 

material that would be classified under USCS classifications as a ML soil. Bauxite 

residue's compaction behavior is like a plastic, fined-grained material in compaction. It 

compacts at higher optimum moisture content and lower maximum dry densities than 

similar fine-grained soils (CH, CL, and ML) for both standard and modified Proctor 

efforts. Bauxite residue has a reasonably low hydraulic conductivity that provides low 

flow rates for a levee application. The material exhibited high drained shear strength in 

comparison to other fine-grained materials but, if not compacted, does exhibit static 

liquefaction potential similar to most fine-grained tailings that have low plasticity. 

Bauxite residue is comparable to a typical compacted clay in terms of compressibility, 

both in regards to its own compressibility and its total unit weight concerning the applied 

pressure to the subgrade. Bauxite residue demonstrates a high resistance to erosion. 

Lastly, bauxite residue has a high pH (pH > 13) that must be addressed before the 

material could be used in a levee. The issue can be resolved using neutralization or 

encapsulation by another soil. Overall, in terms of geotechnical properties, bauxite 

residue shows acceptable characteristics for potential use in a flood protection levee. 
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CHAPTER 1 - INTRODUCTION 

1.1 OVERVIEW 

Aluminum is the third most abundant element on Earth, the most abundant metal 

in the Earth’s crust, and extraction of this element has exponentially increased over time. 

The increase in extraction is due to the diversity of uses for aluminum in today’s society 

in both products and industries. These industries and products include transportation, 

packaging products, pharmaceuticals, electronics, and construction. Although aluminum 

is the third most abundant element on earth behind oxygen and silica, it is difficult to 

extract from aluminum minerals and rarely found as a native stand-alone element due to 

its high potential to oxidize. Instead, it is produced from alumina (chemically know as 

aluminum oxide (Al2O3)), a byproduct produced primarily from the ore bauxite. 

The primary source of alumina in the world currently is bauxite ore. Bauxite is an 

aluminum and iron oxide rich lateritic ore found in the tropics between 30 degrees north 

and 30 degrees south latitude from the equator. The alumina is extracted from bauxite 

using the Bayer process, in which sodium hydroxide is mixed with the ore and heated to 

150 °C to 200 °C in a pressure chamber until the alumina is dissolved and filtered out. 

The waste byproduct from this process is bauxite residue (or red mud), a highly alkaline, 

heavy metal laden slurry that can, at times, contain naturally occurring radionuclides. The 

current methods for dealing with this waste residue worldwide are (1) to store the slurry 

directly in lagoon impoundments, (2) to dehydrate the slurry and stack the dried material 
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in mounds, or (3) to discharge the slurry directly into the sea. Refineries in the United 

States primarily use lagoon impoundments.   

1.2 RESEARCH MOTIVATION 

Bauxite refining produces alumina to waste residue at ratios of 1:1 to 1:4. The 

exponential growth of the aluminum industry is apparent by the total residue produced 

worldwide; with the first billion tons of residue reached in 1985, the second billion tons 

reached by 2000, the third billion tons reached in 2007, and the fourth billion tons likely 

reached this year (2015). The realization of this build up in bauxite residue has led to 

environmental and logistical concerns on handling, storing, and otherwise using the 

residue in a sustainable, safe, and substantial manner. The most important barriers to 

addressing these concerns are the alkalinity and sodicity (high levels of sodium (Na)) of 

the bauxite residue. To date, an economic, safe, and substantial reuse of the waste 

byproduct does not exist despite several neutralization and stabilization methods 

developed over the past few decades. One of the recently discussed concepts is to use the 

residue in the construction and civil engineering industry as a building material, including 

the use of bauxite residue as a fill for a levee (see Figure 1.1). In this manner, there are 

additional issues, on top of alkalinity and sodicity, to the successful implementation of 

bauxite residue as a building material. These additional concerns include a lack of 

understanding of its behavior and significant variability and uncertainty in the 

engineering properties of bauxite residue. 
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Figure 1-1: Bauxite Residue Fill Material Concept 

1.2.1 Challenges of Using Bauxite Residue in Engineering 

 The challenges associated with using bauxite residue in civil engineered 

construction include apparent/perceived variability in publicly available data, drying 

effects, cementation, and collapsibility. Understanding these challenges and developing 

reasons for these challenges is a principle goal of this research.  

 Variability is a major issue when it comes to studying bauxite residue using 

previously published publicly available data. Figure 1-2 shows the results of plasticity 

data published over the last 35 years. It is clear that the variability leads to difficulty in 

classifying the material (whether bauxite residue is a silt or a clay). Two plausible 

reasons for the scatter are laboratory procedures that involve drying of the material in 

different ways and cementation of the material that can develop to varying degrees and 

over varying time frames.  
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Figure 1-2: Variability – Bauxite Residue (35 Years of Plasticity Data) 

 The second challenge discussed is drying effects on bauxite residue. Bauxite 

residue behavior appears to be affected by exposure to temperature changes (i.e. - air-

dried, oven dried, compress-dried) and changes in pore fluid leading to changes in pH 

(caustic, acidic, or neutral environment) (Somogyi 1978; Newson et al 2006). Somogyi 

demonstrated in his dissertation work that bauxite residue "exhibited a high degree of 

sensitivity" when leached by distilled water, air-dried, centrifuged, neutralized by 

hydrochloric acid, or filtered in various ways. These results observed by Somogyi show 

that pH and specimen preparations can effect bauxite residue behavior and could also 

indicate issues with aging of the material, given exposure of bauxite residue to the 

elements (especially rain events) over time. Due to variations in weather over time, the 
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varying amounts of water introduced to deposits and varying lengths of time for physical 

and chemical reactions with water could result in variation in behavior and reported data. 

 The third challenge mentioned was cementation and it relates to the second 

challenge of drying effects. Bauxite ore, the parent material to bauxite residue, is 

considered a laterite based on the form of weathering the material undergoes, which 

involves the transferring and leaching end removal of iron throughout the soil/rock strata. 

It has been confirmed by Pinnock (1992) and Newson et al (2006) that bauxite residues 

show a tendency to cement upon exposure to water and then drying; a seemingly obvious 

result given bauxite residue is connected to lateritic materials (bauxite ore) and the high 

level of iron present in residue. It has also been confirmed through a personal 

correspondence that residue at the facility near East Saint Louis, IL showed layers of 

hardened bauxite residue was difficult to penetrate using the standard penetration and 

cone penetration apparatuses. The hypothesis by the engineer for these hardened layers 

was exposure to air and drying for a short period followed by subsequent coverage by 

new layers of saturated bauxite residue slurry at different times during the life of the 

containment facility. Knowing that cementation is a possibility with bauxite residue, it is 

also important to know that questions exist on the long-term nature of this behavior as 

well as the extent of the cementation for all bauxite residues as well as how this behavior 

affects the use of bauxite residue outside of the containment pond setting. 

 The last challenge mentioned for bauxite residue was collapsibility.  A review of 

mine waste facility failures around the world and, in particular, a case history involving a 

slide on a slope made of bauxite residue, indicates that there is the potential for 



 6

collapsibility with bauxite residue, like other mine wastes placed at high water contents. 

The case history was a shallow slide on a 10H:1V slope and involved a bauxite residue 

containment lagoon that had been recently excavated to its bottom for maintenance. The 

refinery and contractor performing maintenance had a working knowledge of the material 

and levees, including laboratory data from previous work indicating a high shear strength 

(friction angle greater than 30). Based on the information provided, there is clearly a lack 

of understanding on bauxite residue behavior when laboratory data illustrates high 

strength qualities (high friction angle) and cementation yet it is known that a 10:1 slope 

slide has occurred that involved this material.  

1.3 OBJECTIVES OF RESEARCH 

 The hypothesis for this research is that bauxite residue in a particular state under 

defined processing and preparation can be used as a civil engineering building material; 

with an example being a levee fill. This research focuses on the geotechnical 

characteristics of bauxite residue. It does not investigate neutralization with the intent of 

finding a solution to the basic nature of bauxite residue. The objectives of this research 

project are: 

1. To characterize bauxite residue using the traditional methods developed 

in the field of geotechnical engineering.  

2. To study possible source and processing effects on bauxite residue 

behavior; 
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3. To assess the feasibility of bauxite residue for beneficial reuse as a civil 

engineering building material, namely in the application of fill material 

in a levee.  

Characterization of bauxite residue includes index properties, compaction 

behavior, and performance behavior looking at consolidation, hydraulic conductivity, 

shear strength, and erosion resistance. 

1.4 DISSERTATION STRUCTURE 

This dissertation consists of seven chapters: 

 In Chapter 2 – Literature Review, the dissertation discusses previous research 

performed on bauxite residue and other topics pertaining to the current research 

project. Topics that will be discussed include (1) aluminum production and 

bauxite processing, (2) bauxite residue origins, (3) environmental issues related to 

bauxite residue, (4) neutralization of bauxite residue, (5) previous geotechnical 

work on bauxite residue, (6) studies on bauxite residue reuse, (7) geotechnical 

data on bauxite residue, collapsibility, and (8) levee design. 

 In Chapter 3 – Materials, the dissertation outlines the properties of the materials 

used for specimens in the research. These materials include untreated bauxite 

residue, compressed bauxite residue, air-dried bauxite residue, oven-dried bauxite 

residue, and compacted bauxite residue. 

 In Chapter 4 – Testing Methodology, the dissertation discusses and explains the 

testing methodology for obtaining the data. The methodology includes laboratory 
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specimen preparations, and modifications to ASTM testing procedures and 

explanations for these adjustments to the standards. 

 In Chapter 5 – Results, the dissertation provides the results from the various 

classification and performance tests performed on bauxite residue. 

 In Chapter 6 – Analysis, the dissertation discusses the laboratory results and 

analyses performed on the data presented in Chapter 5. The results include: (1) 

source effects observed with bauxite residue, (2) processing effects observed with 

bauxite residue, and (3) a suitability study into the possible beneficial reuse of 

bauxite residue as a levee fill material. 

 In Chapter 7 – Conclusions and Recommendations, the dissertation ends with a 

conclusion and recommendations for possible future research. 
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CHAPTER 2 - LITERATURE REVIEW 

2.0 INTRODUCTION 

The objective of this chapter is to provide a comprehensive review of the 

published research on bauxite residue. Topics that will be discussed include: (1) 

aluminum production and bauxite processing, (2) origins of bauxite residue, (3) 

alternative methods for storing bauxite residue, (4) environmental concerns for bauxite 

residue, (5) neutralization of bauxite residue,  (6) studies on reuse of bauxite residue, and 

(8) geotechnical properties of bauxite residue, and (9) levee design. 

2.1 ALUMINUM PRODUCTION, BAUXITE PROCESSING, & BAUXITE RESIDUE 

2.1.1 Aluminum 

In 1807, Sir Humphrey Davy proposed the name “aluminum” for a yet to be 

discovered metal that was positively known to exist as an oxide in 1787 by Antoine 

Lavosier who originally named it alumina (Hudson, 2012). Aluminum received its 

official elemental name when it was discovered as a solid by the Danish physicist and 

chemist Hans Christian Orsted in 1825. Two years later, it was isolated as an element by 

the German chemist, Friedrick Wohler. Despite not being discovered and isolated until 

the early 1800s, aluminum has been known to be used by humans since ancient Greek 

and Roman times. The ancients used aluminum salts to set dyes in fabrics and to stop 

bleeding wounds. Today, the Aluminum Association (of the United States) lists the top 

markets for aluminum in America as transportation, packaging, and building construction 
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(http://www.aluminum.org). Aluminum is also used extensively in electrical systems, 

electronics, and the pharmaceuticals. Its desirable characteristics are its abundance and 

desirable properties: high strength, good conductivity, light weight, malleability, 

ductility, corrosion resistance, and easy recycling (Jones et al. 2011).  

Aluminum is the 13th element on the periodic table. It is a non-ferrous metal that 

rarely can be found in its elemental state due to its affinity to oxygen; therefore, it is 

found mainly in oxides and silicates. Although aluminum is the third most abundant 

element on earth behind oxygen and silica, it is difficult to extract from aluminum 

minerals. Instead, it is produced from alumina (chemically know as aluminum oxide 

(Al2O3)), a byproduct produced primarily from the ore bauxite.  

2.1.2 Bauxite 

First discovered in 1821 by the French geologist Pierre Berthier, bauxite was 

named after the town of Les Baux in France and was noted for having high levels of 

aluminum (Authier-Martin et al. 2001). It is an iron-rich tropical lateritic ore typically 

consisting of the minerals gibbsite, boehmite, and/or diaspore along with the iron oxides 

goethite and hematite, the clay mineral kaolinite, and trace levels of several metals that 

include cadmium and titanium. Table 2-1 provides an overview of the mineralogy of 

tropic bauxites. It can be found in abundance in Australia, Brazil, Guinea, and Jamaica 

and is typically extracted in open-cut mines. Today, mining of bauxite has reached 220 

million tons annually, with Australia leading with almost one-third of the total production 

in the world.  
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Table 2-1: Mineralogy of Tropical Bauxites (Authier-Martin, 2001) 

2.1.3 Bauxite Geology 

Bauxite is found on Earth primarily between latitudes 30° north and 30° south of 

the equator, excluding the Russian/Chinese Tikhvin-type and Mediterranean lateritic 

bauxites. Countries with major reserves include Guinea, Vietnam, Jamaica, Australia, 

Brazil, China, and India, among others. Bauxite ore typically consists of the minerals 

gibbsite, boehmite, and/or diaspore along with the iron oxides goethite and hematite, the 

clay mineral kaolinite, and trace levels of several metals, including cadmium and 

titanium. Geologists have developed many different methods of classifying bauxite over 

the last century. One well accepted classification system divides bauxite around the world 

into three categories: lateritic (85% of total), karst (14% of total), and Tikhvin-type (1% 

of total) deposits (Bardossy, 1982, Bardossy and Aleva, 1990). The most significant 

difference between the categories of bauxite is the ore’s underlying material. Lateritic 

bauxites formed as deposits overlying lateritic, alumino-silicate rocks while karst 

bauxites formed as deposits overlaying carbonate rock through the filling of karst 

Elements Mineral Elements Mineral Elements Mineral

Major Minor Sulfur Woodhouseite

Aluminum Gibbsite Carbon Wavellite Pyrite

Boehmite Phosphorus Crandallite‐H Zinc Gahnite

Silicon Quartz Calcite Chromium Chromite

Kaolinite/Halloysite Calcium Crandallite‐H Vanadium Schubnelite

Iron Hematite Mineral Zirconium Zircon

Aluminian Goethite Minor Dawsonite Potassium Illite

Titanium Anatase Sodium Celestite Manganese Lithiophorite

Rutile Strontium Magnesium Magnesite

Dolomite
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depressions. Many geologists group the very small deposits of the Tikhvin-type bauxites 

with karst bauxites because they overlay dolomites and limestones, though some deposits 

overlay sandy and micaceous shales and marlstones. Of significance to this research is 

that the bauxite residues used in this study come from two different regions (North 

America and West Africa) and geological classifications (Karst and Lateritic).  

 

Figure 2-1: Plasticity Data for Lateritic Soils 

 It is interesting that bauxite ore is connected to lateritic soils, a sensitive and 

problematic soil that is the weathered by-product of bauxite and other iron-rich ores 

found near the equator. Figure 2-1 provides plasticity data for lateritic soils to illustrate 

the variability found in publicly available information on the material. It is easy to see 

how it would be difficult to classify the material based on this information. The USCS 

classification system finds it difficult to classify lateritic soils and, based on the plot, the 

soil could be classified as either a clay or a silt and be considered low or high plasticity. 



 13

In geological terms, these soils are believed to have come from volcanic activities that 

have weathered down in highly humid climates. "Many of these soils have abnormally 

high moisture contents with surprisingly high strengths. Many of the soils appear to be 

granular by touch and sight but, when manipulated, can change into a highly plastic, 

seemingly saturated clay. Blight & Leong (2012) state that some residual/tropical soils 

may have water of crystallization or water physically attached to the structure of the soil 

(not free water) that could be removed depending on the oven-drying temperature (110°C 

versus 50°C). The result of using the higher oven-drying temperature would be that the 

structural water would be included with the free water that was removed and thus, overall 

higher calculated water content.  The soils change properties with air or oven-drying, 

becoming granular and non-plastic. These changes to the soil's properties are considered 

to be irreversible" (Lyons Associates; Morin & Tudor 1975). It has also been observed 

that changes in the material can occur by the introduction of water. These observed 

effects to the soil are believed to be connected to the high levels of iron oxide present in 

the material and the chemical behavior of iron oxide to water and temperature effects. 

The iron oxide can cause aggregation and cementation that gain and lose strength over 

time due to different weathering and chemical changes. When these soils continue to 

harden, they can form a hardpan or iron-pan at the surface that can resist the forces of the 

strongest excavator machine. But, when the bonds are weak or are weakening, just the 

introduction of water can cause the cementation bonds to collapse and the soil loses any 

cementation effects that it had in the past.  



 14

2.1.4 Bauxite Ore to Aluminum 

 Once bauxite ore is mined from the ground, it is sent to refineries for processing. 

In terms of U.S. operations, bauxite ore is primarily received from mining operations in 

Jamaica, South America, and/or West Africa by ships at the refineries on or near the Gulf 

of Mexico. Approximately 60 refineries in the world transform bauxite ore into alumina. 

These refineries pulverize the ore into a fine powder and then process the ore using a 

century old technique called the Bayer Process. The entire process includes grinding, 

digestion, liquor clarification, precipitation of alumina hydrate, and calcination to 

alumina (Jones et al 2011).  Bauxite residue is produced when the grinded ore is mixed 

with caustic soda (NaOH), heated and put under pressure, and transformed into sodium 

aluminate and insoluble solids (bauxite residue) . The two materials are separated with 

sodium aluminate eventually producing alumina and residue being filtered out, washed, 

thickened, and discarded. The alumina is then transferred to a second system and 

converted into aluminum using the Hall-Heroult Process (a form of dissolution and 

electrolysis).  At the end of this second process, the aluminum is manufactured into 

convenient transporting blocks and sent to production plants for various industries. The 

aluminum blocks can be used as pure aluminum or casted with other metals (including 

copper, magnesium, silicon, scandium, and zinc) into alloys.  

2.1.5 The Bayer Process 

The Bayer process was invented by the Austrian chemist Carl Josef Bayer in St. 

Petersburg, Russia in 1887 while trying to develop a method for using alumina in the 
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textile industry as a substance for setting dyes in fabric (Power et al. 2011). Bayer 

discovered that, in a cold sodium aluminate solution (alkaline in nature), aluminum 

hydroxide precipitated into crystalline form if a seed of aluminum hydroxide was used. 

The aluminum hydroxide could be filtered, washed, and then easily used later to make 

aluminum sheets. Shortly after his initial discovery, Bayer also discovered that the 

required sodium aluminate solution could be prepared by heating bauxite ore under 

pressure in concentrated caustic soda solution. Eventually, the potential of combining the 

two processes was brought to fruition, leading to the process of extracting alumina from 

bauxite and the manufacturing of aluminum. The Bayer Process led to the modern day 

alumina industry and the accelerated use of aluminum. 

2.1.6 Bauxite Residue 

Bauxite residue (also called "red mud", "red clay", "alkaline clay", and "cajunite", 

among other names) is the waste product left from the filtering and washing of the 

aluminum hydroxide crystals. The residue can vary in color but is typically a reddish 

brown color and is high in iron (20-45%), aluminum (10-22%), and silica (5-30%) 

content (IAI 2013), with a specific gravity of 3.0 to 3.6. Bauxite residue is produced as a 

slurry that is highly alkaline (pH as high as 13), laden with heavy metals, fine grained 

(can exceed 95% finer than #200 sieve/0.075 mm) (Hind et al. 1999; Lin et al. 2002; 

Snars et al. 2003). The USEPA (USEPA 1990), in accordance with the Bevill Exemption, 

classifies bauxite residue as a solid waste that falls under the jurisdiction of RCRA 

Subtitle D. This non-hazardous mine waste distinction has also been given to bauxite 



 16

residue in Europe within the European Waste Catalogue and Hazardous Waste List (EPA 

2002). The Basil Convention (a convention organization of the UN) designates the 

material as a contaminated waste, which does limit transportation for storage, disposal, or 

treatment applications and reuse options, with regards to transport between countries 

(Johnston 2010). However, the major concern of the Basil Convention is the alkalinity 

and removing the restrictions simply requires neutralization of the residue down to a 

desired end-point pH of 7 to 9. 

 

Figure 2-2: Worldwide Bauxite Residue Production 

In the Bayer Process, alumina to bauxite residue ratios by mass can range from 

1:1 to 1:4, depending on the mineral composition of the bauxite used for production. 

Bauxite residue production has rapidly increased with time, with likely the fourth billion 

being reached by 2015 (Figure 2-2). The accelerating production of waste has led to 
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questions and discussions on methods of bauxite residue reduction, the proper method of 

disposal, and possible reuse alternatives for the waste byproduct. 

2.2 ALTERNATIVES FOR RESIDUE DISPOSAL 

Records from the early days of the industry (starting in 1940) list disposal of 

bauxite residue simply as a cost of production. Currently, the aluminum industry has 

several methods for storage/disposal of the solid waste byproduct: (1) direct disposal of 

the slurry into the ocean, (2) disposal of the slurry into clay/geosynthetic lined settling 

lagoons, or (3) disposal in dehydrated form as dry stacks (mounds of red soil) (CSIRO 

2009). 

 The disposal of bauxite residue started with direct disposal back into the 

environment, namely bodies of water. Over time, many of the world’s refineries moved 

from direct deposition to lagoon storage on-site. Currently, countries that still use direct 

disposal are ones in which land is at a premium and locations near the ocean and away 

from urban centers provide ideal conditions. These countries include France, Greece, and 

Japan. 

 Prior to the 1970s, refineries that did not use direct deposition stored bauxite 

residue in on-site lagoon storage. The development and use of this method has led to 

much of the current residue stockpile to be located in these storage systems. Some 

facilities transitioned to geosynthetic-lined lagoons when the technology gained 



 18

acceptance in the engineering community, but many continue to operate with clay-lined 

lagoons to this day.  

Since 1980, the alumina industry has been moving towards dry stacking of 

bauxite residue. This procedure involves drying the slurry residue to moisture content 

levels less than 30% and piling the cohesionless aggregate in “stacks.” An alternative 

process of this method has been spraying the residue slurry onto slopes, allowing the 

slurry to dry for a determined period of time, and then repeating the process to “stack” 

layers of bauxite residue in valleys. The major reasons for the transition from direct 

dumping and lagoon storage to dry stacking are reduction of the risk of leakage of caustic 

liquid, reduction of the volume required for residue storage, and maximized recovery of 

soda and alumina. Today, alumina refineries are using this method with the highest 

frequency while also focusing industry research into reuse applications of bauxite residue 

and sustainable remediation/rehabilitation of land built over bauxite reserves.  

2.3 ENVIRONMENTAL CONCERNS FOR BAUXITE RESIDUE 

In Australia, the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO, 2009) said it best when it reported that the “primary barrier of risk has three 

main techno-environmental components: soda/alkalinity, heavy metals, and naturally 

occurring radioactive material (NORM).” There are geotechnical and mechanical 

elements related to the stability and general function of the containment facilities as well.  
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 In 2010, a lagoon levee embankment failure occurred in Kolontar, Hungary 

(Figure 2-3). The failure released 700,000 m3 of bauxite residue slurry into the town of 

Kolontar, killed 10 people, and injured 120. The failure of the embankment was caused 

by seepage through the fly ash levee that led to a shear failure, eventually leading to the 

discharge of the lagoon liquids and 10% of the bauxite residue sediments (Zanbak, 2010). 

This example along with other documented cases of mine waste containment failures 

have led to major concerns regarding the storage practices of bauxite residue and other 

mine tailings. The concerns include (1) overtopping, (2) failure of the dike, (3) dusting 

caused by desiccation, and (4) seepage of leachate from impoundments. All of these 

concerns are environmental concerns in some manner because of the residue properties 

and chemical/radiological concerns with the residue and resulting leachate 

 

Figure 2-3: Embankment Failure in Kolontar, Hungary 
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Overtopping is the condition when residue or leachate rises over the top of the 

containment dike and floods adjacent areas outside the containment basin. This condition 

could be caused by excessive rainfall, poor design, or other unforeseen issues. Failure of 

the dike would lead to a similar event of flooding to adjacent areas, though likely more 

catastrophic similarly to the failure in Ajka, Hungary. Dusting is caused by the drying out 

of the bauxite residue and aerial transport of the dust formed at the residue surface. The 

dust can travel miles away from the containment area and affect the health of residents of 

neighboring communities, as well as workers within the alumina manufacturing facility. 

The last concern is seepage of leachate out of the containment area. Seepage of leachate 

can affect the local groundwater table by transporting caustic solution and trace metals 

into the ground where it comes in contact with the groundwater table.  

2.3.1 pH 

Bauxite residue is strongly alkaline and has high sodicity and electrical 

conductivity levels (dominated by Na+ in solution and in the solids phase with average 

concentration = 101.4 mmol/L, average EC = 7.4 ± 6.0 mS/cm with a range of 1.4 to 28.4 

mS/cm (standard deviation was 6.0 and population size was 46))(Grafe 2010).  The pH 

values for bauxite residue in the containment facilities worldwide varies from 9.2 to 13.2 

(Pincus 1968; Rushing 1973; Jenny 1973; Somogyi 1976; Srivastava 2002; Zouboulis 

1993; Liu 2006; Grafe 2010; Kirkpatrick 1996; Wagh 1987; Newson 1996). Based on the 

lagoons being open to the elements, there is a range of pH over the area and depth of the 

containment facility and this pH decreases with time (Liu 2006). Over time, the bauxite 
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residue would be exposed to increasing levels of rainfall that would dilute the residue 

mixture and decrease the pH of the residue in the lagoons.  

With high alkalinity, neutralization of bauxite residue to a safer pH level has been 

a principal research topic. Neutralization reduces the impact of bauxite residue on the 

environment and opens the door to using residue as a reuse product. Several methods of 

neutralization have been and continue to be studied for effectiveness. These methods 

include neutralization with strong acids, gypsum, seawater, carbon dioxide, and 

proprietary procedures.  

The process of neutralization can affect the characteristics of the bauxite residue, 

including leachability, compatibility with other materials, and mechanical properties. 

Neutralization of bauxite residue to a pH around 8 or lower is optimal because the 

chemically adsorbed Na is released, alkaline buffer minerals are neutralized, and toxic 

metals are insoluble at this level (Rai 2011).  

2.3.1.1 Neutralization by Strong Acids 

When thinking about bauxite residue and its alkaline nature, the first idea of 

neutralization would be to treat the residue with something on the other end of the pH 

scale (i.e. – a strongly acidic material). Glenister et al. (1985) showed that the extent of 

neutralization is related to the amount of acid added (in this case hydrochloric acid) and 

the ability to leach out the alkaline solids from the residue. The report stated that, for its 

study, lowering the pH down to 8 was sufficient in neutralizing the alkalinity and 

removing toxic metals from the residue, producing significant concentrations of Ca, Mg, 
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Al, and Na in solution ("significant" defined as levels higher than acceptable standards 

for water quality standards). It was also noted that at pH of 5, deflocculation of the 

residue began and at a pH of 4 oxides with relation to Fe, V, Ti, and Mn began to leach. 

2.3.1.2 Neutralization by Seawater 

Seawater provides a neutralizing agent that can conserve the amount of fresh 

water purchased by refineries. Johnston et al. (2010) state that the process involves 

introduction of seawater (up to 20 times the volume of residue) to precipitate soluble 

hydroxides and carbonates as insoluble hydroxides, carbonates, and hydroxyl-carbonates. 

Seawater also causes chemical changes to the residue that result in changes in physical 

characteristics, including increased acid neutralization capacity and increased phosphate 

sorption capacity (Hanahan et al. 2004; Jones et al. 2011). A drawback is the need for a 

drainage system and formation of precipitates within these drains (Menzies et al. 2004). 

The neutralization of bauxite residue using seawater is most effective when the alumina 

refinery is located near a marine environment. Otherwise, the economics of finding a 

saline water source for neutralization would be too expensive (Wehr et al. 2006). 

2.3.1.3 Neutralization by Carbon Dioxide 

The neutralization of bauxite residue by carbon dioxide is through the process of 

carbonation (Cooling et al. 2007; Dilmore et al. 2008; Jones et al. 2006). The process 

involves introduction of high purity CO2 to bauxite residue resulting in the formation of 

sodium carbonate-bicarbonate, a form of salt (Cooling et al. 2007; Jones et al. 2006; 

Johnston et al. 2010; Jones et al. 2011). The result of this process is the reduction of the 
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pH of the bauxite residue from around 12 (12.5 max) to 9 through its reaction with 

hydroxide which forms bicarbonate and reversibility of key alkalinity reactions (Cooling 

et al. 2007; Johnston et al. 2010). This process can be used to deal with two industrial 

wastes produced at the refinery – CO2 (about 5% of gas total output from the refinery 

flue) and alkaline bauxite residue (from alumina production). The method reduces the 

output of CO2 to the atmosphere and reduces the pH of bauxite residue so that it may, 

someday, be released into the environment with less impact compared to unneutralized 

bauxite residue. An advantage over the other techniques is that carbonation renders the 

residue less hazardous without increasing salinity, as seen in neutralization with acid or 

seawater (Jones et al. 2011).  

2.3.1.4 Neutralization by Gypsum 

Glenister et al. (1985) provided a study that used waste gypsum from fertilizer 

production for neutralizing bauxite residue. They found that an optimum utilization of 

gypsum occurred when 50 to 60 g of gypsum per kg of wet residue were mixed together.  

In other research, gypsum has shown positive effects on by the chemical and physical 

properties of bauxite residue, especially in terms of plant growth on the material (Barrow 

1982; Courtney and Timpson 2005; Wong and Ho 1991, 1993, 1994b; Woodard et al. 

2008; Xenidis et al. 2005). Gypsum also replaces Na+ with Ca2+ leading to flocculating 

effects, increased soil strength, and increased hydraulic conductivity (Wong & Ho 1991, 

1994b). Typical effects from treatment with gypsum include decrease in pH, electrical 
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conductivity, and soluble Ca (Courtney et al. 2003; Ippolito et al. 2005; Wong and Ho 

1993, 1994a, 1994b; Xenidis et al. 2005).  

2.3.2 Metals 

Bauxite residue contains notable levels of trace metals that include arsenic, 

cadmium, chromium, lead, mercury, vanadium, and zinc (Fuller & Richardson 1986; 

Wagh 1987; Liu et al. 1998, 2007; Jones et al. 2011). Other works have listed the major 

components concerning bauxite residue leachate. Klauber et al (2011) lists the assessment 

of Ac, At, Bi, Pa, Pb, Po, Ra, Th, Tl, and U content as areas of concern when using 

bauxite residue as a building material. URS/Alcoa (2010) listed As, Ba, Cd, Cl, Cr, Cu, F, 

Hg, Mo, Ni, Pb, Sb, Se, SO4, Th, U, and Zn as their elements of interest in the study of 

bauxite residue. For the URS research, there is the caveat that they neutralized the bauxite 

residue with CO2, lowering the initial pH by removing caustic soda from the bauxite 

residue. Carter et al (2008) studied the effects of carbonation neutralization on bauxite 

residue leaching and determined that it “did not seem to affect the leaching of most 

elements; the leaching of many elements was below detection limits”. Elements that were 

affected by carbonation included phosphorus and fluoride which saw an increase, calcium 

which saw a decrease, and iron and titanium which saw an increase only during the 

higher (alkaline) range. 

Carter et al. (2008) studied the characteristics of bauxite residue in terms of 

improving waste management of the material. The research used the newly developed pH 

dependent leaching procedures developed by Kosson et al. (2002) that looks at leaching 
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behavior based on varied pH levels (from 4-12) , which is important for modeling and 

sharing data across research projects.  Data provided for available concentrations of 

certain elements by two refineries were used to develop a geochemical model          

(Table 2-2). 

Ghosh (2011) studied the effects sintering had on bauxite residue and provides 

values for total extractable metals using microwave digestion and sequential extraction 

for several of the concerned elements.  Sintering is the creation of a solid mass from 

granular material by compressing the material under high temperature and/or high 

pressure without causing the material to change to the liquid phase.  The study provides 

some data on several elements leached from bauxite residue. Table 2-3 illustrates the total 

extractable metals available in the tested bauxite residue and Table 2-4 shows the trace 

metals concentrations after sequential extraction. 
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Table 2-2: Element Concentrations in Bauxite Residues (Carter et al. 2008) 

 

 

 

 

 

 

Table 2-3: Total Extractable Metals (Ghosh 2011) 

Metals Concentration

Aluminum (Al) 131.741 ± 32.595 g/kg

Iron (Fe) 108.482 ± 4.331 g/kg

Copper (Cu) 41.3 ± 5.01 mg/kg

Chromium (Cr) 395.14 ± 30.20 mg/kg

Lead (Pb) 20.224 ± 1.167 mg/kg

Cadmium (Cd) 0.037 ± 0.009 mg/kg

Nickel (Ni) ND

Zinc (Zn) ND 

Total Extractable Metals

Reactant Refinery 2 Refinery 8 Reactant Refinery 2 Refinery 8

Ag 0.11 0.11 Mg 2000 180

Al 30000 74000 Mn 3.6 5.6

H2AsO4 13 7.5 MoO4 5.5 17

H3BO3 6.7 9 Na 37000 90000

Ba 12 45 Ni 1 7.3

Ca 43000 38000 PO4 380 600

Cd 0.28 0.28 Pb 11 51

Cl 1200 2800 SO4 2400 4300

H2CO3 50000 48000 Sb[OH]6 0.056 0.23

CrO4 12 50 SeO4 3 2.8

Cu 4.4 5.3 H4SiO4 20000 66000

F 400 40 Sr 260 250

Fe 720 770 Th 28 31

Hg 0.056 0.7 UO2 15 3.9

K 72 550 VO2 190 280

Li 1.1 3.4 Zn 1.1 6.8

Available Concentration (mg/kg) Available Concentration (mg/kg)
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Table 2-4: Sequential Extracted Metals (Ghosh 2011) 

The URS/Alcoa (2010) research studied the use of bauxite residue on agricultural 

land to retain phosphorus in the Peel-Harvey catchment with a two-fold objective: (1) 

retain necessary nutrients to agricultural land and (2) prevent phosphorus from washing 

into the Peel-Harvey catchment and resulting in subsequent algae blooms.  Table 2-5 

provides the data gathered during this project. Concerns were found in chromium, 

fluorine, and aluminum levels. Levels of the other trace metal elements were low and the 

overall consideration of using bauxite residue on agricultural land was considered 

acceptable. 

Finally, data is provided in Table 2-6 of several ecological benchmarks developed 

at the Oak Ridge National Laboratory (ORNL) for sediment, soil, and surface water. The 

data are provided to illustrate the general benchmarks published in the United States, 

including benchmarks for EPA Region 6 (for which Texas and Louisiana are designated). 

Metals Total Leached

Aluminum (Al) 16.008 ± 6.36 g/kg

Iron (Fe) 0.149 ± 0.023 g/kg

Copper (Cu) 11.18 ± 1.0 mg/kg

Chromium (Cr) 35.55 ± 6.89 mg/kg

Lead (Pb) ND

Cadmium (Cd) ND

Nickel (Ni) ND

Zinc (Zn) ND 

Sequential Extraction
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Table 2-5: URS/Alcoa Project Element Concentrations in Residue (URS/Alcoa 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Elements Concentration  Elements Concentration 

(mg/kg) (mg/kg)

Antimony (Sb) 0.6 Copper (Cu) 18

Arsenic (As) 34 Lead (Pb) 28

Barium (Ba) 218 Manganese (Mn) 163

Beryllium (Be) 0.3 Mercury (Hg) 0.04

Boron (B) 20 Molybdenum (Mo) 7

Cadmium (Cd) 0.5 Nickel (Ni) 8

Chromium VI (Cr6) 3 Selenium (Se) 0.3

Total Chromium (Cr) 300 Tin (Sn) 9

Fluorine (F) 900 Zinc (Zn) 24

Cobalt  (Co) 2
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Table 2-6: Oak Ridge National Laboratory Ecological Benchmarks 
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2.3.3 Radioactivity 

Some bauxite residues contain ionizing radiation above natural background rates 

due to naturally occurring radioactive materials (NORMs) (Pinnock 1991; Cooper 1995; 

Somlai et al. 2008; Turhan et al. 2010). The radioactivity in bauxite residue is 

approximately 2-3 times that of bauxite and caused by naturally occurring radium, 

thorium, and the radioactive isotope of potassium (Von Philipsborrn et al. 1992; Cooper 

et al. 1995; Summers et al. 1993, 1997).  

 Two studies in the mid-1990s performed research into the leachability of 

radionuclides both into the natural water regime and into agricultural crops grown on 

bauxite residue amended fields (McPharlin 1994, Cooper 1995). Column tests of soil 

samples showed no significant leaching of radium isotopes or other radionuclides in soil 

amended with neutralized bauxite residue and plants growing in the material (such as 

lettuce, potato, cauliflower, and cabbage) Along with these findings, there was some 

evidence that the uptake of cesium (Cs) was actually diminished for the bauxite residue 

treated soil compared to the natural soil in the area of the study (Western Australia). 

Also, in regards to levels of radioactivity in bauxite residue, the radioactivity level, in 

most cases, is negligible and considered not toxic (Nunn 1998). The USEPA (USEPA 

2011) provided a report by its Scientific, Engineering, Response, & Analytical Services 

(SERAS) personnel that studied the release of radionuclides by bauxite residue. The 

report found that numerous radionuclides were active and exceeded human health 

screening benchmarks for human health regional screening levels (RSLs). But, these 
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exceedances were of similar magnitude to published exceedances of household building 

materials such as granite, gypsum, and marble (Note: most natural origin building 

materials contain some radioactive materials). The USEPA report was in conjunction 

with its investigation into the use of bauxite residue (mixed with phosphogypsum) for use 

as a fill material in levees and determined that exposure to bauxite residue in levees 

would likely be less than assumed in the RSLs (typically for residential exposure) and 

less than that of building materials like marble, granite, and gypsum. Nevertheless, even 

with ignoring the trace metal and radionuclide contents, present day storage practices of 

bauxite residue represent economic and environmental liabilities that need to be 

addressed (Somogyi 1976).  Lastly, it should be stated that CSIRO believes “NORM 

levels (in bauxite residue) are very low… are technically of little consequence....but 

significant for public perception” and “heavy metal and NORM contents necessitate 

either removal or immobilization” (Klauber et al. 2009). 

2.4 GEOTECHNICAL PROPERTIES OF BAUXITE RESIDUE 

2.4.1 Introduction 

Publicly available geotechnical data on bauxite residue is presented to illustrate 

the variability found throughout the related research papers. Many papers lack enough 

information to conclude reasons for the variability. None-the-less, the information is 

presented to provide an overview of the available data and demonstrate the starting point 

one finds in studying bauxite residue. 
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 Table 2-7 provides a summary of data presented for the geotechnical properties of 

bauxite residue. Appendix A provides further information on geotechnical properties 

found in publicly available research. 

 

Table 2-7:  Summary of Selected Geotechnical Data for Bauxite Residue (Somogyi 
1976; Vick 1981; Wagh 1987; Zouboulis 1993; Kirkpatrick 1996; Li 1998; 

Newson 1998, 2006; Srivastava 2002; Villar et al. 2002; Atasoy 2005; 
Xenidis et al 2005; Liu 2006; Nikraz et al. 2007; Grafe 2010; Bodley et al. 

2011; Jones 2011; Shahin et al. 2011; Kola 2013; Kehagia 2014; Deelwal et 
al. 2014) 

2.4.2 Index Properties and Classification 

 Bauxite residue contains typically 10% - 30% sand and 70% - 90% particles finer 

than 2 μm (with breakdown being 20% - 30% clay size and 50% - 60% silt size) (Miners, 

1973; Somogyi 1976; 1977). Notice that it was not stated that the breakdown includes 
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clay. Researchers (Newton et al 2006) have shown that bauxite residue is completely 

absent of quartz or clay minerals. Specific gravity values for bauxite residue ranged from 

2.7 to 3.95 (Somogyi 1976; Cooling 1985, Consoli 1997, Newson 2006; Wagh 1987; 

Kirkpatrick 1996; Srivastava 2002, Deelwal et al. 2014, Kehagia 2014).  

 The liquid limit (LL), plasticity, limit (PL), and plasticity index (PI) ranges were 

25 to 66, 17.5 to 40, and 4 to 32, respectively (Somogyi 1976; Jenny 1973; Vick 1981; 

Cooling 1985, Consoli 1997, Newson 2006; Kehagia 2008, 2014, Bodley et al. 2011, 

Kirkpatrick 1996, Kola 2013, Deelwal et al. 2014, Ito, 2013). Villar's dissertation (2002) 

provides considerable information shown in Figures 2-4 through 2-6.    

Based on classification criteria, bauxite residue would be characterized as a 

clayey silt. Bauxite residue contains typically 10% - 30% sand and 70% - 90% particles 

finer than 2 μm (with breakdown being (20% -30% clay and 50% - 60% silt). Based on 

classification criteria, Somogyi (1979) defined bauxite residue as an inorganic or clayey 

silt with a Unified Classification System distinction of ML (i.e. – low plasticity, clayey, 

sandy and sandy, clayey silts, respectively). RARE (EPA 2008) determined that red mud 

was a lean clay or a Unified Classification System distinction of CL. So, it can be seen 

just with these two reports that classifying bauxite residue in terms of current 

geotechnical parameters has been and may continue to be difficult. As stated by 

Somogyi, designers and engineers must be very careful with classification because the 

material may behave in some ways like a clay but, in fact, may not have any clay 

minerals within the material structure.  
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A conclusive reason for the wide range of variability cannot be provided due to 

lack of information among the publicly available papers. There could be several possible 

contributing factors that include (1) the source of the bauxite residue (different levels of 

iron and other heavy minerals), (2) the particle segregation of bauxite residue (sample 

source location within containment facilities), (3) sample preparation techniques and 

processing of the residue before testing, and (4) the effects of salts on specific gravity and 

its relation to how the material was treated prior to testing in the laboratory.   

 

 

Figure 2-4: Review of Atterberg Limit Values in Brazilian Research (adapted from Villar 

2002) 
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ѳ ‐ Values by Santos (2000)                                 

¤ ‐ Without Air Drying (Alves 1992)                         

ӿ ‐ With Air Drying (Alves (1992)
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Red Mud SL
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Figure 2-5: Atterberg Limits in Villar Dissertation Work (adapted from Villar 2002) 

 

Figure 2-6: Atterberg Limits for Bauxite Regions by Stinson 1981 (from Villar 2002) 
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2.4.3 Compaction Characteristics 

  Somogyi (1976) performed compaction tests using a Harvard miniature mold 

using an impact hammer that imparted a compaction effort similar to the Modified 

AASHTO test. His results were optimum moisture contents of 28% and 31% for two 

bauxite residue refineries in Alabama and Texas, respectively, with dry densities of 97 to 

98 lb/ft3. Briaud & Oh (2010) stated data for modified and standard Proctor tests on 

bauxite residue from Louisiana. For the standard Proctor test, optimum moisture content 

was 32.2 % and maximum dry density was 100 lb/ft3. For the modified Proctor test, 

optimum moisture content was 21% and maximum dry density was 125.4 lb/ft3. Method 

of preparation of the bauxite residue and age of the material are unknown for both studies 

and these characteristics may have significant effects on the behavior of the soil (Basma 

1994). Xenidis and Boufounos (2008) provided a standard Proctor optimum moisture 

content of 28.4% and max dry density of 94 lb/ft3. Shahin et al. (2011) provided an 

optimum moisture content of 17.8%. Kola & Das (2013) provided an optimum moisture 

content of 18.8 %, and dry density of 122.4 lb/ft3. Deelwal et al. (2014) provided a 

maximum dry density 95.5 lb/ft3, optimum moisture content of 33.5%, 

2.4.4 Void Ratio and Consolidation Characteristics 

Somogyi (1976) used the “slow pour” and vibration methods to determine 

minimum and maximum void ratios. The results ranged from emin = 1.01 to emax = 2.02. 

Srivastava (2002) provided a range from emin = 1.00 to emax = 2.37 and Vick (1981) 

provided a range from emin = 0.80 to emax = 1.60 for comparison.  
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Somogyi (1976) performed consolidation testing procedures described in ASTM 

D2435-70 standards, with some modifications. The testing program sought the 

parameters of compression index, coefficient of consolidation, and preconsolidation 

pressure. This testing program was investigating the effects of bauxite residue:sand ratio, 

stress history, dissolved solids content, and pH on the consolidation behavior. Two 

separate facilities for Alcoa were used for samples (Point Comfort, TX and Mobile, AL).  

Samples for consolidation were prepared using the slurry method. 

From this testing program, Somogyi 1976 showed that the compression index of 

the Point Comfort bauxite residue was 0.357 and the Mobile bauxite residue was 0.268. 

Corresponding coefficients of consolidation showed values of Point Comfort mud were 

one order of magnitude lower than that of Mobile mud. Effects of mud:sand ratio showed 

increasing sand content resulted in decrease in compression index. The coefficient of 

consolidation and hydraulic conductivity values appeared to be independent of the 

mud:sand ratio. Both leaching and pH neutralization caused a decrease in the 

compression index. Also, it was stated that leaching removed most of the dissolved 

solids, leading to low void ratios and a generally dispersed structure. Leaching also 

caused a decrease in compression index and coefficient of consolidation while pH 

neutralization decreased compression index and increased the coefficient of 

consolidation. Lastly, horizontal consolidation testing resulted in coefficients of 

consolidation that were twice that of vertical consolidation. Recently, other researchers 

have started to report their consolidation data as well. Newson and Fahey (1998) stated a 

cv range of 3x10-3 to 50x10-3 cm2/s with a Cc range of 0.27 to 0.39. DC Elias (1992) 
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provided the following consolidation data: Cc range of 0.4 to 0.8, Cr range of 0.04 to 

0.14, cv range of 0.002 to 0.01 cm2/s.  

2.4.5 Strength Properties 

From the publicly available research, friction angle values ranged from 27-46° 

(Jenny 1973; Somogyi 1976; Li 1998; Newson 2006; Vick 1981; Bodley et al. 2011; 

Shahin et al. 2011; Nikraz et al. 2007; Kola & Das 2013; Deelwal et al. 2014). Nikraz et 

al. (2007) studied the effects of carbonite treatment at one Alcoa plant in Australia had on 

the strength properties as it pertained to drying stacking. This research went further in 

their explanation of reported friction angles and stated that untreated bauxite residue 

showed friction angle (φ’) range of 38-46 degrees, carbonated treated residue showed 

friction range of 37-45 degrees, and bitterns/carbonated treated residue showed friction 

range of 41-42 degrees. All samples had insignificant cohesion values of 0.15 - 1.0 lb/in2 

and shear strength of 2.3 lb/in2 for every 1 m of overburden material. Sensitivity, defined 

as the ratio of the peak to remolded undrained shear strength, ranged from 2 to 12 

(Newson 2006) suggesting a high sensitivity material.  

Srivastava (2002) showed a range of cohesion values of 37 – 161 lb/ft2, vane 

shear values of 0.28 – 1.35 lb/in2, and stated a phi=0 for the computer stability analysis. 

One investigation found showed bauxite residue to have in-situ undrained shear strengths 

ranging from 4.25-19 lb/in2 with variations being observed with depth and with age of the 

deposit (Newson 2006). DC Elias (1992) provided the following shear strength data: 

Su/σ'v = 0.23 for Kwinana residue and a lower bound of Su/σ'v = 0.14. Schnaid et al. 



 39

(2007) provide CPT data for an alumina tailings deposit with q values going from 0 to 

145 lb/in2 at 15.5 feet and u values going from 0 to 78 lb/in2 at 15.5 feet. Bq (related to 

Spencer’s B value) values ranged from 0.5 to 0.8. Bodley et al. shared an average 

undrained shear strength from CPTU testing of 3 lb/in2 (Su/σ’v = 0.13).  Newson et al. 

(2006) used Somogyi, Gray, and Vick’s data to provide index property values and then 

provided undrained shear strength values of 4.4 to 19 lb/in2. Shahin et al. (2011) provided 

an apparent cohesion of 1.6 lb/in2 and friction angle of 41 degrees. Kola (2013) provided 

a cohesion of 4.2 lb/in2. Deelwal et al. (2014) provided a cohesion of 1.8 lb/in2. 

W.R. Pinnock (1992) looked at the compressive strength of Jamaican bauxite 

residue to use as bricks for small residential construction. Results showed that “red mud 

only” blocks achieved strength (ranging from 276 to 1131 lb/in2) dependent on the 

proportion of aluminous goethite (the contributing factor to strength) in the bauxite 

residue. This strength range was considered adequate for small residential construction. 

The blocks also showed resistance to wetting/drying cycles. 

2.4.5.1 Collapsibility 

Some characteristics that bauxite residue has in common with naturally 

collapsible soil include: (1) alluvial/lacustrine strata formation within containment ponds, 

(2) fine-grained silt particle size, (3) cements upon drying, (4) connection to high salt 

content due to caustic soda, (5) angular particles in an open structure matrix, (6) 

geologically young, (7) low density and high void ratio, (8) relatively high strength and 
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stiffness upon drying, (9) relatively low plasticity, and (10) appreciable changes in 

volume during wetting/drying cycles. 

Over the last century, the geology and civil engineering communities developed 

the term “collapsible soil” to describe a variety of soils. If one were to poll experts across 

these communities, a consensus definition may not be available.  Collapsible sediments 

identified around the world include young marine and lacustrine soils, loess and aeolian 

sands, volcanic ash/tuff, alluvial, colluvial, and some residual soils. Mitchell and Soga 

(2005) describe collapsible soils as “soils that are susceptible to large decreases in bulk 

volume when they become saturated”. Fredlund and Rahardjo (1993) describe a 

collapsible soil as one that “exhibits a volume decrease as a result of a reduction in matric 

suction”. In general, a collapsible soil is one that sees significant volumetric strains, with 

or without changes in applied loading, typically with the introduction of pore fluids. Mine 

waste, including bauxite residue, has shown collapse behavior that has included static 

liquefaction failures (Dawson et al. 1998; Martin & McRoberts 1999; Fourie et al. 2001; 

Pastor et al. 2002; Blight et al. 2005). 

Pereira et al. (2000) summarized the factors that produce collapse as follows: (1) 

an open, partially unstable, unsaturated fabric, (2) a high enough net total stress that will 

cause the structure to be metastable, (3) a bonding or cementing agent that stabilizes the 

soil in the unsaturated condition, and (4) the addition of water to the soil, which causes 

the bonding or cementing agent to be reduced and the interaggregate or intergranular 

contacts to fail in shear, resulting in reduction in total volume of the soil mass. Mitchell 

and Soga (2005) defined soils that have a high potential of collapse on with an open 
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structure formed by sharp grains, low initial density, low natural water content, low 

plasticity, relatively high stiffness and strength in the dry state, and often by particle size 

in the silt to fine sand range. Mechanism for collapse often referred to as 

hydrocompression or wetting-induced collapse can take place with or without extra 

loading. 

El Howayek et al. (2011) stated that geotechnical properties of collapsible soils 

include high void ratio, low initial bulk density and water content, high dry strength and 

stiffness, high percentage of fine-grained particles, and low to no plasticity. Rogers 

(1994) provides major characteristics of collapsible soils that included: (1) “…a soil that 

undergoes an appreciable amount of volume changes upon wetting, load application, or a 

combination of both.” (Sultan 1969); (2) “…any unsaturated soil that goes through 

radical rearrangement of particles and great loss of volume upon wetting with or without 

additional loading.” (Dudley 1970); and (3) “…additional settlement…due to the wetting 

of a partially saturated soil, normally without any increase in applied pressure.” (Jemings 

and Knight 1975). 

2.4.6 Hydraulic Conductivity 

 Bodley et al. (2011) provided a hydraulic conductivity of 4x10-3 cm/s for bauxite 

residue. Xenidis and Boufounos provided a hydraulic conductivity (k) range of 3x10-5 to 

4.6x10-7 cm/s. Shahin et al 2011 provided a hydraulic conductivity of 5.7x10-4 cm/s. Kola 

& Das (2013) provided a hydraulic conductivity of (1-6) x10-7 cm/s. Deelwal et al. (2014) 

provided a hydraulic conductivity of 5.8x10-7 cm/s. It is important to note that these 
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values were given without providing the state of the material when tested for hydraulic 

conductivity. There was no information on whether or not the bauxite residue had been 

compacted or consolidated, how the specimen was prepared, and if the material had gone 

through any form of processing prior to testing. 

2.4.7 Erosion Resistance 

 

Figure 2-7: Erosion Categories for Soils and Rocks Developed for the Erosion Function 
Apparatus (EFA) at Texas A&M (USEPA 2010) 

There is one report related to the erosion resistance of bauxite residue that was 

produced by the U.S. EPA by Texas A&M University (USEPA 2010). In this report, the 

results showed that bauxite residue compacted under modified proctor effort showed zero 

erosion up to 6.2 m/s flow velocity (using the Erosion Function Apparatus developed at 

Texas A&M). The test on standard proctor compacted bauxite residue showed medium 

erodibility for resistance to tap water based on a proposed category system shown in 
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Figure 2-7 based on erosion being detected at 1.14 m/s of flow velocity at 3.9 Pa shear 

stress. Salt water (35 ppt of salinity) showed less erosion ability compared to tap water. 

(~0.5 ppt of salinity). A test on standard proctor compacted bauxite residue showed 

medium erodibility for resistance to salt water used the Texas A&M category system 

based on erosion being detected at 1.2 m/s of flow velocity at 4.35 PA shear stress.  

2.4.8 Additional Reported Behaviors of Bauxite Residue 

 Somogyi (1976) results concluded that bauxite residue properties varied between 

refineries, varied when unleached versus leached by distilled water, varied due to 

differences source ore, contained no clay minerals (including kaolinite, chlorite, or 

hydrous mica) despite showing clay-like behavior for some properties, contained 

hydrated crystalline compounds in slurry state that became amorphous upon heating, had 

a brittle behavior under shearing, and showed limited signs of thixotropy. Bodley et al. 

(2011) reference the fact that pore pressure buildup (through CPTU testing) was 

significantly influenced by the hydraulic conductivity with the highest pore pressure 

buildup occurring in the lowest permeable bauxite residue. 

  Based on a comparison of their data with that of clays with similar plasticity and 

moisture content, Newson et al concluded that the bauxite residue behaved more like a 

sensitive, cemented sandy material. The cause of the cementation was attributed to 

“cementation/aggregation caused by feldspathoid hydroxysodalite”. They found that 

bauxite residue appeared to be anisotropic with higher vertical stiffness than horizontal 

stiffness and no evidence of strain-softening. The second point led to the conclusion that 
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there was little chance of progressive failure possibility. Another point stated was that “at 

low confining stresses, the cementitious bond will dominate and there will be little 

frictional resistance after these bonds break” and, based on the triaxial data, “very high 

strain is required to fully destructure the material” or “can be broken down by subjecting 

the red mud to acid”.. Cubic and prismic shape particles, to a less extent, also contribute 

to higher strength values. When treated with an acid wash, the bauxite residue lost 

cementation and strength, resulting in a behavior more consistent with a silty clay 

material. 

2.5 STUDIES OF BAUXITE RESIDUE REUSE 

The study of bauxite residue as a reuse product has been an ongoing topic for the 

last 30 years, with extensive research over the last 10 years on reuse applications and 

ecological studies, especially in countries with the highest production of aluminum, like 

Australia, India, and China. The research has included the physical and chemical 

properties of bauxite residue and the effects of certain methods of residue disposal. With 

this in mind, bauxite residue is considered a non-hazardous solid waste by the USEPA 

and is regulated under RCRA Subtitle D. This was confirmed by Brown and Kirkpatrick 

(1999) who performed toxic characteristic leaching procedure tests and Liu (1998), Liu, 

Hope, and Reimers (1996), and Liu, Reimers, and Yang (1996) who performed multiple 

extraction procedures on bauxite residue samples from the Noranda refinery in Gramercy, 

LA.  The concentration results from these studies were all well below the EPA regulatory 

threshold and drinking water standards. 
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 Kovalenko (1998) mentions several applications for reuse of bauxite residue that 

include (1) building material as an additive to cement, (2) coloring agent for paint works, 

(3) coloring of paper, (4) production of iron ore sinter and pellets, (5) improvement of 

soil structure and as a micro fertilizer or neutralizer of pesticides in agriculture, and (6) 

extracting rare-earth metals and alumo-ferric coagulants. Brown and Kirkpatrick (1999) 

mention uses that include (1) landfill covers, (2) liquid waste absorbent, (3) road bed and 

levee construction material, (4) alternative to natural marsh sediment during reclamation 

projects, and (5) metal recovery. Pilurzu et al. (1999) proposed using bauxite residue in 

(1) ceramics, (2) building bricks, (3) pigments, and (4) use for reclamation of mining and 

quarrying areas as filling material. Paramguru (2005) categorized the reuse ideas into 

three categories: (1) bulk utilization in terms of reclamation or landfill use, (2) industrial 

applications or building materials, and (3) recovery of major metallic constituents. Other 

research into the reuse of red mud includes work on ceramics and bricks described in 

Glanville & Winnipeg (1991), Singh and Prasad (1996), Singh et al. (1997), Marabini et 

al (1998), Yalcin and Sevinc (2000), Ayres et al (2001), and Cundi et al. (2005) Despite 

all of these researchers’ work and many others, there is still no viable and 

environmentally acceptable solution for reuse of bauxite residue (He et al 2011). It is the 

intension of this research project to provide geotechnical data for the potential beneficial 

reuse of bauxite residue but, will spend some time focused on Brown and Kirkpatrick's 

idea of using bauxite residue as a levee or embankment fill.  
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2.6 SUMMARY 

Bauxite residue comes from the refining of bauxite using the Bayer process for 

the manufacturing of aluminum. Environmental concerns with the waste are that it has a 

high pH (pH = 9-13), has high sodicity and electrical conductivity levels (dominated by 

Na+ in solution and in the solids phase with average concentration = 101.4 mmol/L, 

average EC = 7.4 ± 6.0 mS/cm with a range of 1.4 to 28.4 mS/cm) (Grafe 2010).  

contains notable levels of trace metals that include arsenic, cadmium, chromium, lead, 

mercury, vanadium, zinc, nitrates, and sulphates, and contain ionizing radiation above 

natural background rates due to naturally occurring radioactive materials (NORMs). 

Trace metal levels and NORMs are at levels consistent with other building materials and 

are more a matter of public perception compared to a true health concern. It is with this 

idea that the primary environmental concern that needs to be addressed is the high pH, 

which can be done through the process of neutralization, of which there are several 

methods: (1) strong acids, (2) carbon dioxide, (3) seawater, and (4) gypsum.  

Review of previous research has revealed several geotechnical properties 

regarding bauxite residue. The index properties have considerable variability. The result 

of the variability leads to inability to properly classify bauxite residue. Much of the data 

leads to a conclusion that residue is an inorganic clayey silt (ML).  However, there is 

some data that would lead to the material being classified as a clay.  In terms of shear 

strength, bauxite residue has high strength parameters (effective friction angles in the 

mid-thirty degree range) and compaction data showing an optimum moisture content near 

30%.  The hydraulic conductivity data provided in the literature cannot effectively be 
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used because the values vary considerably (10-3 to 10-8 cm/s) and lack information on 

specimen preparation, confining stresses, and state of the tested material, among other 

important information.   

 The variability in the data could be due to several reasons, including the method 

of specimen preparation of the material prior to testing and varying testing techniques. 

Knowing this possibility, it was difficult to definitively conclude a reason for the 

variability because many of the papers and reports did not provide information related to 

the specimen preparation, any type of processing of the bauxite residue prior to testing, 

and/or the testing procedure used to obtain the data. This issue existed particularly for the 

hydraulic conductivity data, where little to no information was provided related to the 

state of the residue when tested; whether the material is slurried residue, undisturbed in-

situ residue, compacted residue, the type of equipment used for testing (flexible wall, 

rigid wall), or if confining stresses were applied to the specimens during testing. 

Therefore, much of the hydraulic conductivity testing data was unreliable. Lastly, bauxite 

residue showed zero erosion for modified compacted specimens and showed medium 

erodibility at standard compacted specimens based on an erodibility category system 

developed and tested at Texas A&M University (USEPA 2010). 

 

 

 

 

 



 48

CHAPTER 3 - MATERIALS AND METHODS OF PROCESSING 

3.0 INTRODUCTION 

Chapter 3 covers the materials used in this research and describes the various 

methods by which the material was processed for laboratory testing. The investigation 

into bauxite residue includes its geotechnical and structural characteristics and was 

interested in (1) stand-alone bauxite residue (compression-dried), (2) neutralized bauxite 

residue (air-dried), and (3) analysis of bauxite residue in one of these states for its reuse 

potential as a fill material in a levee.  

3.1 BAUXITE RESIDUE 

Bauxite residues from two refineries were used in this research project. Due to 

proprietary reasons, the residues related to each refinery will be referred to as Residue 1 

and Residue 2. Residue 1 comes from refined bauxite ore primarily from the country of 

Jamaica while Residue 2 comes from refined bauxite ore primarily from Guinea, a 

country in West Africa, with small supplies also arriving from South America. The 

significance of their geologic origins in Jamaica and Guinea is that Residue 1 and 

Residue 2 come from different geologically classified bauxites.  

3.1.1 Residue 1 

Residue 1 comes from karst bauxite ore mined primarily on the island nation of 

Jamaica. Figure 3-1 illustrates bauxite regions of Jamaica. Jamaican bauxite occurs as 

pocket and blanket deposits overlying middle Eocene to lower Miocene karst limestone, 
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where thick bauxite deposits (up to 30 m thick) form in sink holes formed in Eocene and 

Oligocene beds. Two primary theories are found in research literature: (1) Jamaican 

bauxite is a residual weathering product of the host karst limestone, and (2) alluvium 

from volcanic igneous, sedimentary, and metamorphic rocks older than the host 

limestone was transported into karst depressions and subsequently altered into bauxite by 

intense lateritic weathering. Mineralogy of Jamaican bauxite is primarily made of 

hydrous aluminum oxide gibbsite (up to 80%) and boehmite (up to 20%). The distinct red 

color of Jamaica bauxite comes from hematite and goethite, iron-rich minerals. Other 

minerals of minor abundance (less than 1%) include halloysite, montmorillonite, chlorite, 

muscovite, calcite, apatite, ilmenite, magnetite, chromite, garnet, anatase, rutile, 

feldspars, collophane, zircon, tourmaline, sphene, sulfides, and several hydrous 

manganese-bearing minerals. (Comer, 1974) 

 

Figure 3-1: Bauxite Mining in Jamaica (Jamaica Bauxite Institute 1997) 
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For Residue 1, one sampling was taken from a settling pond at the refinery at the 

ground surface. The refinery stores bauxite residue within large rectangular lagoons 

formed by 40 foot clay levees with typical outside slopes at 3H:1V (shown in Figure 3-2). 

Slurried bauxite residue from the refinery is piped to the edge of the lagoon and released 

down the inside slope of the lagoon. This releasing area is located in the bottom left 

corner of the lagoon pictured in Figure 3-2 and it is possible to see the alluvial fan of the 

slurried bauxite residue that extends from that corner fanning out to the middle of the 

lagoon. The location of the sampling of the pond was considered a mid-point of the total 

travel path of the slurry fan along the edge of the lagoon.  

 

 

Figure 3-2: Residue 1 General Sampling Location 
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3.1.2 Residue 2 

Residue 2 comes from lateritic bauxite ore mined primarily in the West African 

nation of Guinea in the Sangaredi district. Bauxite formed at the tops of plateaus that rise 

above the surrounding lower lying areas. These plateaus are locally called "bowal" or 

bowe (plural). Figure 3-3 shows a map of Guinea and the bauxite plateaus. Sangaredi is a 

specific plateau located on the western edge of the country near the Atlantic Ocean. 

Geologists consider this district unique to other districts in Guinea because the deposit of 

bauxite is considered entirely "reworked", as opposed to in-situ bauxite. The result of this 

reworking is that the bauxite has high aluminum content with low iron content 

(approximately 60% aluminum oxide and 5% iron oxide). Gibbsite is the primary 

alumina mineral, sometimes with significant amounts of boehmite. The primary iron 

minerals are goethite and hematite and the primary silica mineral is kaolinite. Titanium is 

also present in the forms of anatase and rutile.  (Bauxite, ed. Jacobs 1984; Lateritic 

Bauxites, Bardossy/Aleva 1990) 
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Figure 3-3: Bauxite Deposits in Guinea (smguinee.com) 

For Residue 2, the refinery stores bauxite residue within large polygon shaped 

lagoons formed by clay levees with typical outside slopes at 3H:1V that reach a height of 

37.5 feet (shown in Figure 3-4). Slurried bauxite residue from the refinery is piped to 

locations near the center of the lagoons at elevations higher than the top of the outside 

clay containment levees (approximately a height 63 feet). Although considered a slurry, 

the facility considers the slurry to be reduced in water content and calls the method "dry 

stacking". The slurry, when released at the pipe, follows a series of paths controlled by 

internal levees made of compacted bauxite residue down through the lagoon system 

allowing the residue to settle from the liquid and the liquid to continue flowing downhill. 

The liquid travels the flow path through the control levees to collecting areas where the 
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liquid is pumped back to the refinery waste water treatment center for processing and 

reuse. One of the pipe release areas is located at the "1" on Figure 3-4.  

For Residue 2, three samplings were taken from a single containment pond. All 

samples were taken from within 3 feet of the ground surface below a cemented crust. The 

locations of the three samples were chosen based on studying the particle size effects on 

the behavior of the material as it travels through the settling pond. Figure 3-4 shows the 

locations (numbered 1-3) and the general flow path of the slurried bauxite residue. 

Location 1 was 8 feet from the slurry inlet, location 2 was at a point considered the mid-

point of the total travel path of the slurry, and location 3 was at the end of the travel path.  

 

 

Figure 3-4: Residue 2 Sampling Locations 
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3.2 METHODS OF PROCESSING 

3.2.1 Oven-Drying  

 The first specimen processing technique that will be discussed is oven-drying. 

Bauxite residue was oven-dried in accordance with ASTM D2216 for gravimetric water 

content determination and complete removal of moisture from soil specimens. Oven-

drying is a traditional method for removing moisture from soil that subjects the soil 

specimens to 105° C (220° F) for 24 hours. Oven-drying can have adverse effects on the 

behavior of certain soils. The inconsistent data observed in previously published work on 

bauxite residue may be a result of this processing technique. The inconsistencies led to 

the conclusion that bauxite residue, having similar parent material to tropical soils 

showing inconsistent results, could be affected by the drying method. In other words, 

bauxite residue may be sensitive to the drying technique, particularly oven-drying. All 

bauxite residue using this technique was dried to a gravimetric water content of 0%. 

3.2.2 Air-Drying  

The second specimen processing technique is air-drying. Bauxite residue was air-

dried using fans in a controlled hood environment as seen in Figure 3-5. Bauxite residue 

was spread to less than one inch in thickness on baking sheets and air was applied over 

the exposed surface for a minimum of 24 hours. The bauxite residue was stirred, broken 

up, and overturned half way through the drying period. Air-drying was utilized in this 

research due to the adverse effects associated with the oven-drying technique and 

understanding that bauxite residue could be linked to sensitive, lateritic soils, which 
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require air-drying over oven-drying when preparing the soil. All bauxite residue using 

this technique was dried to a gravimetric water content of approximately 3-6%. 

 

 

Figure 3-5: Air-Drying System 

3.2.3 Compression-Drying  

The third specimen processing technique is compression-drying. The 

compression-drying process was developed to study the as-received/natural state of the 

bauxite residue. It was assumed that the as-received state would closely resemble certain 

qualities of the in-situ bauxite residue stored at the containment lagoons. These qualities 

included gravimetric water content, caustic liquid, and pH. A special device for 

compressing the bauxite residue was developed to reduce moisture content from 
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approximately 60-70% down to 35-40%. A CAD drawing of the apparatus is provided in 

Appendix B. Approximately 2 feet of material is placed in the cylinder. A pressure is 

applied to piston that is placed on the top of the material. Liquid is extracted from the 

material from the bottom of the specimen through the tube and from the top of the 

specimen using a pipet after liquid accumulates above the piston. Specimens were 

compressed until removal of water became a very slow process. In other words, the 

specimens reached a low enough void ratio where extraction of liquid was very difficult 

and the specimens went from a case of compressing liquid easily out of the pore space as 

void space diminished to a slow consolidating stage for the specimen under increasing 

vertical load. When the process reached this point, the specimen was removed from the 

cylinder, split in half, broken up, and then material from of the halves was placed back in 

the compression apparatus for further pressing out of liquid. In general, each half, after 

being broken apart, would take up approximately 1.5 to 2 times the volume space in the 

cylinder compared to its volume at the end of compression. The maximum load applied 

to the specimens during the compression stages was the maximum load available by the 

loading system, 1950 lb/ft2. Specimens were compressed dried to an approximate 

gravimetric water content of 40%.  

The stages of compression were: 

1) Two feet of material is placed in the apparatus and compressed down 

to approximately 18 inches with gravimetric water content at 50%. 

End of stage one is shown in Figure 3-6 on the left. 
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2) The 18 inch specimen is extracted, split in half, and broken up. The 

result was 12 inch specimens that are then individually placed back in 

the apparatus and compressed to approximately 9 inches with 

gravimetric water content at 45%. End of stage two is shown in Figure 

3-6 on the right. 

3) The 9 inch specimens are extracted, split in half, and broken up. The 

result was 6 inch specimens that are then individually place back in the 

apparatus and compressed to approximately 3 inches with gravimetric 

water content at 40%. 

 

Figure 3-6: Compression Drying (Left: Specimen after first compression round; Right: 

Specimen after second compression round) 
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3.3 SUMMARY 

The research focused on bauxite residues from two independent refineries that 

used bauxite ore from Jamaica and Guinea (West Africa), respectively. The research 

focused on the behavior of bauxite residue, the effects of the parent material, and the 

effects of three processing techniques: (1) oven-dried, (2) air-dried, and (3) compressed 

dried. 
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CHAPTER 4 - EXPERIMENTAL PLAN AND PROCEDURES 

4.1 INTRODUCTION 

This chapter outlines the procedures used for testing Residues 1 and 2. Both 

Residues were tested for geotechnical properties important to classifying the material as a 

soil and to help in investigating source effects (location of sampling and location of 

parent ore material), processing effects (compress-dry, air-dry, or oven-dry), preparation 

effects (example being compaction effort), and the magnitude of variability (repeatability 

of the variability observed in publicly available data).  

4.2 EXPERIMENTAL PLAN 

 Tables 4-1 and 4-2 provide a summary of the tests performed on Residues 1 and 

2, respectively. The tables include the type of processing the bauxite residue went 

through before testing (air-drying, oven-drying, compress-drying) and also includes if the 

specimen was tested dry or wet (in other words, was the specimen subjected to 

rehydrating after drying or tested as a dry material).   

For Residue 1, tests for the following properties included: 

1. Soil Classification/Index Properties 

2. Compaction Behavior 

3. Consolidation Behavior 

4. Hydraulic Conductivity 

5. Strength Properties  
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 Testing on Residue 2 follows the same plan to testing performed on Residue 1 

with an additional objective of exposing the bauxite residue to varying processing 

techniques (oven dried, air dried, and compressed-dried) to see the effects of those 

changes on its behavior. Testing of Residue 2 also included additional tests investigating 

erosion resistance/dispersivity. 

 

 

 

 

Table 4-1: Residue 1 Testing Procedures 

 

 

 

 

 

 

 

 

 

 

Index Properties
Air-Dried, Dry 1
Air-Dried, Wet 1
Air-Dried, Dry 1
Air-Dried, Wet 1

Density Specific Gravity ASTM D854 Oven-Dried 4
Oven-Dried 1
Air-Dried 1
Compress-Dried 1

Initial Water Content Water Content ASTM D2216 Oven-Dried 8
pH pH ASTM D4972 Oven-Dried 1
Mineralogy X-Ray Diffraction Bruker Guidelines Oven‐Dried 2

Consolidation
1D Consolidation 1D Consolidation ASTM D2435/ D2435M Air-Dried 2

Compaction
Proctor ASTM D698 Air-Dried 1
Modified Proctor ASTM D1557 Air-Dried 1

Shear Strength
Air-Dried, Dry 8
Air-Dried, Wet 8

Friction Angle/Cohesion Tilt Table Najjar/Gilbert Compress-Dried 9
Friction Angle/Cohesion/Undrained Shear CU Triaxial Test ASTM D4767 Air-Dried 3

Expansion/Contraction
Swell 1D Swell or Collapse ASTM D4546 Air-Dried 2

ASTM D3080

Test Standard

Optimum Moisture Content/                   
Maximum Dry Density

Soil Properties

Table 4-1: Residue 1 Testing Procedures
# of 

Tests
Processing

Grain Size Distribution
Sieve Analysis

Classification

ASTM D421/D422

ASTM D2487

Plasticity Atterberg Limits ASTM D4318

Friction Angle Direct Shear
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Table 4-2: Residue 2 Testing Procedures 

 

 

 

 

 

 

 

 

 

 

 

Index Properties
Sieve Analysis ASTM D421/D422 Air-Dried Wet 3
Classification ASTM D2487 Air-Dried Wet 3
Hydrometer ASTM D1140 Air-Dried 3

Density Specific Gravity ASTM D854 Oven-Dried 12
Air-Dried 3
Compress-Dried 9

Initial Water Content Water Content ASTM D2216 Oven-Dried 18
Oven-Dried 5
Air-Dried 15
Oven-Dried 3
Air-Dried 1

Consolidation
Uncompacted 6
Compacted 3

Compaction
Compress-Dried 1
Air-Dried 3
Compress-Dried 1
Air-Dried 3

Shear Strength
Friction Angle/Cohesion Tilt Table Najjar/Gilbert Compress-Dried 9
Friction Angle/Cohesion/Undrained Shear CU Triaxial Test ASTM D4767 Air-Dried 10

Erosion/Dispersion
Pinhole Dispersion ASTM D4647 Air-Dried 12
Crumb Test ASTM D6572 Air-Dried 12

Permeability
Rigid Wall Permeameter ASTM D5856 Air-Dried 9

Air-Dried, Unsat 2
Air-Dried, Sat. 2

Grain Size Distribution

Flexible Wall Permeameter ASTM D5084

Table 4-2: Residue 2 Testing Procedures

Soil Properties Test Standard
# of 

Tests
Processing

Hydraulic Conductivity

Dispersion

Plasticity Atterberg Limits ASTM D4318

Mineralogy X-Ray Diffraction Bruker Guidelines

ASTM D2435/D2435M1D Consolidation1D Consolidation

pH pH ASTM D4972

Proctor ASTM D698
Optimum Moisture Content/                   
Maximum Dry Density

Modified Proctor ASTM D1557
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4.2 TESTING PROCEDURES 

4.2.1 Sieve Analysis/Grain Size Distribution 

Grain size distribution testing was in accordance with ASTM standards D421 - 

Dry Preparation of Soil Samples for Particle-Size Analysis and Determination of Soil 

Constants, ASTM D422 - Particle Size Analysis of Soils, and ASTM D1140 - Test 

Methods for Amount of Material in Soils Finer than No. 200 (75-μm) Sieve. The testing 

procedure determines the associated particle sizes for a given soil or aggregate material 

and determines the percentage of the soil or aggregate material for each particle size.  

Two distinct methods named, (1) dry method and (2) wet method were used to 

determine the grain size distribution larger than the #200 sieve (greater than 0.074 mm 

diameter). In the dry method, air-dried bauxite residue clods were run through a rock 

crusher to dislodge particles. The bauxite residue was then sieved for 10 minutes in a 

standard sieve shaker using the following sieves: #10, #20, #40, #60, #140, #200, and 

pan. Figure 4-1 shows a typical sieve “tower” and Figure 4-2 shows the rock crusher. In 

the wet method, air-dried bauxite residue run through a rock crusher to dislodge particles 

and then was sieved using a constant rate of water flow/pressure until no further particles 

passed on each sieve. Once a lack of particles passing was reached, the sieve was 

removed from the sieve “tower” and moved to the oven. The process was repeated for 

each sieve until reaching the collection pan. Careful procedure was followed to ensure 

overflow of water from the sieves only occurred from the connection slit between the 

#200 sieve and the bottom collection pan. This careful procedure was performed to 
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ensure the only lost particles were ones passing the #200 sieve. Water used for this 

testing was tap water. The sieves were then oven-dried overnight individually and then 

weighed after a minimum of 12 hours of drying to determine the weighted amount of 

bauxite residue contained by each sieve. One tests for each method was performed.  

 

 

 

Figure 4-1: Sieve Tower 
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Figure 4-2: Rock Crusher 

Due to the results seen for Residue 1 and knowing that bauxite residue is a fine-

grained material, only wet sieve method was used for Residue 2 on samples for Locations 

1, 2, and 3, for a total of three tests. For particles passing the #200 sieve, hydrometer tests 

were performed in accordance with ASTM D1140 - Test Methods for Amount of 

Material in Soils Finer than No. 200 (75-μm) Sieve on 500 grams of air-dried bauxite 

residue that had been collected in the bottom collection pan during the wet sieving 

procedure. Once the hydrometer testing was complete, calculations were made to 

determine the grain size distribution of particles settling over the time period for each 

test. A total of three tests were performed (one for each location for a total of three tests).  
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4.2.2 Specific Gravity 

The specific gravity testing was in accordance with standard ASTM D854 - 

Specific Gravity of Soil Solids by Water Pycnometer. The testing procedure determines 

the specific gravity of a soil by comparing the weight of a given volume of water to the 

weight of a given volume of solution made of soil mixed with water. Distilled water was 

used for this laboratory procedure. 

Oven-dried bauxite residue was weighed to a specific amount per the standards 

and placed in the pycnometer. The pycnometer was then filled the rest of the way to a 

specific mark with distilled water. The sample was placed under a vacuum and the 

specimen stayed under vacuum for 15 minutes. At this point, the sample was placed on a 

vibratory plate and vibrated at the medium vibratory rate for 15 minutes in order to 

remove excess air bubbles. At the end of the 15 minute vibrating stage, the pycnometer 

was placed on the laboratory table and remained under vacuum for an additional 

minimum 12 hours (overnight). At the end of the vacuum time, the sample was disturbed 

in a circular motion while being vibrated on a vibratory plate for an additional 5 minutes. 

Finally, the sample was measured to determine the specific gravity. Figure 4-3 shows the 

water pycnometer setup and vibratory plate. A total of four tests were performed.  
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Figure 4-3: Pycnometer Apparatus 

4.2.3 Water Content 

4.2.3.1 Water Content Temperature Effects 

An analysis was performed to study the effects of drying temperature had on 

water contents measured for Residues 1 and 2. Thirty six (36) samples of slurried bauxite 

residue were prepared for drying at three different conditions: (1) air-drying under 21°C, 

(2) oven-drying at 50°C, and oven-drying at 110°C. Relative atmospheric humidity at the 

time of testing varied from 30% to 35%, with a brief period after 48 hours reaching 41% 

due to an afternoon rain event. The effect of this rain event was an overall increase in 

water content of 0.2 grams to the measurements for the 50°C samples and no effects on 

the air-dried or 110°C oven-dried samples.   

Three samples were prepared for Residue 1, Residue 2 Location 1, Residue 2 

Location 2, and Residue 2 Location 3 for each of the different drying conditions. The 
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samples were dried under the various conditions for a total of 48 hours and measurements 

were taken at 16.5 hours, 24 hours, and 48 hours. Additionally, at the end of 48 hours, the 

samples oven-dried at 50°C were oven-dried for an additional 16 hours at 110°C to 

determine the difference in water content for 50°C and 110°C on a single sample set.  

4.2.3.2 As-Received Water Content 

The as-received water content testing was in accordance with standard ASTM 

D2216.  "As-received" means the condition in the buckets as first received from the 

refinery when it arrived to the laboratory. For Residue 1, eight samples of material were 

used to determine as-received water content. The samples ranged from 19 to 49 grams 

prior to drying. All samples were exposed to the oven-drying technique over a minimum 

of 12 hours to determine water content of the material. For Residue 2, samples of bauxite 

residue from each of 18 buckets (6 buckets for each location) were used to determine as-

received water content, resulting in a total of eighteen tests. The samples ranged from 28 

to 44 grams and all samples were exposed to the oven-drying technique over a minimum 

of 12 hours (overnight) to determine water content of the material. 

4.2.4 Plasticity 

Plasticity testing was in accordance with standard ASTM D4318 - Liquid Limit, 

Plastic Limit, and Plasticity Index of Soils. The testing procedure involves two tests: a 

liquid limit test and a plastic limit test. The liquid limit was determined using the 

Casagrande apparatus, shown in Figure 4-4. Soil was mixed at various water contents, 

placed and spread in a uniform manner in the brass cup, and then a groove of 
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predetermined size was carved down the sample vertically. Once the specimen was 

prepared in the cup, the operating technician began cranking the apparatus arm at a rate 

of 2 cycles per second to induce drop blows to the specimen. The number of blows was 

counted until the groove closed. The number of blows for each water content value was 

collected and plotted on a log plane. The water content pertaining to 25 blows on the plot 

was considered the liquid limit of the material. The plastic limit was determined by 

rolling samples of the material to a prescribed diameter over and over until the water 

content of the material was such that the soil crumbles upon reaching the prescribed 

diameter. The water content at which point this behavior was observed is considered the 

plastic limit. The plasticity index is the difference between the liquid limit and plastic 

limit of the material. All tests performed for plasticity used tap water.  

For Residue 1, a single plasticity data set was obtained for natural, air-dried, and 

oven-dried residue. For Residue 2, a total of twelve plasticity data sets were obtained in 

this testing procedure. The twelve tests included three sets of data for Locations 1, 2, and 

3 using compress-dried residue (nine tests) and a single set of data for Locations 1, 2, and 

3 using air-dried residue (three tests). Based on the pattern observed for Residue 1 and 

the matching pattern shown for compress-dried and air-dried residue for Residue 2, 

testing of oven-dried Residue 2 was not performed.  
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Figure 4-4: Casagrande Apparatus 

4.2.5 pH 

The pH testing was in accordance with standard ASTM D4972 - pH of Soils. 

Samples were tested using a Thermo Scientific Orion ROSS Ultra pH electrode with a pH 

range of 0-14, temperature range of 0˚ to 100˚C, and precision of 0.01. The pH meter was 

calibrated with manufactured solutions for pH of 4.006, 7.008, and 10.048 (three point 

system; all resulting slopes for calibration were a minimum of 99%). All pH data 

readings were also corrected for ambient temperature in the lab. The pH meter probe can 

be seen in Figure 4-5. A solution of oven-dried residue with distilled water and a solution 

of oven-dried residue with 0.01 M CaCl2 were created and tested. Readings were taken in 

duplicates to confirm a reading. It was considered a reading when a clean pH meter was 
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inserted into a solution and a reading was established by the digital readout box. For 

Residue 1, a single set of tests was performed. For Residue 2, a series of pH tests were 

performed that included: (1) 24 hour air-dried specimens and (2) a series of samples dried 

for different lengths of time to observe the effects of drying time on the bauxite residue. 

4.2.5.1 24 Hour Air-Dried pH 

Samples were formed by using air-dried residue that passed the #200 sieve. This 

particle size was accomplished by crushing the clods in the rock crusher and then sieving 

the material through the #200 sieve. Samples were taken from each of the three locations 

and tested, for a total of three tests. These samples were compared to two sets of data on 

extracted liquid obtained from the compression drying procedure of the bauxite residue. 

This comparison provided an estimate of the pH change resulting from an air-drying 

period of 24 hours to the in-situ state of the material in the containment lagoons.   

4.2.5.2 Drying Exposure Time Effects on pH 

The second method analyzed the effects of drying time and drying method on the 

pH for Residue 2. Samples tested included oven-dried and air-dried samples. For the 

oven-dried samples, residue from Locations 1, 2, and 3 were oven-dried for 24 hours and 

the sample was then broken apart using a mortar and pestle. The broken down residue 

was then passed through a #200 sieve. For the effects of air-drying, a sample for each of 

the three locations was prepared after different exposure times to the atmosphere (18.5 

hours, 42.5 hours, 66.5 hours, 163.5 hours, and 379.5 hours). The number of air-dried 

samples tested was five tests for each location (one for each time period), with a total 
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number of fifteen tests. The data was compared to the oven-dried bauxite residue data 

and extracted liquid data from Section 4.2.5.1. 

 

Figure 4-5: pH Meter Probe 

4.2.6 X-Ray Diffraction (XRD) 

X-Ray diffraction testing is in accordance with proper use of the Bruker D8 

Advance X-Ray Diffractometer (XRD), seen in Figure 4-6. Resulting data was analyzed 

with EVA. Digital forms of the proper operating procedure are available at the 

manufacturing website. Specimens were created by running the residue through the rock 

crusher, then pulverized using a mortar and pestle, and finally sieved with a #400 sieve. 
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The voltage and current of the tests were at 40 kilovolts/40 milliamps, respectively. A 

copper anode was used. The step time and step size were 192 milliseconds and 0.02 

degrees 2θ, respectively. A total of 4096 readings at a range of 5 to 70 degrees were 

performed on each specimen. For Residue 1, a total of two tests were performed. For 

Residue 2, testing was performed on the parent bauxite ore for Residue 2, oven-dried 

residue from Locations 1, 2, and 3, and one sample of air-dried residue for Location 1, for 

a total of five tests.  

 

 

 

Figure 4-6: Bruker D8 X-Ray Diffractometer 
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4.2.7 Compaction 

The compaction testing was in accordance with standards ASTM D698 - 

Laboratory Compaction Characteristics Using Standard Effort and ASTM D1557 - 

Laboratory Compaction Characteristics Using Modified Effort.  The residue was tested 

with standard Proctor effort and modified Proctor effort. Specimens were prepared using 

oven-dried bauxite residue rehydrated with tap water. Figures 4-7 and 4-8 show the 

typical equipment used for this laboratory test. For Residue 1, a single set data for 

standard and modified Proctor effort was obtained. For Residue 2, tests included the use 

of both standard Proctor effort and modified Proctor effort (a total of two curves). 

Specimens were prepared using one of two methods: (1) compression dried residue 

rehydrated with original caustic liquid or (2) air-dried bauxite residue rehydrated with tap 

water. A single set of tests was performed using compress-dried residue for Location 1 

and a set of tests was performed for each location (Locations 1, 2, and 3) for a total of 4 

sets (a total of 8 curves). 
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Figure 4-7: Compaction Hammers (Modified = left; Standard = right) 

 

Figure 4-8: Standard Proctor Mold 
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4.2.8 Consolidation 

The consolidation testing was in accordance with standard ASTM D2435 – 1D 

Consolidation Properties of Soils. Consolidation testing consisted of 9 stages of loading 

(250 lb/ft2, 500 lb/ft2, 1000 lb/ft2, 2000 lb/ft2, 4000 lb/ft2, 8000 lb/ft2, 16,000 lb/ft2, 

32,000 lb/ft2, and 64,000 lb/ft2) and 4 stages of unloading (16,000 lb/ft2, 4000 lb/ft2, 1000 

lb/ft2, and 250 lb/ft2). Testing was performed on Wynnham Farrance Eng. oedometers, 

shown in Figure 4-9.  

For Residue 1, consolidation testing consisted of two tests compacted using a 

standard tamping device (same diameter as specimen ring) used for compacting for direct 

shear testing. The specimens were formed by compacting slurried bauxite residue into the 

specimen ring, resulting in compress-dried residue. The resulting void ratios for the two 

tests were 1.27 and 1.94, respectively. The consolidation basin was filled with tap water 

and remained filled with tap water through the entire test to ensure the specimen 

remained hydrated. Due to laboratory error in one of the tests, only one data set could be 

reported for this paper (test with initial void ratio of 1.94). 

For Residue 2, two phases of testing were completed: (1) lightly compacted slurry 

bauxite residue and (2) optimum moisture content compacted air-dried bauxite residue 

(using tap water). For the first phase, consolidation testing consisted of two tests for each 

location using slurried bauxite residue. These specimens were lightly compacted to void 

ratios of 1.96 and 1.77 for Location 1, 2.36 for Location 2, and 1.99 and 2.03 for 

Location 3 using the same device described for Section 4.2.8. The consolidation basin 
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was filled with tap water and remained filled with tap water through the entire test to 

ensure the specimen remained hydrated. 

 For the second phase, air-dried bauxite residue was compacted to the optimum 

moisture content determined from the standard Proctor compaction effort (approx. 32%). 

This was achieved by trimming the specimens from a four inch diameter cylinder (from 

compacting the specimen in a standard Proctor mold) down to consolidation size using 

the consolidation rings as trimming rings. The purpose of this method was to simulate the 

residue construction conditions when used as a levee fill (compacted wet of optimum at 

32% gravimetric water content).  Loading sequence was the same as described above and 

tap water was used as the hydrating liquid inside the water basin. Consolidation testing 

consisted of tests for Locations 1, 2, and 3, for a total of three tests. The initial void ratios 

for the three tests were 1.41, 1.34, and 1.48 for locations 1, 2, and 3, respectively. 

 

Figure 4-9: Consolidation Apparatus 
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4.2.9 Free Swell Test 

The free swell testing was in accordance with standards ASTM D4546 – 1D 

Swell or Collapse of Cohesive Soils. The testing was performed on air-dried Residue 1 

using Wynnham Farrance Engineering oedometers and tap water for the hydrating liquid. 

The initial gravimetric water content was approximately 7-8%. No free swell testing was 

performed on Residue 2. 

The specimens were formed by placing the air-dried bauxite residue into the 

specimen ring. The specimen was then placed into the oedometer, consolidated with 125 

lb/ft2 for a minimum of 1 hour, and then the swell test was started by filling the 

containment bowl with water all the way to the top (completely covering the specimen 

under water). Void ratios for the specimens prior to the introduction of water were 2.35 

and 2.22. Vertical displacements were monitored to determine if swell was occurring and 

to determine the magnitude of the swell. A total of two tests were performed to determine 

free swell potential. Monitoring of the displacement changes was for 72 hours.  

4.2.10 Hydraulic Conductivity  

 Hydraulic conductivity testing was performed on Residue 2. The hydraulic 

conductivity testing included three tests: (1) falling head using rigid wall permeameter, 

(2) falling head using flexible wall permeameter without complete saturation, and (3) 

falling head/rising tailwater using flexible wall permeameter back-saturated to a b-value 

of 0.97. No hydraulic conductivity tests were performed on Residue 1. 
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4.2.10.1 Rigid Wall Permeameter 

The rigid wall permeameter testing was in accordance with standards ASTM 

D5856 – Measurement of Hydraulic Conductivity of Porous Material Using a Rigid-

Wall, Compaction Mold Permeameter. Specimens were formed using the techniques 

described for the Standard Proctor Compaction methods earlier. The specimens were 

compacted to the optimum moisture content (32%), set in the system, and then drip 

saturated from the bottom up until liquid was observed in the collection flask. Drip 

saturation was at a rate of approximately 2 drops per second from 1/8 inch inside 

diameter tubing. Once liquid was observed, monitoring of the flow rate began and the 

flow rate was considered the hydraulic conductivity of the specimen when the flow was 

consistent/at equilibrium for several hours. No pore pressure was applied and, due to the 

nature of the device, no confining stress was applied to the specimen. A b-value for the 

specimens could not be performed. Gravimetric water contents did not change from 

initial to final water content and average final gravimetric water content was 35%. With 

an average specific gravity of 3.4 and an average void ratio of 1.25, the calculated 

saturation was approximately 0.95. A minimum of three tests were performed to confirm 

the hydraulic conductivity of each specimen (many specimens had more than three tests 

performed on them). Tests were performed for Locations 1, 2, and 3, resulting in a 

minimum of 9 tests. Figure 4-10 shows the setup of the rigid-wall compaction mold 

permeameter. 
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Figure 4-10: Rigid Wall Permeameter 

4.3.9.2 Flexible Wall Permeameter 

The flexible wall permeameter testing was in accordance with ASTM standards 

D5084 - Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall 

Permeameter. Figure 4-14 (setup for the triaxial testing) shows the apparatus used for this 

laboratory test. Specimen preparation for the flexible wall permeameter testing was the 

same as that described for the triaxial specimen setup using a standard Proctor energy 

compacted specimen trimmed down to approximately a Height-to-Diameter ratio of 2.6. 

A small cell pressure (approximately 0.5 lb/in2) was applied to the specimen to ensure the 

membrane was flush with the soil specimen. The specimen was then drip saturated 

similar to the rigid wall permeameter. When specimen liquor began to exit the specimen, 

the flow was allowed to continue until the flow rate came to equilibrium. At this point, 
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the first of two sets of hydraulic conductivities was recorded using a falling head test 

procedure. A minimum of 3 tests were performed for specimens from Locations 1 and 3. 

Location 2 was not tested due to time constraints and equipment availability. Locations 1 

and 3 were chosen to ensure the full spectrum of grain size distribution was captured. 

This first set of tests does not follow the standard but was used to compare a specimen in 

the flexible wall permeameter that had been drip saturated without knowing the b-value 

to compare to the data found from the rigid wall permeameter (which similarly does not 

know the b-value of the specimen). When the first set of data was collected and complete, 

the specimen was back pressure saturated to a minimum b-value of 0.97 and then a 

second set of hydraulic conductivity values was collected using a falling head/rising 

tailwater procedure (per ASTM standards), maintaining the desired saturation. Again, a 

minimum of 3 tests per specimen was performed. Confining stress for the second set of 

tests was maintained at 2 lb/in2 (72 lb/in2 cell pressure and 70 lb/in2 pore pressure). 

4.2.10 Shear Strength 

For Residue 1, three shear strength tests were performed: (1) direct shear, (2) tilt 

table, and (3) Consolidation-Undrained (CU) triaxial. The objective of this testing was to 

establish a baseline understanding of the drained and undrained strengths of bauxite 

residue under shearing. For Residue 2, two shear strength tests were performed on 

Residue 1: (1) Consolidation-Undrained triaxial and (2) tilt table. The objective of this 

testing was to confirm the characteristics established by testing of Residue 1 and measure 

the drained and undrained strengths of Residue 2 under shearing. Direct shear testing was 
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not performed on Residue 2 due to issues related to the cementation of particles upon 

drying that greatly affecting the measured strength properties of the tests for bauxite 

residue. 

4.2.10.1 Direct Shear Testing 

Direct shear testing was in accordance with the ASTM standards D3080 – Direct 

Shear Test of Soils under Consolidated Drained Conditions. Two methods of testing were 

performed: (1) dry and (2) wet. For the dry method, air-dried bauxite residue was lightly 

compacted into the specimen ring until the mass of the residue specimen was 

approximately 79 grams, making sure the residue was flush with the top of the ring.  

Specimens were then sheared under confining stresses ranging from 125 to 5000 lb/ft2. 

For the wet method, air-dried bauxite residue was prepared the same manner as the dry 

method then hydrated with tap water for a minimum of 1 hour. At the end of this 

hydration stage, the specimens were sheared at a rate of 0.0033 in/min. A total of eight 

tests were performed for each of the dry and wet phases, for a total of 16 tests. Figure 4-

11 shows the direct shear apparatus used in this research. 
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Figure 4-11: Direct Shear Apparatus 

4.2.10.2 Tilt Table Testing 

Tilt table testing was in accordance with the procedures outlined in “Tilt Table 

Test for Interface Shear Resistance between Flowlines and Soils” by Shadi S. Najjar, 

Robert B. Gilbert, Eric A. Liedtke, and Bill McCarron. For Residue 1, natural/slurry 

bauxite residue was placed on the testing board, a confining stress ranging from 0.14 to 

0.87 lb/in2 was placed on the specimens. For Residue 2, air-dried bauxite residue was 

blended to a slurry using tap water to an approximate gravimetric water content between 

0.58 and 0.62, placed on the testing board, and a confining stress ranging from 0.29 to 

1.16 lb/in2 was placed on the specimens. The specimens were then lowered into a tank of 

tap water (with the confining stress being applied). After a 30 minute consolidation 

period, the specimen was sheared in accordance to the procedures. The rate of tilting was 

in such a way as to allow adequate time between lifts in order to prevent excess pore 

pressure build-up, which would lead to pore pressure influences on the strength of the 

specimen. In other words, a minimum of 5 minutes was maintained at each angle 
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increment (determined from consolidation data) to ensure that the 0.08 inch thick 

specimen had ample time to drain before tilting up to the next angle to ensure no pore 

pressure build-up would influence the strength of the specimen. The method was repeated 

2 additional times for each confining stress by lowering the angle of the testing board to 0 

degrees and moving the platen restraining board down to accommodate sliding of the 

apparatus. A corresponding friction angle was accepted for the confining stress if the 

failure was repeated for the additional two tests at an angle +/- 1 degree from the first 

test. Further information on the procedure is available in the listed paper above. Figure 4-

12 and Figure 4-13 illustrate the equipment used for the procedure. For Residue 1, two 

sets of tests were performed for confining stresses of 0.14, 0.29, 0.58, and 0.87 lb/in2 for 

a total of 8 tests. For Residue 2, three sets of tests were performed for Locations 1, 2, and 

3 at confining stresses of 0.29, 0.58, and 0.87 lb/in2 for a total of 9 tests. 

 

Figure 4-12: Tilt Table Apparatus 
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Figure 4-13: Tilt Table Setup with Specimen 

4.2.10.3 CU Triaxial Shear Testing 

CU triaxial testing was in accordance with the ASTM standards D4767 – 

Consolidated Undrained Triaxial Compression Test for Cohesive Soils. Air-dried bauxite 

residue compacted to the optimum moisture content of 33% (determined from the 

compaction testing) was trimmed to the proper size, fitted by the latex membrane, and 

placed in the triaxial cell. The specimens were then sheared under confining stresses 10, 

28, and 47 lb/in2, for a total of one set of three tests.  All tests used bladder actuators to 

prevent caustic liquid from entering the pressure panels.  For Residue 1, a single set of 

tests were performed. For Residue 2, a set of tests was performed for each of the three 

locations (Locations 1, 2, and 3). One test for Location 1 could not be used due to issues 

with laboratory equipment and an additional test could not be run due to time constraints.  

An additional test for Location 3 was run due to laboratory equipment issues during the 

original test at the same confining stresses. A total of 9 tests were performed for Residue 
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2. Figure 4-15 shows the CU triaxial shearing setup. Specimen preparation was in 

accordance with the following steps: 

a) Compacted specimen at 32% optimum gravimetric water content 

using standard Proctor effort (optimum determined in compaction 

testing). 

b) Trimmed specimen and placed in triaxial cell. Specimens were 

trimmed to a minimum height-to-diameter ratio (H/D) of 2.6. 

Figure 4-14 shows the specimen trimming device. 

c) Filled cell with de-aired water and applied 2 lb/in2 cell pressure. 2 

lb/in2 deviator stress was maintained until consolidation stage, at 

which time the cell pressure was increased.  

d) Saturated specimen from the bottom up at a rate of approximately 

2 drops per second overnight using a 1/8 inch inside diameter tube. 

e) Back pressure saturated in stages until b-value of 0.98 was 

achieved. Each back pressure stage had a ramping period of 20 

minutes followed by a minimum hold period of 1 hour, with some 

stages being held for an overnight period.  

f) Consolidated to predetermined confining stress (10, 28, or 47 

lb/in2) with a hold period of 1 hour. 

g) Sheared specimen at strain rate of 0.5% per hour. Failure of the 

specimen was considered at 5% strain.  
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Figure 4-14: Specimen Trimming Device 

 

Figure 4-15: Triaxial Shear Apparatus 
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4.2.11 Erosion Resistance 

Erosion resistance was determined on Residue 2 using two testing methods: (1) 

Crumb and (2) Pinhole Dispersion. The crumb testing was in accordance with the ASTM 

standards D6572 – Determining Dispersive Characteristics of Clayey Soils by the Crumb 

Test and the pinhole dispersion testing was in accordance with the ASTM standards 

D4647 - Identification and Classification of Dispersive Clay Soils by the Pinhole Test. 

No erosion resistance testing was performed on Residue 1. 

4.2.11.1 Crumb Test 

The crumb test was in accordance with the ASTM standards D6572 – 

Determining Dispersive Characteristics of Clayey Soils by the Crumb Test. Specimens 

were formed using a special 0.6 inch by 0.6 inch by 0.6 inch silicon mold to form cubes 

of specific densities that matched the standard Proctor optimum moisture content of 32% 

and maximum dry density. The soil "cube" was placed in a translucent cup and then 

water was added carefully so as not to disturb the cube while filling the cup with water. 

Testing was run for a full 24 hours and pictures were taken during specific increments of 

time to determine if dispersion had occurred for each specimen. At the end of the test, 

pictures were taken and classification of the specimen was recorded. Figure 4-16 shows a 

typical setup for the crumb test. 
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Figure 4-16: Crumb Test Setup 

4.2.11.2 Pinhole Dispersion 

Specimens were created from air-dried bauxite residue rehydrated to the optimum 

moisture content (32%). The material was then weighed to an approximate weight 

knowing a desired density and then compacted using a Harvard compaction hammer into 

the testing mold. Once the specimen was in place, a mesh disk was inserted over the 

sample and the rest of the testing mold was filled with course sand. The device was then 

completely assembled and then a pin (0.03 inch diameter) was inserted into the inflow 

hole to create a pinhole through the specimen. With the pinhole places, a water line was 

attached to the inflow with a starting head pressure of 2 inches. As flow was observed, a 

timer was started to measure 5 minutes of flow. Turbidity was monitored in a collection 

beaker collecting water at the outflow and periodic measurements of the water amount 
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were recorded to determine flow rate. If the specimen had a flow rate below a 

predetermined value at the end of the 5 minutes, the pressure head was increased and the 

process repeated over 4 increments until reaching a final head of 40 inches. If during any 

of the 4 increments the flow rate reached a predetermined level and/or turbidity was 

observed that showed specific characteristics (dark and cloudy), the test was stopped and 

the bauxite residue was classified using the classification system described in the 

standard. Figure 4-17 shows the pinhole dispersion setup used for this laboratory test.  

 

 

Figure 4-17: Pinhole Dispersion Apparatus 
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4.3 SUMMARY 

This investigation into bauxite residue includes its geotechnical and structural 

characteristics and includes the following elements: index properties, compaction, 

consolidation, hydraulic conductivity, shear strength, and erosion resistance. Tests were 

performed using a variety of preparation techniques that include ASTM standards and 

modified techniques that included the use of varying residue processing techniques 

(including compression drying, air-drying, and oven-drying). All techniques that did not 

conform to ASTM standards were explained in detail with reasons for the modifications 

in technique. The laboratory testing was performed in the graduate geotechnical and 

environmental laboratories at the University of Texas at Austin and the laboratories at 

TRI Environmental in Austin, TX. 
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CHAPTER 5 – EXPERIMENTAL RESULTS 

5.1 INTRODUCTION 

The chapter provides the results obtained from the experimental methods and 

procedures for this research project. A summary is provided at the end for a review of the 

chapter.  

5.2 EXPERIMENTAL RESULTS  

5.2.1 Residue 1 Geotechnical Properties 

5.2.1.1 Sieve Analysis/Grain Size Distribution 

 Two methods were performed on oven-dried bauxite residue: dry sieve method 

and wet sieve method.  For the dry sieve method, oven-dried bauxite residue that had 

been run through a rock crusher to break up clods was sieved using a mechanical, 

vibrating sieve machine. The residue was sieved for a total of 5 minutes. Figure 5-1 

shows the result of this test. The dry sieve method results showed approximately 10% of 

the material reached the #200 sieve, indicated by the 0.074 mm grain size along the x-

axis. For the wet sieve method, oven-dried bauxite residue that had been run through a 

rock crusher to break up clods was placed in the sieve tower and then a low pressure 

volume of tap water was applied to the residue particles. Water was continuously applied 

until no particles would wash through the sieve. At that time, the sieve would be placed 

in the oven and the process repeated until reaching the bottom of the tower at the 
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collection pan below the #200 sieve. Careful control on applying water was done to make 

sure if excess water was filling the collection pan that it would only leave below the #200 

sieve. This control was necessary to make sure any loss of weight could be associated 

with particles passing the #200 sieve. Figure 5-2 shows the results of this test. The wet 

sieve method results showed approximately 90% of the material reached the #200 sieve. 

Initial gravimetric water content for the air-dried material used for testing was 

approximately 8%.  

 

 

Figure 5-1:  Dry Sieve Analysis (Residue 1) 
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Figure 5-2:  Wet Sieve Analysis (Residue 1) 

 

5.2.1.2 Specific Gravity 

 Results for specific gravity are shown in Table 5-1. The table shows that Residue 

1 has a range of specific gravity of 3.6 to 3.7 with an average value of 3.65. Gravimetric 

water content for the oven-dried residue used in this testing was approximately 3%. 
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Table 5-1: Specific Gravity Data (Residue) 

 

 

5.2.1.3 Water Content Temperature Effects 

In comparing the three methods of drying (air-drying, oven-drying at 50°C, and 

oven-drying at 110°C), the final measured weight of solids was compared to show the 

percent difference. Figure 5-3 provides the results of the analysis, showing that the 

average difference between air-drying and oven-drying at 110°C was 2.3% while the 

average difference between oven-drying at 50°C and oven-drying at 110°C was 1.9%. 

The range for the air-drying difference was 0.7% to 5.4% (median: 0.9%, standard 

deviation: 0.03, three samples) and the range for oven-drying at 50°C difference was 

0.8% to 4.1% (median: 0.8%, standard deviation: 0.02, three samples). 

 

Sample Specific Gravity

F01 3.63

F02 3.61

F03 3.64

F04 3.72
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Figure 5-3: Comparison of Percent Difference of Weight of Solids Compared to 110°C 
Weight of Solids (Residue 1) 

5.2.1.4 As-Received Gravimetric Water Content 

 Results for the as-received gravimetric water content are shown in Table 5-2. The 

table shows that Residue 1 had a range of initial gravimetric water content of 113% to 

140% with an average value of 122%. The range for the data set was a minimum of 113% 

and a maximum of 140%, with a standard deviation of 9.9 and median value of 119%. 
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Table 5-2: As-Received Gravimetric Water Content Data (Residue 1) 

5.2.1.5 Plasticity 

 Plasticity data is shown in Table 5-3. Gravimetric water contents for as-

received/natural water content, air-dried water content and oven-dried content were 

120%, 7%, and 3%, respectively. 

 

Table 5-3: Plasticity Data (Residue 1). NP = Non-Plastic 

5.2.1.6 pH  

A single test of the pH was performed on oven-dried residue. The ambient 

temperature during the test was 25°C and the results were 10.89 for H2O and 10.8 for 

CaCl2. These tests used distilled water for both the solution and H2O tests.  

Container ω (%)

D01 136

D02 140

D03 113

D04 121

D05 116

D06 120

D07 118

D08 116

LL PL PI

Compress‐Dried 62 36 26

Air‐Dried 44 33 11

Oven‐Dried NP NP NP
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5.2.1.7 X-Ray Diffraction (XRD) 

Two x-ray diffraction (XRD) tests were performed. The plots compare the 

counts/intensity (collected by the linear-position-sensitive detector or PSD) versus the 

position of the detector in relation to the X-Ray (2 Theta). As the X-Ray tube and 

detector move, the diffracted x-ray changes angle and these angles are associated with 

specific patterns of crystal structures that can be related to specific oxides and minerals 

found in the powdered bauxite residue being tested. So, the combination of the peak 

position and the intensity relate to the individual crystals and the technician can 

determine what crystals are present by comparing the peaks and intensities to a database 

containing the peaks/intensities of studied crystal structures. The results for the two X-

Ray diffraction tests are shown in Figures 5-4 and 5-5. The two results are almost 

identical in terms of the peaks (indicating the same mineralogy). The intensities are 

slightly different but the difference is not substantial. The only observed difference 

between the two sets of data was a peak for test 1 at 52 degrees (associated with NaO) 

that was not picked up in test 2. The associated oxides for these particular XRD scans are 

provided at the top of the individual peaks for reference. These oxides include (but are 

not limited to) Al(OH)3 (aluminum oxide/gibbsite/boehmite), Fe2O3 (iron oxide/ 

hematite), TiO2 (titanium oxide/anatase/rutile/ilmenite), SiO2 (silica oxide/ quartz/ 

cristobalite/halloysite), NaO (sodium oxide), CaO (calcium oxide/ lanthanum/ calcite). 
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Figure 5-4: X-Ray Diffraction Results (Residue 1, Test 1) 

 

Figure 5-5: X-Ray Diffraction Results (Residue 1, Test 2 
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5.2.1.8 Compaction 

Figure 5-6 shows the results of standard Proctor compaction for Residue 1. The 

results show an optimum moisture content of approximately 33% and a maximum dry 

density of approximately 94 lb/ft3. Figure 5-7 shows the results of modified Proctor 

compaction. The results show an optimum moisture content of approximately 28% and a 

maximum dry density of approximately 102 lb/ft3. 

 

 

Figure 5-6: Standard Proctor Compaction Results (Residue 1) 
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Figure 5-7: Modified Proctor Compaction Results (Residue 1) 

5.2.1.9 Consolidation 

The consolidation test was formed by compacting slurried bauxite residue into the 

specimen ring and lightly tamping using the standard tamping device for the direct shear 

device (same diameter as the specimen ring). The initial void ratio of the test was 1.94. 

The consolidation basin was filled with tap water and remained filled with tap water 

throughout the entire test. Figure 5-8 shows the results of the consolidation test. The 

results show a compression index (Cc) and recompression index (Cr) of 0.56 and 0.03, 

respectively, and a preconsolidation pressure of approximately 4800 lb/ft2. Initial 

gravimetric water content prior to testing was approximately 39% with an initial void 
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ratio of 1.94, saturation of 0.68, and unit weight of 98.7 lb/ft3. Final gravimetric water 

content was 15% with a void ratio of 1.23, saturation of 0.41, and unit weight of 107.8 

lb/ft3. 

 

Figure 5-8: Consolidation Test Result for Residue 1 

5.2.1.10 Free Swell Test 

Two free swell tests were performed on Residue 1. The free swell test specimens 

were formed by placing air-dried bauxite residue into the specimen ring. Void ratios for 

the specimens prior to the introduction of water were 2.35 and 2.22. The specimen was 

then placed in an oedometer, consolidated with 125 lb/ft2, and then inundated with tap 

water to start the swell test. Figures 5-9 and 5-10 show the results of the two free swell 

tests. The results were a maximum displacement of 1 x 10-2 inches and 5 x 10-3 inches, 
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respectively. The displacements were in the downward direction indicating no swelling. 

Due to these results, free swell tests were not performed on Residue 2. 

 

Figure 5-9: Swell Test 1 Results (Residue 1)\ 

 

Figure 5-10: Swell Test 2 Results (Residue 1) 



 103

5.2.1.11 Shear Strength 

Shear strength testing included three laboratory tests performed on Residue 1. 

Those tests included direct shear, tilt table, and triaxial shear. The following are the 

results of those tests.  

5.3.1.11.1 Direct Shear Testing 

Two methods of testing were performed: (1) dry and (2) wet. For the dry method, 

air-dried bauxite residue was lightly compacted into the specimen ring until the mass of 

the residue specimen was approximately 79 grams, making sure the residue was flush 

with the top of the ring.  Specimens were then sheared at a rate of 0.0033 in/min under 

confining stresses ranging from 125 to 5000 lb/ft2. Figure 5-11 shows the normal stress 

versus shear stress for the direct shear test on dry Residue 1.  The figure shows a friction 

angle of approximately 50 degrees. 

For the wet method, air-dried bauxite residue was prepared the same manner as 

the dry method then hydrated with tap water for a minimum of 1 hour. At the end of this 

hydration stage, the specimens were sheared at a rate of 0.0033 in/min. Figure 5-12 

shows the normal stress versus shear stress for the wet Residue 1. The figure shows a 

friction angle of approximately 46 degrees for wet Residue 1. Initial average unit weights 

of the material ranged from 70.7 to 75.5 lb/ft3 with gravimetric water content at 

approximately 4% for both methods.  
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Figure 5-11: Normal Stress vs Shear Stress (Residue 1, Dry) 

 

Figure 5-12: Normal Stress vs Shear Stress (Residue 1, Wet) 
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5.2.1.11.2 Tilt Table Testing 

Natural/slurry bauxite residue was placed on the testing board, a confining stress 

ranging from 0.14 to 0.87 lb/in2 was placed on the specimen, and then the specimen was 

lowered into a tank of tap water (with the confining stress being applied). After a 30 

minute consolidation period, the specimen was sheared in accordance to the procedures 

outlined in Section 4.2.10.2. Table 5-4 shows the results for the tilt table testing. The 

table shows the friction angle decreases with increasing normal stress within the range of 

39 to 36 degrees. Initial gravimetric water contents ranged from 99% to 107% and final 

gravimetric water contents ranged from 60%-86%, indicating normally consolidated 

specimens. 

 

Table 5-4: Tilt Table Results (Residue 1) 

5.2.1.11.3 CU Triaxial Shear Testing 

Specimens for the triaxial shear tests were made from air-dried residue compacted 

at or near the optimum moisture content measured in the standard Proctor compaction 

tests (~32%). These specimens were formed in a Proctor mold and then trimmed to a 

minimum height-to-diameter ratio of 2.6. The specimens were then placed in the 

Normal Stress Friction Angle

(lb/in
2
) (deg)

0.15 38.4

0.29 37.3

0.58 35.5

0.87 36.5
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membrane and the cell system was sealed and filled with water. A 2 lb/in2 cell pressure 

was applied and the 2 lb/in2 deviator stress was maintained until the consolidation state. 

All specimens were back pressure saturated to a minimum b-value of 0.98 and then 

consolidated for a minimum of 1 hour at one of the desired confining stresses (10, 28, or 

47 lb/in2). After consolidation was complete, the pore pressure valves were closed and 

the specimen was sheared at 0.5%/per hour with CPU readings taken of the vertical load 

and pore pressures.  

 

5.2.1.11.3.1 Plots for 10 lb/in2 Confining Stress 

Figure 5-13 shows the stress-strain relationship for a confining stress of 10 lb/in2. 

Figure 5-14 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up during shearing was approximately 3.5 lb/in2. Figure 5-

15 shows the stress ratio for 10 lb/in2 confining stress. Prior to testing, the initial moisture 

content was 28.9%, saturation was 0.84, void ratio was 1.25, and unit weight was 130 

lb/in3 with a dry unit weight of 101 lb/in3. Moisture content prior to shearing was 33.6%, 

saturation was 0.983, void ratio was 1.25, and unit weight was 135 lb/in3 with a dry unit 

weight of 101 lb/in3. Undrained shear strength was 7200 psf. 
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Figure 5-13: Stress-Strain (Residue 1, 10 lb/in3) 

 

Figure 5-14: Change in Pore Pressure (Residue 1, 10 lb/in3) 
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Figure 5-15: Stress Ratio (Residue 1, 10 lb/in3) 

5.2.1.11.3.2 Plots for 28 lb/in3 Confining Stress 

Figure 5-16 shows the stress-strain relationship for a confining stress of 28 lb/in2.  

Figure 5-17 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up during shearing was approximately 16 lb/in2. Figure 5-

18 shows the stress ratio for 28 lb/in2 confining stress. Prior to testing, the initial moisture 

content was 26%, saturation was 0.79, void ratio was 1.201, and unit weight was 130 

lb/in3 with dry unit weight of 103 lb/in3. Moisture content prior to shearing was 31.9%, 

saturation was 0.97, void ratio was 1.198, and unit weight was 137 lb/in3 with dry unit 

weight of 104 lb/in3. Undrained shear strength was 16704 psf. 
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Figure 5-16: Stress-Strain (Residue 1, 28 lb/in2) 

 

Figure 5-17: Change in Pore Pressure (Residue 1, 28 lb/in2) 
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Figure 5-18: Stress Ratio (Residue 1, 28 lb/in2) 

5.2.1.11.3.3 Plots for 47 lb/in2 Confining Stress 

Figure 5-19 shows the stress-strain relationship for a confining stress of 47 lb/in2.   

Figure 5-20 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up during shearing was approximately 29 lb/in2. Figure 5-

20 shows the stress ratio for 47 lb/in2 confining stress. Prior to testing, the initial moisture 

content was 28.2%, saturation was 0.83, void ratio was 1.24, and unit weight was 130 

lb/in3 with dry unit weight of 102 lb/in3. Moisture content prior to shearing was 33.6%, 

saturation was 0.99, void ratio was 1.21, and unit weight was 137 lb/in3 with dry unit 

weight at 103 lb/in3. Undrained shear strength was 21600 psf. 
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Figure 5-19: Stress-Strain (Residue 1, 47 lb/in2) 

 

Figure 5-20: Change in Pore Pressure (Residue 1, 47 lb/in2) 
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Figure 5-21: Stress Ratio (Residue 1, 47 lb/in2) 

 

Figure 5-22: p-q plot for Residue 1 
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Figure 5-22 shows the p-q plot for Residue 1. The internal friction angle was 39.4 

degrees with a cohesion intercept of 1.4 lb/in2. 

5.2.2 Residue 2 Geotechnical Properties 

5.2.2.1 Sieve Analysis/Grain Size Distribution 

 Oven-dried bauxite residue that had been run through a rock crusher to break up 

clods was placed in the sieve tower and then a low pressure volume of tap water was 

applied to the residue particles. Water was continuously applied until no particles would 

wash through the sieve. At that time, the sieve would be placed in the oven and the 

process repeated until reaching the bottom of the tower at the collection pan below the 

#200 sieve. Careful control on applying water was done to make sure if excess water was 

filling the collection pan that it would only leave below the #200 sieve. This control was 

necessary to make sure any loss of weight could be associated with particles passing the 

#200 sieve. Figures 5-23, 5-24, and5-25show the grain size distributions for locations 1, 

2, and 3 for Residue 2, respectively. The figures shows that Location 1 had 62% passing 

the #200 sieve, Location 2 had 72% passing the #200 sieve, and Location 3 had 96% 

passing the #200 sieve. Initial gravimetric water content for the air-dried material used 

for testing was approximately 5-6%. Coefficients of Uniformity values were 200. 83, and 

23 respectively for Locations 1, 2, and 3. 
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Figure 5-23: Sieve Analysis (Residue 2, Location 1) 

 

Figure 5-24: Sieve Analysis (Residue 2, Location 2) 
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Figure 5-25: Sieve Analysis (Residue 2, Location 3) 

5.2.2.2 Specific Gravity 

Results for the average specific gravity of Residue 2 are shown in Table 5-5. Four 

tests were performed for each location that contributed to the averages. Gravimetric water 

content for the oven-dried residue used in this testing was approximately 3%. Location 1 

specific gravities ranged from 3.437 to 3.507 with an average of 3.47 and standard 

deviation of 0.03. Location 2 specific gravities ranged from 3.516 to 3.567 with an 

average of 3.54 and standard deviation of 0.026. Location 3 specific gravities ranged 

from 3.197 to 3.219 with an average of 3.21 and a standard deviation of 0.009. Residue 2 

had a range for the average specific gravity from 3.21 to 3.54, with an average value of 

3.41.  
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Table 5-5: Specific Gravity Data (Residue 2) 

5.2.2.3 Water Content Temperature Effects 

In comparing the three methods of drying (air-drying, oven-drying at 50°C, and 

oven-drying at 110°C), the final measured weight of solids was compared to show the 

percent difference for Residue 2 for Locations 1, 2, and 3. Figure 5-26 provides the 

results of the analysis, showing that the average difference between air-drying and oven-

drying at 110°C ranged from  4.8% to 5.8% while the average difference between oven-

drying at 50°C and oven-drying at 110°C ranged from 0.7% to 1.7%. 

 For Location 1, the range for the air-drying difference was 3.8% to 5.6% 

(median: 5.1%, standard deviation: 0.009, three samples) and the range for oven-drying at 

50°C difference was 0.6% to 1.7% (median: 1.0%, standard deviation: 0.005, three 

samples). For Location 2, the range for the air-drying difference was 4.6% to 7.8% 

(median: 4.9%, standard deviation: 0.02, three samples) and the range for oven-drying at 

50°C difference was 0.6% to 0.8% (median: 0.7%, standard deviation: 0.001, three 

samples). For Location 3, the range for the air-drying difference was 4.1% to 5.9% 

(median: 4.4%, standard deviation: 0.01, three samples) and the range for oven-drying at 

50°C difference was 1.4% to 2.2% (median: 1.5%, standard deviation: 0.005, three 

samples). 

Avg. Specific Gravity

Location 1 3.47

Location 2 3.54

Location 3 3.21
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Figure 5-26:  Comparison of Percent Difference of Weight of Solids Compared to 
110°C Weight of Solids (Residue 1) 

5.2.2.4 As-Received Gravimetric Water Content 

Results for the as-received gravimetric water content are shown in Table 5-6. The 

table shows that Location 1 has an average gravimetric initial water content of 

approximately 60.3% (Range: 57.1% to 65.4%, median =60.3% with standard deviation 

of 3), Location 2 has an average gravimetric initial water content of 72.6% (Range: 

65.2% to 76.7%, median =73.8% with standard deviation of 4), and Location 3 has an 

average initial gravimetric water content of 69.4% (Range: 65.5% to 71.8%, median 
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=70.1% with standard deviation of 2.5). An average initial gravimetric water content of 

Residue 2 was 67.5%. 

 

 

Table 5-6: As-Received Gravimetric Water Content Data (Residue 2) 

5.2.2.5 Plasticity 

5.2.2.5.1 Compressed-Dried Plasticity 

The residue for this testing was compress-dried down to the gravimetric water 

contents associated with plastic limit and liquid limit. By compress-drying the material, 

the residue maintained its caustic element similar to that characteristic found in the 

containment ponds. No liquid was added to the liquid at any time during the testing. The 

average values for compressed-dried plasticity data for Residue 2 is shown in Table 5-7. 

Location 1 had an average liquid limit (LL), plastic limit (PL), and plasticity index (PI) of 

44, 33, and 11, respectively. Location 2 had an average LL, PL, and PI of 47, 35, and 12, 

respectively. Location 3 had an average LL, PL, and PI of 52, 35, and 17, respectively.  

Minimum 57.1 Minimum 65.2 Minimum 65.5

Maximim 65.4 Maximim 76.7 Maximim 71.8

Average 60.7 Average 72.6 Average 69.4

Median 60.3 Median 73.8 Median 70.1

Minimum 57.1

Maximim 76.7

Average 67.6

Median 68.6

Location 1 Location 2 Location 3

Overall
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Table 5-7: Compressed-Dried Plasticity Data Summary (Residue 2) 

5.2.2.5.2 Air-Dried Plasticity 

The residue for this testing was air-dried to an approximate gravimetric water 

content of 4% and then was rehydrated to the liquid limit and plastic limit using tap 

water. This method removed some of the caustic element associated with the 

compressed-dried and as-received residue and reduced the pH of the residue by 

introducing tap water. Air-dried plasticity data for Residue 2 is shown in Table 5-8. The 

PI associated with Locations 1, 2, and 3 were 10, 11, and 10 respectively. For Residue 2, 

the average liquid limit (LL), plastic limit (PL), and plasticity index for air-dried 

specimens were 45, 34, and 10, respectively. 

LL PL PI

44 33 11

LL PL PI

47 35 12

LL PL PI

52 35 17

Location 1

Location 2

Location 3
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Table 5-8: Air-Dried Plasticity Data (Residue 2) 

5.2.2.6 pH 

Two testing procedures were performed on Residue 2 to study the pH of the 

material. The following are the results of those tests.  

5.2.2.6.1 24 Hour Air-Dried pH 

Residue was processed for this testing by being air-dried for a 24 hour period. The 

specimens were then crushed in the rock crusher and sieved down to particles smaller 

than the #200 sieve. Table 5-9 shows the results for the initial pH test (24 hours of air-

drying). Calibration involved a three point system (using specific commercially 

manufactured pH solutions at values of 4.007, 7.003. and 10.033). The slope for the 

calibration was above 99%. Liquid effluent obtained from compressed bauxite residue 

showed a pH range of 13.1 to 13.2. Location 1 had a pH of approximately 11.3, Location 

2 had a pH of approximately 12.7, and Location 3 had a pH of approximately 12.6.  

Location 1 Location 2 Location 3
LL 44 46 46
PL 33 34 36
PI 10 11 10
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Table 5-9: Initial pH Data (Residue 2) 

5.2.2.6.2 Drying Exposure Time Effects on pH 

Samples tested included oven-dried and air-dried samples. For the oven-dried 

samples, residue from Locations 1, 2, and 3 was oven-dried for 24 hours. The samples 

were then broken apart using a mortar and pestle. The broken down residue was passed 

through a #200 sieve and the particles that passed became the material tested. For the 

effects of air-drying, samples were prepared for each location for each time increment. 

When the time was reached for a specific group of samples, those samples were taken out 

of the chemical hood and prepared like the oven-dried samples. Access to the laboratory 

where pH testing was performed was only available at two specific dates. The samples 

that were prepared prior to these dates were stored in two Ziploc freezer bags to prevent 

any further drying of the bauxite residue prior to pH testing. A sample for each of the 

Reading 1 Reading 2

Location 1

H20 11.3 11.3

CaCl2 11.4 11.3

Location 2

H20 12.7 12.7

CaCl2 12.7 12.7 Temp Potential pH

( °C) (mV)

Location 3 23 183.6 4.007

H20 12.7 12.7 23 6.9 7.003

CaCl2 12.6 12.6 23 ‐167.4 10.033

ABR0102 Effluent 13.1 13.1

ABR0104 Effluent 13.1 13.2

Slope = 99%

pH

Calibration
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three locations was prepared after different exposure times to the atmosphere (18.5 hours, 

42.5 hours, 66.5 hours, 163.5 hours, and 379.5 hours). Table 5-10 shows the results for 

the testing that looked at the effects of exposure time to air-drying on the pH of Residue 

2. The table shows that, in general, the pH decreased with time. Locations 2 and 3 

showed slight rebound behavior after 163.5 hours of drying. Calibration data for two 

testing dates for the pH testing is provided in Table 5-11. Calibration involved a three 

point system (using specific commercially manufactured pH solutions at values of 4.006, 

7.008. and 10.048). Slopes for the calibration were both above 99%. 
 

 

Table 5-10: Exposure Time Effects on pH Data 

 

Dry Time

(hrs) LOC 1 LOC 2 LOC 3

H2O 11.9 12.7 12.5

CaCl2 11.8 12.7 12.5

H2O 12.3 13.0 12.8

CaCl2 12.2 12.9 13.0

H2O 11.3 12.9 12.2

CaCl2 11.2 12.9 12.4

H2O 11.1 12.5 12.1

CaCl2 11.1 12.6 12.2

H2O 11.0 12.1 11.7

CaCl2 11.2 11.7 11.5

H2O 10.6 12.0 12.0

CaCl2 10.5 12.0 12.0
379.5 Air Dried

Oven 

Dried
18.5

18.5 Air Dried

42.5 Air Dried

66.5 Air Dried

163.5 Air Dried

pH
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Table 5-11: Calibration Data for Exposure Time Effects on pH Tests 

5.2.2.7 X-Ray Diffraction (XRD) 

X-Ray diffraction testing was done on bauxite ore, oven-dried residue from 

Locations 1, 2, and 3, and one sample of air-dried residue for Location 1, for a total of 

five tests.  Figures 5-27 through 5-31 show the results of XRD tests performed on 

Residue 2. Figure 5-27 shows the results for the parent bauxite ore used in the 

manufacturing of Residue 2. Figure 5-28 shows the results of testing on air-dried Residue 

2. Figures 5-29 through 5-31 show results of testing on oven-dried Residue 2 for 

Locations 1, 2, and 3, respectively. The associated oxides for these particular XRD scans 

are provided at the top of the individual peaks for reference. These oxides include (but 

are not limited to) Al(OH)3 (aluminum oxide/gibbsite/boehmite), Fe2O3 (iron 

oxide/hematite), TiO2 (titanium oxide/anatase/rutile/ilmenite), SiO2 (silica 

oxide/quartz/cristobalite/halloysite), NaO (sodium oxide), CaO (calcium 

oxide/lanthanum/calcite). 

 

2/27/2015 3/10/2015

pH 4.006 pH 4.01

Temp (°C) 23 Temp (°C) 23

Potential (mV) 185.5 Potential (mV) 186.9

pH 7.008 pH 7.01

Temp (°C) 23 Temp (°C) 23

Potential (mV) 10 Potential (mV) 7.8

pH 10.048 pH 10.05

Temp (°C) 23 Temp (°C) 23

Potential (mV) ‐164.3 Potential (mV) ‐163.7

Slope = 99 Slope = 99.3

P1

P2

P3

Calibration 1 Calibration 2

P1

P2

P3
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Figure 5-27: XRD Results for Bauxite Ore 

 

Figure 5-28: XRD Results for Air-Dried Residue 2 (Location 1) 
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Figure 5-29: XRD Results for Oven-Dried Residue 2 (Location 1) 

 

Figure 5-30: XRD Results for Oven-Dried Residue 2 (Location 2) 
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Figure 5-31: XRD Results for Oven-Dried Residue 2 (Location 3) 

5.2.2.8 Compaction 

The compaction tests included the use of standard and modified Proctor effort on 

specimens prepared using one of two methods: (1) compression dried residue rehydrated 

(if needed) with original caustic liquid or (2) air-dried residue rehydrated with tap water. 

Figure 5-32 shows the results of standard Proctor compaction. The results show a range 

of optimum moisture contents of approximately 32% to 33% and a range of maximum 

dry densities of approximately 90 to 99 lb/in3. It also shows that the compression-dried 

residue curve is higher on the maximum dry density (y-axis) with the similar optimum 

moisture content value (x-axis). Figure 5-33 shows the results of modified Proctor 
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compaction. The results show a range of optimum moisture contents of approximately 

23% to 25% and a range of maximum dry densities of approximately 104 to 111 lb/ft3. 

Again, the compression dried residue curve is higher along the maximum dry density axis 

with a similar optimum moisture content when compared to the air-dried residue results.  

 

 

 

Figure 5-32: Standard Proctor Compaction Curves (Residue 2). (CD - Compressed-Dried; 
AD - Air-Dried; # indicates Sample Location) 
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Figure 5-33: Modified Proctor Compaction Curves (Residue 2) (CD - Compressed-Dried; 
AD - Air-Dried; # indicates Sample Location) 

5.2.2.9 Consolidation 

5.2.2.9.1 Lightly Compacted Residue 

Specimens were created by taking slurry residue directly from the buckets, lightly 

compacting the residue into the consolidation rings using the direct shear tamping device, 

filling the consolidation basin with tap water, and consolidating the specimens. Figures 5-

34 through 5-38 show the results of the five consolidation tests. Figures 5-34 and 5-35 

present the results for tests on Location 1 residue. The first test (material from bucket 1) 

showed a CC and Cr result of 0.364 and 0.0211 respectively, with a preconsolidation 

pressure of 1200 lb/ft2. Initial gravimetric water content prior to testing was 

approximately 56.4% with an initial void ratio of 1.96, saturation of 1, and unit weight of 
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117.7 lb/ft3. Final gravimetric water content was 34.5% with a void ratio of 1.26, 

saturation of 0.95, and unit weight of 128.8 lb/ft3. The second test (material from bucket 

3) showed a CC and Cr result of 0.36 and 0.0244 respectively, with a preconsolidation 

pressure of 2000 lb/ft2. Initial gravimetric water content prior to testing was 

approximately 56.4% with an initial void ratio of 1.77, saturation of 1, and unit weight of 

125.9 lb/ft3. Final gravimetric water content was 34.6% with a void ratio of 1.05, 

saturation of 1, and unit weight of 142.3 lb/ft3. 

 

 

 

Figure 5-34: e log p Curve (Location 1/Bucket 1, Light Compacted) 
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Figure 5-35: e log p Curve (Location 1/Bucket 3, Light Compacted) 

Figure 5-36 present the results for the one completed test on Location 2 residue. 

The test (material from bucket 1) showed a CC and Cr result of 0.427 and 0.037 

respectively, with a preconsolidation pressure of 1300 lb/ft2. A second test was performed 

for Location 2 but, due to a mistake by the lab technician, the LVDT (displacement 

reader) disconnected during the test and not enough data was collected to include the 

results. Initial gravimetric water content prior to testing was approximately 66.8% with 

an initial void ratio of 2.36, saturation of 1, and unit weight of 113.3 lb/ft3. Final 

gravimetric water content was 39.4% with a void ratio of 1.46, saturation of 0.96, and 

unit weight of 125.5 lb/ft3. 
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Figure 5-36: e log p (Location 2/Bucket 1, Light Compacted) 

Figures 5-37 and 5-38 present the results for tests on Location 3 residue. The first 

test (material from bucket 1) showed a CC and Cr result of 0.426 and 0.0238 respectively, 

with a preconsolidation pressure of 2000 lb/ft2. Initial gravimetric water content prior to 

testing was approximately 62% with an initial void ratio of 1.99, saturation of 1, and unit 

weight of 113.5 lb/ft3. Final gravimetric water content was 40% with a void ratio of 1.26, 

saturation of 1, and unit weight of 124.1 lb/ft3. The second test (material from bucket 3) 

showed a CC and Cr result of 0.429 and 0.0292 respectively, with a preconsolidation 

pressure of 2000 lb/ft2. Initial gravimetric water content prior to testing was 

approximately 65.3% with an initial void ratio of 2.09, saturation of 1, and unit weight of 
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109.7 lb/ft3. Final gravimetric water content was 40.1% with a void ratio of 1.37, 

saturation of 0.94, and unit weight of 118.6 lb/ft3. 

 

Figure 5-37: e log p (Location 3/Bucket 1, Light Compacted) 

 

Figure 5-38: e log p (Location 3/Bucket 3, Light Compacted) 
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5.2.2.9.2 Optimum Moisture Content (OMC) Compacted Bauxite Residue 

Specimens were created by taking air-dried residue mixed at the optimum 

moisture content (~32%, gravimetric) and compacted using the standard Proctor effort in 

a Proctor mold. The specimens were then trimmed using the consolidation rings as 

trimming rings. The hydrating liquid was tap water.  One test was performed for 

Locations 1, 2, and 3, for a total of three tests. The purpose of this method was to 

simulate the residue construction conditions when used as a levee fill (compacted wet of 

optimum at 32% gravimetric water content). Figures 5-39 through 5-41 show the results 

of the three consolidation tests. Figure 5-39 shows results for Location 1. The test showed 

a CC and Cr result of 0.322 and 0.0249 respectively, with a preconsolidation pressure of 

4000 lb/ft2. Initial gravimetric water content prior to testing was approximately 32.2% 

with an initial void ratio of 1.41, saturation of 0.83, and unit weight of 120.27 lb/ft3. Final 

gravimetric water content was 28.1% with a void ratio of 0.98, saturation of 1, and unit 

weight of 145.8 lb/ft3. 

Figure 5-40 shows results for Location 2. The test, which tested a specimen from 

bucket 1, showed a CC and Cr result of 0.28 and 0.0269 respectively, with a 

preconsolidation pressure of 3800 lb/ft2. Initial gravimetric water content prior to testing 

was approximately 31.6% with an initial void ratio of 1.35, saturation of 0.82, and unit 

weight of 123.6 lb/ft3. Final gravimetric water content was 27.9% with a void ratio of 

0.99, saturation of 1, and unit weight of 147.2 lb/ft3. 

Figures 5-41 shows results for Location 3. The test showed a CC and Cr result of 

0.383 and 0.0314 respectively, with a preconsolidation pressure of 3200 lb/ft2. Initial 
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gravimetric water content prior to testing was approximately 31% with an initial void 

ratio of 1.48, saturation of 0.69, and unit weight of 106.4 lb/ft3. Final gravimetric water 

content was 31.9% with a void ratio of 1.03, saturation of 1, and unit weight of 136 lb/ft3. 

 

Figure 5-39: e log p (Location 1, Compacted) 

 

Figure 5-40: e log p (Location 2, Compacted) 
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Figure 5-41: e log p (Location 3, Compacted) 

5.2.2.10 Hydraulic Conductivity 

5.2.2.10.1 Rigid Wall Permeameter 

Specimens were compacted to the optimum moisture content (32%), set in the 

triaxial cell system, and then drip saturated from the bottom up until liquid was observed 

in the collection flask. Drip saturation was at a rate of approximately 2 drops per second 

from 1/8 inch inside diameter tubing. A total head of approximately five feet was applied 

to the specimens. Once liquid was observed, monitoring of the flow rate began and the 

flow rate was considered the hydraulic conductivity of the specimen when the flow was 

consistent/at equilibrium for several hours. No pore pressure was applied and, due to the 

nature of the device, no confining stress was applied to the specimen. Table 5-12 shows 
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the results for hydraulic conductivity from the rigid wall permeameter testing performed 

on Residue 2. Location 1 had a hydraulic conductivity (k) value of 3x10-3 ft/day (AVG: 

1x10-6 cm/s, Range: 3x10-6 to 4x10-7 cm/s, with standard deviation of 7x10-7), Location 2 

had a k value of 1x10-3 ft/day (AVG: 4x10-7 cm/s, Range: 1x10-6 to 9.9x10-8 cm/s, with 

standard deviation of 3x10-7), and Location 3 had a k value of 2x10-3 ft/day (AVG: 6x10-7 

cm/s, Range: 3x10-6 to 5x10-7 cm/s, with standard deviation of 9.5x10-7) 

 

Table 5-12: Rigid Wall Permeameter Data (Residue 2) 

5.2.2.10.2 Flexible Wall Permeameter 

Specimens were created by compacted specimens using a standard Proctor effort 

in a Proctor mold to approximately the optimum moisture content (~32%). The 

specimens were then trimmed to approximately a height-to-Diameter ratio of 2.6, 

constructed in the latex membrane, and the triaxial cell was put together. A small cell 

pressure (approximately 0.5 lb/in2) was applied to the specimen to ensure the membrane 

was flush with the soil specimen and then it was drip saturated similar to the rigid wall 

permeameter. When liquid began to exit the specimen, the flow was allowed to continue 

until the flow rate came to equilibrium. At this point, the specimen was set up for a 

(m/s) (cm/s) (ft/day)

Location 1 1.2E‐08 1.2E‐06 3.4E‐03

Location 2 4.2E‐09 4.2E‐07 1.2E‐03

Location 3 6.3E‐09 6.3E‐07 1.8E‐03

Average k
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falling head test in order to compare the flexible wall permeameter setup with the rigid 

wall permeameter with similar conditions (not back pressure saturated and unknown b-

value). At the end of the falling head test, the specimen was back pressure saturated to a 

minimum b-value of 0.98 and then set up for a falling head/rising tailwater test with the 

knowledge of the specimen being fully saturated. A minimum of 3 tests were performed 

for specimens from Locations 1 and 3 to obtain an average hydraulic conductivity. 

Location 2 was not tested due to time constraints and equipment availability. Locations 1 

and 3 were chosen to ensure the full spectrum of grain size distribution was captured. 

 5.2.2.10.2.1 Falling Head Test 

Table 5-13 provides the results of the tests performed on the two flexible wall 

permeameter falling head tests. The sample for Location 1 had a hydraulic conductivity 

of 4.4x10-3 ft/day (AVG: 1.5 x 10-6 cm/s, Range: 3x10-6 to 7x10-7 cm/s, median: 1.2x10-6 

cm/s, standard deviation: 1x10-6) while the sample for Location 3 had a hydraulic 

conductivity of 4.1x10-3 ft/day (AVG: 1.4 x 10-6 cm/s, Range: 3.5x10-6 to 1.2x10-8 cm/s, 

median: 1x10-6 cm/s, standard deviation: 1.6x10-6). 

 

Table 5-13: Flexible Wall Falling Head Data (Residue 2) 

(m/s) (cm/s) (ft/day)

Location 1 1.5E‐08 1.5E‐06 4.4E‐03

Location 3 1.4E‐08 1.4E‐06 4.1E‐03

Average k
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5.2.2.10.2.2 Falling Head/Rising Tailwater Test 

Table 5-14 provides the results of the tests performed on the two flexible wall 

permeameter falling head tests. The sample for Location 1 had a hydraulic conductivity 

of 3.3x10-3 ft/day (AVG: 1.2x10-6 cm/s, Range: 1.6x10-6 to 7.3x10-7 cm/s, standard 

deviation: 4.3x10-7) while the sample for Location 3 had a hydraulic conductivity of 

1.1x10-2 ft/day (AVG: 3.9x10-6 cm/s, Range: 6.7x10-6 to 2.8x10-6 cm/s, standard 

deviation: 1.9x10-6).  

 

Table 5-14: Flexible Wall Falling Head/Rising Tailwater Data (Residue 2) 

5.2.2.11 Shear Strength 

Two laboratory tests were performed on Residue 2 for shear strength: (1) Triaxial 

Shear and (2) Tilt Table. The following section shows an overview of the results found in 

these laboratory tests. 

5.2.2.11.1 CU Triaxial Shear Testing 

Specimens for the triaxial shear tests were made from air-dried residue compacted 

at or near the optimum moisture content measured in the standard Proctor compaction 

tests (~32%). These specimens were formed in a Proctor mold and then trimmed to a 

(m/s) (cm/s) (ft/day)

Location 1 1.2E‐08 1.2E‐06 3.3E‐03

Location 3 3.9E‐08 3.9E‐06 1.1E‐02

Average k
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minimum height-to-diameter ratio of 2.6. The specimens were then placed in the 

membrane and the cell system was sealed and filled with water. A 2 lb/in2 cell pressure 

was applied and the 2 lb/in2 deviator stress was maintained until the consolidation state. 

All specimens were back pressure saturated to a minimum b-value of 0.98 and then 

consolidated for a minimum of 1 hour at one of the desired confining stresses (10, 28, or 

47 lb/in2). After consolidation was complete, the pore pressure valves were closed and 

the specimen was sheared at 0.5%/per hour with CPU readings taken of the vertical load 

and pore pressures.  

5.2.2.11.1.1 Location 1 

5.2.2.11.1.1.2 Location 1, 28 lb/in2 

Figure 5-42 shows the stress-strain relationship for a confining stress of 28 lb/in2.   

Figure 5-43 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 13 lb/in2. Figure 5-44 shows the 

stress ratio for 28 lb/in2 confining stress. Prior to testing, the initial moisture content was 

32.2%, saturation was 0.86, void ratio was 1.30, and unit weight of 124.5 lb/ft3 with a dry 

unit weight of 94.2 lb/ft3. Moisture content prior to shearing was 37%, saturation was 

0.99, void ratio was 1.30, and unit weight of 129.2 lb/ft3 with a dry unit weight of 94.3 

lb/ft3. Undrained shear strength was 16704 psf. 
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Figure 5-42: Stress-Strain Plot (Location 1, 28 lb/in2) 

 

Figure 5-43: Change in Pore Pressure (Location 1, 28 lb/in2) 
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Figure 5-44: Stress Ratio (Location 1, 28 lb/in2) 

5.2.2.11.1.1.3 Location 1, 44 lb/in2 

Figure 5-45 shows the stress-strain relationship for a confining stress of 44 lb/in2.   

Figure 5-46 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 23 lb/in2. Figure 5-47 shows the 

stress ratio for 44 lb/in2 confining stress. Prior to testing, the initial moisture content was 

32%, saturation was 0.87, void ratio was 1.28, and unit weight of 125 lb/ft3 with a dry 

unit weight of 94.9 lb/ft3. Moisture content prior to shearing was 36%, saturation was 

0.985, void ratio was 1.27, and unit weight of 130 lb/ft3 with a dry unit weight of 95.2 

lb/ft3. Undrained shear strength was 18720 psf. 
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Figure 5-45: Stress-Strain (Location 1, 44 lb/in2) 

 

Figure 5-46: Change in Pore Pressure (Location 1, 44 lb/in2) 
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Figure 5-47: Stress Ratio (Location 1, 44 lb/in2) 

 

Figure 5-48: Location 1 p-q plot for Residue 2 
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Figure 5-48 shows the p-q plot for Residue 2 Location 1. The internal friction 

angle was 33.5 degrees with a cohesion intercept of 1.7 lb/in2.  

5.2.2.11.1.2 Location 2 

5.2.2.11.1.2.1 Location 2, 10 lb/in2 

Figure 5-49 shows the stress-strain relationship for a confining stress of 10 lb/in2.    

Figure 5-50 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 3.8 lb/in2. Figure 5-51 shows the 

stress ratio for 10 lb/in2 confining stress. Prior to testing, the initial moisture content was 

34.4%, saturation was 0.858, void ratio was 1.42, and unit weight of 122.7 lb/ft3 with dry 

unit weight of 91.3 lb/ft3. Moisture content prior to shearing was 38.9%, saturation was 

0.97, void ratio was 1.41, and unit weight of 126.8 lb/ft3 with dry unit weight of 91.3 

lb/ft3. Undrained shear strength was 7776 psf. 

 

Figure 5-49: Stress-Strain Curve (Location 2, 10 lb/in2) 
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Figure 5-50: Change in Pore Pressure (Location 2, 10 lb/in2) 

 

Figure 5-51: Stress Ratio (Location 2, 10 lb/in2) 
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5.2.2.11.1.2.2 Location 2, 28 lb/in2 

Figure 5-52 shows the stress-strain relationship for a confining stress of 28 lb/in2.   

Figure 5-53 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 12 lb/in2. Figure 5-54 shows the 

stress ratio for 28 lb/in2 confining stress. Prior to testing, the initial moisture content was 

29.9%, saturation was 0.80, void ratio was 1.32, and unit weight of 123.9 lb/ft3 with a dry 

unit weight of 95.4 lb/ft3. Moisture content prior to shearing was 36.7%, saturation was 

0.99, void ratio was 1.31, and a unit weight of 130.6 lb/ft3 and a dry unit weight of 95.5 

lb/ft3. Undrained shear strength was 18144 psf. 

 

 

Figure 5-52: Stress-Strain Curve (Location 2, 28 lb/in2) 
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Figure 5-53: Change in Pore Pressure (Location 2, 28 lb/in2) 

 

Figure 5-54: Stress Ratio (Location 2, 28 lb/in2) 
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5.2.2.11.1.2.3 Location 2, 47 lb/in2 

Figure 5-55 shows the stress-strain relationship for a confining stress of 47 lb/in2.   

Figure 5-56 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 27 lb/in2. Figure 5-57 shows the 

stress ratio for 47 lb/in2 confining stress. Prior to testing, the initial moisture content was 

29.7%, saturation was 0.746, void ratio was 1.41, and unit weight of 118.9 lb/ft3 with dry 

unit weight of 91.7 lb/ft3. Moisture content prior to shearing was 39.2%, saturation was 

0.99, void ratio was 1.41, and unit weight of 128 lb/ft3 with dry unit weight of 92 lb/ft3. 

Undrained shear strength was 15840 psf. 

 

 

Figure 5-55: Stress-Strain Curve (Location 2, 47 lb/in2) 
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Figure 5-56: Change in Pore Pressure (Location 2, 47 lb/in2) 

 

Figure 5-57: Stress Ratio (Location 2, 47 lb/in2) 



 150

 

Figure 5-58: Location 2 p-q plot for Residue 2 

Figure 5-58 shows the p-q plot for Residue 2 Location 2. The internal friction 

angle was 37.22 degrees with a cohesion intercept of 1.6 lb/in2. 

5.2.2.11.1.3 Location 3 

5.2.2.11.1.3.1 Location 3, 10 lb/in2 

Figure 5-59 shows the stress-strain relationship for a confining stress of 10 lb/in2.   

Figure 5-60 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 2 lb/in2 as well as extended into the 

maximum negative pore pressure of -6 lb/in2. Figure 5-61 shows the stress ratio for 10 

lb/in3 confining stress. Prior to testing, the initial moisture content was 33%, saturation 
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was 0.84, void ratio was 1.27, and a unit weight of 117.6 lb/ft3 with a dry unit weight of 

88.4 lb/ft3. Moisture content prior to shearing was 38.4%, saturation was 0.977, void ratio 

was 1.26, and a unit weight of 122.6 lb/ft3 with a dry unit weight of 88.6 lb/ft3. Undrained 

shear strength was 6336 psf. 

 

Figure 5-59: Stress-Strain Plot (Location 3, 10 lb/in2) 

 

Figure 5-60: Change in Pore Pressure (Location 3, 10 lb/in2) 
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Figure 5-61: Stress Ratio (Location 3, 10 lb/in2) 

5.2.2.11.1.3.2 Location 3, 28 lb/in2 

Figure 5-62 shows the stress-strain relationship for a confining stress of 28 lb/in2.   

Figure 5-63 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 12 lb/in2. Figure 5-64 shows the 

stress ratio for 28 lb/in2 confining stress. Prior to testing, the initial moisture content was 

32%, saturation was 0.85, void ratio was 1.21, and a unit weight of 119.8 lb/ft3 with a dry 

unit of 90.8 lb/ft3. Moisture content prior to shearing was 37.2%, saturation was 0.99, 

void ratio was 1.20, and a unit weight of 124.6 lb/ft3 with a dry unit weight of 90.9 lb/ft3. 

Undrained shear strength was 13824 psf. 
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Figure 5-62: Stress-Strain Plot (Location 3, 28 lb/in2) 

 

Figure 5-63: Change in Pore Pressure (Location 3, 28 lb/in2) 
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Figure 5-64: Stress Ratio (Location 3, 28 lb/in2) 

5.2.2.11.1.3.3 Location 3, 47 lb/in2 A 

Figure 5-65 shows the stress-strain relationship for a confining stress of 47 lb/in2.    

Figure 5-66 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 23 lb/in2. Figure 5-67 shows the 

stress ratio for 47 lb/in2 confining stress. Prior to testing, the initial moisture content was 

34%, saturation was 0.91, void ratio was 1.19, and a unit weight of 122.4 lb/ft3 with a dry 

unit weight of 91.3 lb/ft3. Moisture content prior to shearing was 36.4%, saturation was 

0.98, void ratio was 1.19, and a unit weight of 124.7 lb/ft3 with a dry unit weight of 91.4 

lb/ft3. Undrained shear strength was 20160 psf. 
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Figure 5-65: Stress-Strain Plot (Location 3, 47 lb/in2 A) 

 

Figure 5-66: Change in Pore Pressure (Location 3, 47 lb/in2 A) 
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Figure 5-67: Stress Ratio (Location 3, 47 lb/in2 A) 

5.2.2.11.1.3.4 Location 3, 47 lb/in2 B 

Figure 5-68 shows the stress-strain relationship for a confining stress of 47 lb/in2.   

Figure 5-69 shows the change in pore pressure in relation to percent strain. The 

maximum pore pressure build up was approximately 23 lb/in2. Figure 5-70 shows the 

stress ratio for 47 lb/in2 confining stress. Prior to testing, the initial moisture content was 

32.7%, saturation was 0.89, void ratio was 1.18, and a unit weight of 121.7 lb/ft3 with a 

dry unit weight of 91.7 lb/ft3. Moisture content prior to shearing was 35.8%, saturation 

was 0.972, void ratio was 1.18, and a unit weight of 124.6 lb/ft3 with a dry unit weight of 

91.7 lb/ft3. Undrained shear strength was 23040 psf. 
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Figure 5-68: Stress-Strain Plot (Location 3, 47 lb/in2 B) 

 

Figure 5-69: Change in Pore Pressure (Location 3, 47 lb/in2 B) 
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Figure 5-70: Stress Ratio (Location 3, 47 lb/in2 B) 

 

Figure 5-71: Location 3 p-q plot for Residue 2 
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Figure 5-71 shows the p-q plot for Residue 2 Location 3. The internal friction 

angle was 37.22 degrees with a cohesion intercept of 0.55 lb/in2. 

5.2.2.11.2 Tilt Table 

Air-dried bauxite residue was blended to a slurry using tap water to an 

approximate gravimetric water content between 0.58 and 0.62. The slurried residue was 

placed on the testing board, a confining stress ranging from 0.29 to 1.16 lb/in2 was placed 

on the specimen, and then the specimen was lowered into a tank of tap water (with the 

confining stress being applied). After a 30 minute consolidation period, the specimen was 

sheared in accordance to the procedures. Table 5-15 shows the results for the tilt table 

testing providing the friction angles of the non-linear portion of the stress relationships 

for Locations 1, 2, and 3.  

 

 

 

Table 5-15: Tilt Table Results (Residue 2) 

 

Normal Stress Friction Angle Normal Stress Friction Angle Normal Stress Friction Angle

(lb/in
2
) (deg) (lb/in

2
) (deg) (lb/in

2
) (deg)

0.29 38 0.29 38 0.29 36

0.58 36 0.58 37 0.58 35.3

1.16 35.3 1.16 36 1.16 34.5

Location 1 Location 2 Location 3
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5.2.2.12 Erosion Resistance 

Two laboratory tests were performed to determine the erosion resistance of 

Residue 2. These tests are the (1) crumb test and the (2) pinhole dispersion tests. The 

following two sections show the results of these tests.  

5.2.2.12.1 Crumb Test 

Specimens were formed using a special 0.6 inch by 0.6 inch by 0.6 inch silicon 

mold to form cubes of specific densities that matched the standard Proctor optimum 

moisture content of 32% and maximum dry density. The soil "cube" was placed in a 

translucent cup and then water was added carefully so as not to disturb the cube while 

filling the cup with water. Testing was run for a full 24 hours. Table 5-16 shows the 

results from crumb tests. The results show that Residue 2 at all three locations would be 

classified as nondispersive under this testing procedure.  
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Table 5-16: Crumb Test Results 

5.2.2.12.2 Pinhole Dispersion 

Specimens were created from air-dried bauxite residue rehydrated to the optimum 

moisture content (32%). The material was then weighed to an approximate weight 

knowing a desired density and then compacted using a Harvard compaction hammer into 

the testing mold. Table 5-17 shows the results of the pinhole dispersion tests. 

Classification of the three locations was as followed: Location 1 was ND1: Nondispersive 

to ND3: Slightly Dispersive, Location 2 was ND1: Nondispersive to ND2: 

Nondispersive, and Location 3 was ND1: Nondispersive to ND3: Slightly Dispersive.  

 

Test # 1 2 3 4

2 min 1 1 1 1

1 hr 1 1 1 1

6 hr 1 1 1 1

Test # 1 2 3 4

2 min 1 1 1 1

1 hr 1 1 1 1

6 hr 1 1 1 1

Test # 1 2 3 4

2 min 1 1 1 1

1 hr 1 1 1 1

6 hr 1 1 1 1

(1=non‐dispersive)

CRUMB TESTS Dispersivity Rating

ABR 0106

ABR 0205

ABR 0305
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Table 5-17: Pinhole Dispersion Results 

5.3 SUMMARY 

Geotechnical properties were measured for Residues 1 and 2 for the purpose of 

analyzing the material for potential reuse as a levee fill.  

Sieve analysis data for Residue 1 indicated that specimen testing procedures could 

affect the results with dry sieving method showing only 10% of the particles to pass the 

#200 sieve while wet sieving resulted in nearly 90% of the particles passing the #200 

sieve. For Residue 2, wet sieving was performed, indicating that sampling location 

affected particle size with Location 1 (closest to the slurry inlet) having the lowest 

number of particles passing the #200 sieve (at 62%) and Location 3 having the highest 

number of particles passing the #200 sieve (at 96%). Residue 1 had an average specific 

gravity of 3.6 while Residue 2 indicated a range of specific gravities based on specimen 

1 1 ND2 ‐ Nondispersive 3.20 0.74

2 1 Inconclusive, REDO N/A N/A

3 1 Inconclusive, REDO N/A N/A

4 2 ND1 ‐ Nondispersive 2.66 1.52

5 2 Inconclusive, REDO 3.80 2.70

6 2 ND2 Nondispersive 3.22 0.63

7 3 ND3 Slightly Dispersive N/A 2.04

8 3 ND1 Nondispersive 1.36 0.84

9 3 ND3 Slightly Dispersive N/A 1.87

10 1 ND1 Nondispersive 2.15 1.29

11 1 ND3 Slightly Dispersive* 3.20 1.90

12 2 ND1 Nondispersive 1.69 0.92

* Test 11 was on border and could be ND2 Nondispersive based on 

flow rate and lack of observable turbidity

Test  Location Classification
Flow Rate 

@ 40" Head

Flow Rate 

@ 15" Head
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sampling location similar to the sieve analysis. At Location 1, the specific gravity was 3.5 

while at Location 3 the specific gravity was 3.2. The as-received gravimetric water 

contents of Residues 1 and 2 were considerably different with Residue 1 having an 

average value of 122% and Residue 2 having an average value of 68%. The sample 

source showed a difference with Location 1 having a gravimetric water content of 61% 

and Location 3 having a gravimetric water content of 69%, indicating drying out at the 

top and wetter material at lower elevations and farther down the flow path.  

Plasticity data showed interesting results for both Residues 1 and 2, indicating 

effects caused by processing of the material. For Residue 1, compress-dried PI equaled 

26, air-dried PI equaled 11, and oven-dried was non-plastic. For Residue 2, oven-dried 

was not run and compress-dried PI average equaled 13 while air-dried PI average equaled 

10. For plasticity, Residue 2 results showed effects by both the specimen processing and 

source effects. For source effects, the compress-dried PI for Location 1 equaled 11 while 

the compress-dried PI for Location 3 equaled 17. For processing effects, the compress-

dried material showed differences between Location 1 and 3 (11 to 17) while the air-dried 

material showed little difference (10 to 11) indicating some changes due to air-drying. 

The pH value for Residue 1 was 10.9 while the values for Residue 2 at Locations 1, 2, 

and 3 were 11.3, 12.7, and 12.6, respectively. For Residue 2, these pH results could 

indicate effects of drying, knowing that the gravimetric water contents were different for 

the three locations, with Location 1 having the lowest gravimetric water content at 62% 

and Locations 2 and 3 having gravimetric water contents near 70%.  
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The X-ray diffraction data for both Residue 1 and 2 showed that the samples had 

many of the same minerals and included the typical oxides associated with bauxite 

residue (iron oxide, aluminum oxide, titanium oxide, sodium oxide, and calcium oxide). 

These results also matched up well with bauxite ore, indicated the possibility that bauxite 

residue may behave similarly to soil associated with bauxite ore (namely lateritic soils).  

 For compaction data, although Residue 1 looked at oven-dried residue and 

Residue 1 looked at air-dried and compress-dried residue, the results were very similar. 

Residue 1 had a standard Proctor curve with OMC=33% and γd,max = 94 lb/ft3 and a 

modified Proctor curve with OMC=28% and γd,max = 102 lb/ft3 while Residue 2 had an 

average standard Proctor curve with OMC=31% and γd,max = 93 lb/ft3 and an average  

modified Proctor curve with OMC=24.75% and γd,max = 106 lb/ft3 for air-dried residue 

and a  standard Proctor curve with OMC=31% and γd,max = 99 lb/ft3 and a  modified 

Proctor curve with OMC=23.5% and γd,max = 111 lb/ft3 for compress-dried residue. 

A consolidation test for Residue 1 resulted in Cc = 0.56, Cr = 0.03, and 

preconsolidation pressure = 4800 lb/ft2. For Residue 2, two lightly compacted 

consolidation tests were performed for Locations 1, 2, and 3. Location 1 had results for 

two tests. For test 1,   Cc = 0.364, Cr = 0.0211, and preconsolidation pressure = 1200 

lb/ft2 and for test 2, Cc = 0.36, Cr = 0.0244, and preconsolidation pressure = 2000 lb/ft2. 

Location 2 had results for one test Cc = 0.427, Cr = 0.037, and preconsolidation pressure 

= 1300 lb/ft2. Location 3 had results for two tests. For test 1, Cc = 0.426, Cr = 0.0238, and 

preconsolidation pressure = 2000 lb/ft2 and for test 2, Cc = 0.429, Cr = 0.0292, and 

preconsolidation pressure = 2000 lb/ft2.  A second test of consolidation tests (one each for 
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Locations 1, 2, and 3) looked at compacted specimens that were compacted to the 

optimum water content (~32%, gravimetric). For Location 1, the results were a Cc = 

0.322, Cr = 0.0249, and preconsolidation pressure = 4000 lb/ft2. For Location 2, the 

results were a Cc = 0.28, Cr = 0.0269, and preconsolidation pressure = 3800 lb/ft2. For 

Location 3, the results were a Cc = 0.383, Cr = 0.0314, and preconsolidation pressure = 

3200 lb/ft2. Although free swell tests were run on Residue 1, the results showed that the 

material consolidated under the small seating load, rather than swell when tested. 

 For Residue 1, shear strength was measured using direct shear, tilt table, and 

consolidated-undrained triaxial tests. The direct shear test looked at the shear strength of 

dry and wetted air-dried residue. The result was a friction angle of 50 degrees for dry 

residue and 46 degrees for wet residue. The tilt table found the non-linear portion of the 

strength curve to range from a friction angle of 38.4 degrees for a normal stress of 0.14 

lb/in2 to a friction angle of 36.5 degrees for a normal stress of 0.87 lb/in2. The CU triaxial 

test found an internal friction angle of 39.4 degrees with a cohesion intercept of 1.4 lb/in2. 

For Residue 2, shear strength testing included tilt table and CU triaxial shear testing. The 

tilt table located at the non-linear portion of the strength curve at low confining stresses 

for Locations, 1, 2, and 3. The average friction angle of φ=37.3 degrees at a normal stress 

of 0.29 lb/in2 to an average friction angle of φ=35.3 degrees at a normal stress of 1.16 

lb/in2. The CU triaxial tests found an average friction angle of 36 degrees and a cohesion 

equal to 1.3 0.55 lb/in2. 

 Testing of the hydraulic conductivity for Residue 2 resulted in a hydraulic 

conductivity of 10-6 for all tests, despite running three different methods that included one 
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method having the b-value at 0.97. Lastly, the research project looked at the erosion 

resistance of the bauxite residue. This testing included the crumb test and pinhole 

dispersion test. For the crumb test, all the locations (after 24 hours in water) had a 

dispersivity rating of 1, meaning it was non-dispersive. For the pinhole dispersion tests, 

results indicated a slightly dispersive to non-dispersive material. 
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CHAPTER 6 - ANALYSIS 

6.0 INTRODUCTION 

The purpose of the this chapter is to analyze laboratory test results to describe the 

properties of bauxite residue to understand and characterize its behavior as a compacted 

fill and to assess its suitability for beneficial reuse, principally as fill material in flood 

protection levees. 

6.1 INDEX PROPERTIES 

Classification of bauxite residue begins with analyzing the index properties 

obtained from the laboratory procedures. Residues 1 and 2 have grain size distribution 

data indicating greater than 50% of the grains passing the #200 sieve, have plasticity 

index (PI) values below 50, and all PI versus LL values are below the A-line on a 

plasticity chart. These three characteristics identify bauxite residue as a ML, an inorganic 

silt, in terms of the Unified Soil Classification System (USCS).  Table 6-1 shows grain 

size distribution parameters for Residue 2. The table indicates that the coefficients of 

uniformity (Cu) are all above 10 indicating well-graded soils and the values are in the 

range typical of a mixture of silty sand and/or gravel. 

 

Table 6-1: Grain Size Distribution Parameters for Residue 2 

D60 D30 D10 Cu Cz

Loc 1 0.060 0.0070 0.0003 200 2.72

Loc 2 0.025 0.0025 0.0003 83 0.83

Loc 3 0.007 0.0010 0.0003 23 0.48
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Table 6-2 provides information on the clay fraction and activity of Residue 2. The 

results indicated that bauxite residue has a clay fraction ranging from 20% to 40% and 

activity levels from 0.2 to 0.6, indicative of a low activity fine grained material similar to 

kaolinite or illite (low swell potential). 

 

 

Table 6-2: Clay Fraction and Activity Values for Residue 2 

 

In terms of mineralogy, bauxite residue shows substantial amounts of iron oxide 

and aluminum oxide, with smaller levels of silicon oxide, titanium oxide, calcium oxide, 

and sodium oxide as well. Figure 6-1 provides a quantitative comparison between the 

mineralogy of bauxite ore and bauxite residue. The data for this comparison was taken 

from the publicly available information on the two materials and provides insight into the 

changes that should be expected when going from bauxite to bauxite residue. Generally, 

the two materials have similar oxide makeups. The only big difference is the percent by 

weights of the aluminum oxide (which, in turn, affects the other weights). 

Location Compress‐Dry Air‐Dry Compress‐Dry Air Dry

1 20% 20 11 10 0.6 0.5

2 28% 28 12 11 0.4 0.4

3 39% 39 17 10 0.4 0.2

Clay Fraction (% greater 

than 0.002 mm)

PI Activity
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Figure 6-1: Mineralogy Comparison between Typical Bauxite and Bauxite Residue 

  

 Figure 6-2 shows a comparison between the average calculated weights of solids 

for 50°C oven-dried Residue 2 versus 110°C oven-dried Residue 2. Location 1 showed 

an average difference of 1.1%, Location 2 showed an average difference of 0.7%, and 

Location 3 showed an average difference of 1.7%. All three of these average differences 

are not significant in terms of changing the data based on oven-drying at 110°C versus 

oven-drying at 50°C. For perspective, the largest difference at 1.7% would result in an 

approximate 1 percentage point drop for all water contents calculated, an approximate 1-

2 lb/ft3 increase for densities, and a drop in void ratio of approximately 0.05. An example 

of the effect of this difference would be that the average liquid limit for Residue 2 

Location 3 would change from 52 to 51 if one were to use 50°C drying temperature 
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instead of the 110°C temperature used in this research. Another example would be that if 

the void ratio for the compacted specimens for consolidation was at 1.2, it would shift to 

1.15 if one were to use 50°C drying temperature. Overall, there does not appear to be 

significant effects from using 110°C oven-drying for obtaining the gravimetric water 

contents for the bauxite residue studied in this research. 

 

Figure 6-2: Average Difference Between Weight of Solids for 50°C Oven-Dried 
Specimens and 110°C Oven-Dried Specimens for Residue 2 

 
 Figure 6-3 shows the as-received gravimetric water contents obtained for 

Residues 1 and 2. Recall that all samples were obtained within 3 feet of the ground 

surface. The results provide insight into how different refineries store their bauxite 

residue and how this can affect the characteristics of the material. Residue 1 is sent to the 
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containment ponds as a high moisture content slurry and the particles are allowed to settle 

out while Residue 2 is stored using the newer method of dry stacking. The result is 

significantly different as-received gravimetric water contents. 

 

 

Figure 6-3: As-Received Gravimetric Water Content Comparison 

Bauxite residue has a high specific gravity compared to a typical soil (Table 6-3). 

The specific gravities found in this research ranged from 3.21 to 3.65 for Residues 1 and 

2. A typical soil has a specific gravity ranging from 2.6 to 2.75. Lateritic soils have a 

slightly higher range with African lateritic clays ranging from 2.33 to 2.94 (Lyon, 1971). 

Something to consider when looking at specific gravities of bauxite residue are the 

specific gravities of the primary elements that make up bauxite residue: iron oxide 

(hematite), aluminum oxide, silica sand, and titanium oxide. Iron oxide has a specific 

gravity range of 4.8 to 5.26, aluminum oxide has a range of 3.4 to 4.0, silica sand has a 
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well-accepted value of 2.6, and titanium oxide has a range of 3.9 to 4.2. These results 

coupled with the percentages of these minerals making up the material may be the reason 

for bauxite residue having a higher specific gravity compared to similar fine-grained 

soils. Interestingly, it has been stated that "residual soils (tropical region soils) exhibit 

specific gravity that would be considered unusually high or unusually low" (Blight, 

2012). Based on the available data, this statement is correct in that lateritic soils show a 

much larger range. But, in comparison to bauxite residue, these soils do not reach values 

higher than 3. 

 

Table 6-3: Specific Gravity Data 

The pH of bauxite residue is the most important obstacle to its possible beneficial 

reuse potential in civil engineering projects. From the results in this research, one can see 

that the pH can vary among different refineries and the material can behave differently 

across the same refinery containment pond. Oven-dried Residue 1 had pH values of 10.89 

for water and 10.80 for CaCl2. Air-dried Residue 2 pH had pH values of 11.3 for 

Location 1, 12.7 for Location 2, and 12.6 for Location 3, with an initial pH of 13.1 to 

13.2 in the slurry. Based on suggestions by a consultant from one of the refineries, we 

Avg. Specific 

Gravity

Residue 1 3.65

Residue 2

Location 1 3.47

Location 2 3.54

Location 3 3.21

2.6 ‐ 2.75

Typical Soil Range

Lateritic Soil Range

2.33 ‐ 2.94
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also investigated the potential changes of the pH over time of exposure to drying.  A 

summary of the time rate effects on pH for Residue 2 can be seen in Figure 6-4. The 

results show that over the first 150 hours of air-drying, all sample pHs decreased. This 

phenomenon of pH decreasing during air-drying is due to carbonation reactions occurring 

between the carbon dioxide in the air with the elements typically found in bauxite 

residue. For a comparison, soils in arid regions exhibit higher than average pH values for 

natural soils with values ranging as high as 8.5-9.0. 

 

Figure 6-4: Time Effects of Air-Drying on pH of Bauxite Residue 

 After the first 150 hours, several samples had their pH increase or “rebounded”, 

as seen in Figure 6-4. This "rebound" observed in some of the samples is also a 

phenomenon contributed to chemistry. Bauxite residue has two separate phases when it 

comes to the pH of the material, a liquid and solids phase. The liquid phase is 

immediately affected by the drying effects: with the caustic liquid drying out of the 
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material, allowing the suspended salts to dry out and either react in combination with the 

other residue elements, the air, or dry out and be expelled from the liquid (seen in the 

white crystal formation during drying (see Figure 6-5)).  

 

Figure 6-5: Example of Crystal Formation due to Drying of Bauxite Residue 

This initial drying leads to some pH adjustments to the residue. As time continues 

to pass however, the solids and salts continue to have chemical reactions that lead to 

continued changes in the pH that can result in a "rebound" (increase in pH) or continued 

decrease in pH. Interestingly, both the compress-dried residue in this research and a 

large-scale version of the mechanism indicated that as the soil dries in this way 

(squeezing the pore space), the salts are removed, resulting in no white crystal formation. 

This is a positive finding because it indicates that simply squeezing the liquid out the 

residue will remove a significant portion of the caustic salts. This statement is predicated 

on the salts being removed as is the case for the large-scale version (where the liquid is 

collected and treated at the refinery wastewater treatment facility after being squeezed out 
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of the bauxite residue) as well as for this research (where the liquid was collected in 

beakers). Otherwise, there would be the risk of the salts being dissolved and reintroduced 

to the material if the material was allowed to get wet again (i.e. - from a rain event). With 

this in mind, if the compress-dried residue were tested for pH, it would likely be a lower 

value than the 13 associated with slurry residue. The result could be beneficial in the 

future to finding a solution to lower the pH to an acceptable level for use in a levee, or for 

reuse purposes in general. 

One last point related to the pH is the issue of sample size for pH testing. 

Typically, a sample of only 100 grams is used in combination with water to create the 

testing solution. Now consider a case where a neutralized sample of 10 kilograms has 

removed 95% of the elements that cause an increase in the pH; but the technician takes a 

100 gram sample that includes a portion of that 5% remaining of the causing elements. 

Then, the test will indicate that the nearly neutralized sample still has a high pH.  Based 

on all of these issues observed in his research and others, one can see how changing the 

pH and performing an analysis for neutralization is a very complicated and difficult 

process. Ultimately, a combination of air-drying the material and mixing the material 

with some form of admixture will hopefully decrease the pH and keep the pH at an 

acceptably low level. Until a successful solution is discovered, the pH of the material will 

hinder its possible reuse potential and may be the most controlling factor in an eventual 

reuse of bauxite residue for civil engineering projects.  
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6.2 COMPACTION 

Compaction data indicates that bauxite residue compacted under standard and 

modified effort will behave like a fine-grained soil with low plasticity. The material 

compacts at an unusually low maximum dry density and high moisture content compared 

to typical fine grained soils with similar plasticity. Figure 6-8 shows the compaction peak 

points for the standard Proctor tests performed on Residue 2 compared to typical 

compaction peak points for sands and clays. The results indicate that the optimum 

moisture contents are much higher and the maximum dry densities are much lower 

compared to the traditional soils.  

Figure 6-6 shows the results for standard proctor curves for Residues 1 and 2. 

Figure 6-7 shows the results for modified proctor curves for Residues 1 and 2. Remember 

for the above two figures that Residue 1 was produced from air-dried bauxite residue (not 

labeled on plot). Figure 6-8 also indicates that bauxite residue relates most closely to a 

CH material. Bauxite residue compacts near the same maximum dry density to this 

material under standard effort but has much higher gravimetric water content values (5-

7% higher).  
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Figure 6-6: Residues 1 and 2 Standard Proctor Curves 

 

Figure 6-7: Residues 1 and 2 Modified Proctor Curves 
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Figure 6-8: OMC/ϒd,max Peak Point Comparison (adapted from 
http://www.intelligentcompaction.com) 

Figure 6-9 shows a comparison between ranges of compaction peak points for 

typical USCS soils and bauxite residue data. The ranges indicate that bauxite residue 

compacted under standard effort falls within the same area of ranges typical of high 

plastic fine grained soils. The results are interesting when one compares the USCS 

classification of an ML for bauxite residue and sees that the compaction data falls farther 

to the right in the range of a CH-MH material, even though the PI is too low to be 

classified an MH. This result indicates that the index property tests and related empirical 

equations may not accurately predict the behavior of bauxite residue. 
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Figure 6-9: Compaction Peak Range Comparison (adapted from Carter & Bentley 1991) 

 

Figure 6-10: Comparison of Standard Proctor Compaction Results (AD:Air-Dried) 
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Figure 6-10 shows the standard Proctor compaction data for Residues 1 and 2 

with data obtained from publicly available research (research performed at Texas A&M 

University (USEPA, Briaud and Oh 2010) and the University of Michigan (Somogyi 

1978)). Figure 6-11 shows the modified Proctor compaction data for Residues 1 and 2 

with the same publicly available research. For the standard Proctor compaction curves, 

the optimum moisture content and maximum dry density ranges were 28-33% and 90-100 

lb/ft3, respectively. This range is relatively small considering the materials come from 

three separate refineries and up to three different parent bauxite ores from several 

continents in producing the bauxite residue. These results are contrary to the idea that 

bauxite residues will be considerably different when comparing refineries and their 

individual waste. The reason may be that the material has a more consistent mineralogy 

across the planet and the refining process (all presumably using the Bayer process) is 

generally the same, resulting in similar behaviors, even with different levels of alumina 

extraction (remembering there is a caveat for Australian bauxite sands). 
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Figure 6-11: Comparison of Modified Proctor Compaction Results (AD: Air-Dried) 

 

The modified Proctor compaction curves were considerably less consistent with 

optimum moisture content and maximum dry density ranges. It almost appears to be two 

separate zones of peaks, with the exception of the Texas A&M study that has a peak 

offset from the rest of the data. The two peaks have optimum moisture content and 

maximum dry density ranges at 23-25% with 104 to 110 lb/ft3 and 28-31% and 97-103 

lb/ft3, respectively. The two peaks actually separate between the results for Residue 2 and 

the results for Residue 1/Michigan. Combining these two zones and again excluding 

Texas A&M, a single range of peaks for optimum moisture content and maximum dry 

density would be 23-31% and 97-110 lb/ft3.  
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A possible reason for the larger ranges in values could be that because of the 

higher compaction effort/energy, there is a higher possibility for subtle but still 

significant differences on how the specimens were prepared by individual lab technicians. 

This idea includes higher risk for error (compared to performing the standard proctor test) 

in lifting the weight to the full height and consistently applying the same effort for every 

test. Also, modified proctor tests include two additional lifts compared to standard 

proctor tests (5 versus 3, respectively), adding an additional area of possible error in 

making sure all the lifts are equal for every test. For the Texas A&M data, it should be 

noted that the standard and modified Proctor tests were performed by two separate 

technicians/labs for their single report. So, the large discrepancy for the modified data 

from the other data sets may be contributed to a single technician's error or some 

information may have not been included that would explain the difference.  This point is 

relative considering the Texas A&M data for the standard Proctor curves fits in line with 

the other sets of data. It is only the modified Proctor data that appears to be significantly 

different when compared to the rest of the data sets. 

6.3 COMPRESSIBILITY 

Table 6-4 provides the averages of the compressibility data for Residues 1 and 2 

and Table 6-5 provides information for typical values of compressibility indices for 

typical soils. In comparing the two tables, bauxite residue falls in line with a normally 

consolidated clay and not a silt as was classified in the USCS system. It appears that 
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bauxite residue shows a behavior more closely associated with a clay than a silt in terms 

of compressibility. 

 

 

 

 

Table 6-4: Consolidation Comparison 

Sample σp  Cc Cr Cr/Cc

(psf)

Residue 1 Bucket 1 4800 0.56 0.03 0.054

Residue 2

Lightly Compacted

Location 1 Bucket 1 1200 0.364 0.0211 0.058

Bucket 3 2000 0.36 0.0244 0.068

Location 2 Bucket 1 1300 0.427 0.037 0.087

Location 3 Bucket 1 2000 0.426 0.0238 0.056

Bucket 3 2000 0.429 0.0292 0.068

Compacted

Location 1 4000 0.322 0.0249 0.077

Location 2 3800 0.28 0.0269 0.096

Location 3 3200 0.383 0.0314 0.082
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Table 6-5: Cc Values for Typical Soils (adapted from Holtz & Kovacs 1981) 

Table 6-4 provides a comparison for the results between Residues 1 and 2 for 

preconsolidation pressures, Cc values, Cr values, and Cr/Cc ratios.  The Cc value was 

much higher for Residue 1 compared to Residue 2, with a value of 0.56 while the average 

value for all of the Residue 2 tests was 0.373 and a maximum value was 0.429. The Cr 

values appear to be similar for Residues 1 and 2, with the exception of the light 

compacted Location 2 test where the Cr was 0.037.  Even so, the Cr are considered similar 

in this research.  

In comparing Residues 1 and 2, just for perspective, a higher Cc indicates larger 

volume reductions under loading compared to lower Cc values. This relationship for Cc 

values could be important when comparing Residue 1 at 0.56 and Residue 2 at 0.36 to 

0.429. Both residues had similar initial void ratios prior to testing meaning the two 

materials started at a similar state. Therefore, the higher Cc for Residue 1 may indicate 
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that it will take a longer time for the material to reach a given degree of consolidation 

compared to that of Residue 2. This point leads to the idea that there will be some 

differences between residues from different refineries and this particular difference could 

be related to the difference in mineralogy associated with different bauxite ore.  

Table 6-6 shows a comparison of the average residue Cc data with those 

calculated from well-established empirical equations. Interestingly, the empirical 

equations that correlate closest to the data found from the consolidation tests were 

equations for clays using the liquid limit values for the natural drying method 

(undisturbed clay from Terzaghi & Peck 1967 and Nagaraj and Murthy 1986). A table 

provided in Holtz & Kovacs (Table 8-3, 1981) provides typical values for Cc and bauxite 

residue fits best for the range associated with normally consolidated medium sensitive 

clays (range of 0.2-0.5). Another soil category, organic silt and clayey silt (the range 

likely to be picked based on the USCS classification of bauxite residue), is too high 

(range of 1.5-4.0) compared to the Cc values found in this research. So, in this case, it 

appears that bauxite residue behaves more like a clay in terms of the consolidation test 

and not like a silt, as indicated by this discrepancy between the laboratory results and the 

typical range for silts.  
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Table 6-6: Comparison of Empirical Cc Results for Bauxite Residue 

The above conclusions were made with the understanding that this research 

studied compacted bauxite residue rather than in-situ bauxite residue. If one were to look 

at the behavior and Cr/Cc ratio for in-situ bauxite residue (that is, the residue stored in the 

containment ponds), these characteristics would be quite different. For one, the material 

has only experienced self-consolidation during its time in the containment pond and, due 

to its very high initial gravimetric water content, significant shrinkage occurs when it is 

drying (indicated by large desiccation cracks present in the cemented crust at the surface 

of the residue). In terms of the Cr/Cc ratio, results provided by Somogyi (1976), who was 

studying bauxite residue for its consolidation properties from the in-situ state, show a 

range of 0.11 to 0.17. This range is different to the values found for compacted Residues 

1 and 2 from this research project (0.06 to 0.1). The results indicate that, in terms of 

consolidation, the in-situ residue and compacted Residues 1 and 2 will likely behave 

differently (from review of the Cc values), resulting in significantly different data values 

depending on how the specimens are prepared for a given research project.  

Empirical Cc Equations

Terzaghi & Peck (1967) Natural Air‐Dried Consol. Test Natural Air‐Dried Consol. Test

Clay ‐ Undisturbed 0.468 0.306 0.311 0.341

Clay ‐ Disturbed 0.364 0.238 0.242 0.265

EM‐1110‐1‐1904

Clays 0.049 0.031 0.032 0.035

Uniform Silts 0.200 0.200 0.200 0.200

Wood and Wroth (1978) 0.366 0.155 0.152 0.189

Nagaraj & Murty (1985) 0.530 0.376 0.382 0.356

Residue 2

0.560 0.373

Residue 1
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Figures 6-12 to 6-14 provide an analysis of the compressibility data with the void 

ratios obtained from standard Proctor compaction. This data shows how the compacted 

bauxite residue compares to the virgin compression curve of the consolidation data; 

whether the material is normally consolidated or over-consolidated. 

 

 

 

 

Figure 6-12: Consolidation-Compaction Comparison for Location 1 
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Figure 6-13: Consolidation-Compaction Comparison for Location 2 

 

Figure 6-14: Consolidation-Compaction Comparison for Location 3 
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The estimated preconsolidation pressures found using the Casagrande method 

were in the range of 2000 lb/ft2 for lightly compacted bauxite residue and 4000 to 5000 

lb/ft2 for compacted bauxite residue. The standard compaction data plotted well beyond 

these points on the compression curves for the lightly compacted consolidation tests.  

Swell tests performed on Residue 1 indicated no swell at all (Figures 5-8 and 5-9). 

In fact, the bauxite residue consolidated under the seating load of 125 lb/ft2 for the 

duration of the swell test. This result coupled with the activity data and plasticity data 

indicates that swell would not be a concern for bauxite residue.  Residue 2 was not tested 

for swelling because of the results found for Residue 1 and similarities in other 

characteristics, including index properties and plasticity behavior. 

6.4 SHEAR STRENGTH 

For a quick review, Table 6-7 shows a summary of the strength data found for 

Residues 1 and 2. The strength data indicates that Residues 1 and 2 both exhibit high 

strength qualities. The data indicates that Residue 1 is slightly stronger than Residue 2. 

But, these results could simply be a lack of testing. Overall, the two residues behave 

similarly in terms of shear strength. The cohesion intercepts for Residues 1 and 2 are also 

very similar and generally have low values as well.  

 

 

Table 6-7: Strength Data for Residues 1 and 2 

Residue 1

Location 1 Location 2 Location 3

Friction Angle φ' (deg) 39.4 33.5 37.2 37.2

Cohesion c' (lb/in
2
) 1.4 1.7 1.6 0.55

Residue 2CU Shear Strength 

Comparison
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Figure 6-15: Approximate Effective Friction for Shear Strength Tests (R1:Residue 1; R2: 
Residue 2; CU: Consolidated Undrained Triaxial; DS: Direct Shear; TT: Tilt 

Table; L: Location) 

In terms of drained shear strength, Figure 6-15 shows the approximate effective 

friction angle for the studied bauxite residue by plotting the stress points for all of the 

shear tests (consolidated undrained triaxial (CU bar), direct shear, and tilt table). The 

result is an approximate effective friction angle range of 31 degrees to 35 degrees and an 

approximate effective cohesion of 0.5 lb/in2. Along with this approximation, the CU bar 

tests showed an effective friction angle of 39 degrees for Residue 1 and a range of 33 to 

37 degrees for Residue 2. Overall, the strength of bauxite residue compared to a typical 

clay or silt is high. An example of effective friction angles for compacted silts and clays 

are 32 degrees for ML, 25 degrees for MH, 28 degrees for CL, and 19 degrees for CH 
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(Carter & Bentley 1991). Based on these values, bauxite residue relates well with a 

compacted ML silt and may even have exhibit higher strengths compared to an ML. 

 

 
 

Figure 6-16: Measured c/p Ratio versus Effective Consolidation Pressure for the CU 
Triaxial Tests 

In terms of undrained shear strength, Figure 6-16 compares the measured c/p ratio 

compared to the effective consolidation pressure for the consolidated undrained triaxial 

tests (CU bar). Figure 6-17 plots the measured c/p Ratio versus the inferred OCR for the 

CU bar tests (inferred meaning that the average preconsolidation pressure for the three 

compacted bauxite residue consolidation tests was used to determine the OCR). These 

two plots indicate the compacted condition the soil was likely in prior to the shearing. In 

Figure 6-16 and Figure 6-17, it is clear that the 10 lb/in2 confined specimens were over-
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consolidated while the 47 lb/in2 confined specimens were normally consolidated. The 

interpretation of the 28 lb/in2 specimens is open to interpretation. Based on the data 

location for these points (indicated by red squares), it appears that they may be slightly 

over-consolidated in Figure 6-15 and that the preconsolidation pressure may have been 

underestimated using the Casagrande method. It appears that the preconsolidation 

pressure for the compacted bauxite residue is at or above 4000 lb/ft2.  

 

 

Figure 6-17: Measure c/p Ratio versus the Inferred OCR 

It has been established that bauxite residue has several characteristics in common 

with naturally collapsible soils that include: (1) alluvial/lacustrine strata formation, (2) 

fine-grained silt particle size, (3) cementation upon drying, (4) connection to high salt 

content, (5) geologically young, (6) low density and high void ratio, (7) relatively high 
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strength and stiffness upon drying, (8) relatively low plasticity, and (9) appreciable 

changes in volume during wetting/drying cycles. With these characteristics outlined, let’s 

revisit the case history involving bauxite residue slope at a 10H:1V slope that had a large, 

shallow slide.  

The slide occurred on the inside slope of a 45 foot high containment levee during 

construction activity preparing the levee for a height increase from 45 feet to 50 feet. The 

lagoon had recently been drained and excavated for this construction, an excavator was 

working at the bottom of the slope with an estimated toe cut of 6-7 feet, and a single 

bulldozer was finishing the third 12 inch lift of relatively dry compacted bauxite residue 

over the saturated bottom of the lagoon along the slope. The slide involved approximately 

two-thirds of the inclined slope (300 feet in length), approximately 300 to 400 feet along 

the slope, and the 3-foot thick layer of compacted bauxite residue. Total volume of the 

slide material was approximately 270,000 to 360,000 cubic feet of bauxite residue. From 

eyewitness accounts, the involved material flowed down the slope and filled the bottom 

of the lagoon. The bulldozer working on the slope rode the material all the way to the 

bottom of the slope. Based on eye-witness accounts describing compacted bauxite residue 

being placed on the slope that was relatively dry (gravimetric water content of 25-30%), 

no dynamic or seismic loading at the time of failure, and an estimated undrained shear 

strength of 100 lb/ft2 (taken from Somogyi 1976), a back of the envelope factor of safety 

of the slope (not accounting for significant pore pressure buildup) was calculated to be 

2.34 (see equations below): 
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ϒ 135	  

100	  

200	 ∗ 100	 ∗ cos 6  

3	 ∗ 135 ∗ 200	 ∗ sin 6  

. .
19890	

8467	
2.34 

In review of all the information, it appears that the slide occurred in the 

uncompacted bauxite residue underlying the compacted material (based on discussions 

with the engineer of record for the slide investigation). With this information in mind, a 

plausible cause for the slide is that the uncompacted, saturated bauxite residue 

experienced pore pressure buildup during stress changes and the material reached a state 

that caused collapse on part of the slope. As collapse occurred, the situation progressed 

farther throughout the slope, eventually leading to the large, shallow slide that was 

observed. 

The investigation in evaluating this possible cause started by looking into the ru 

value required to obtain a factor of safety (FS) equal to 1 for 10H:1V and 7H:1V slopes 

with friction angle strengths of 24 and 36 degrees. The value of 24 degrees was picked 

for the lower bound because it was a value provided by Somogyi (1978) for the total 

friction angle strength of bauxite residue. The 7H:1V slope was picked as a lower bound 
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because it was unclear if the slope was at a 10H:1V at the time of the slide and the 7H:1V 

slope was considered to cover the extent of the uncertainty. The pore pressure coefficient, 

ru, is the average value of u/σv on the slip surface, where u is the total pore-liquid pressure 

and σv is the total overburden pressure.   The idea of this study was to look at the effects 

that varying the slope angle, the friction angle, and the pore-liquid pressure at the slip 

surface had on the stability of the slope. Figures 6-18 and 6-19 show the results of the ru 

analysis and subsequent pore water pressure values associated with a 4 foot depth into the 

slope (an approximate location for the slip surface for the slide).  

From Figure 6-18, we can see that even with the worst scenario of a friction angle 

of 24 degrees with an 8 foot toe cut, the 7H:1V slope would not reach a FS equal to 1.0 

until ru was at 0.54. For the 10H:1V slope, the ru value for this case was 0.68. These 

results would indicate that the material is relatively stable even under relatively high pore 

pressure conditions. It also indicates that pore pressure buildup would likely need to 

occur and the friction angle would have to be relatively low (indicative of low compacted 

material) in order to destabilize the slope. Figure 6-19 shows that a 7H:1V slope would 

need a pore pressure buildup of between 2 and 3 psi under a confining stress of 3.7 to 5.6 

lb/in2 in order to replicate the case history slope slide. Although high, it is possible that 

this can happen for a fine-grained low compacted silt material like bauxite residue 

present in a containment lagoon and, again, is indicative of the possibility of liquefaction 

as the culprit for the slope slide.  
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Figure 6-18: ru values for FS=1.0 with Varying Slopes 

 

Figure 6-19: Pore Pressure Values for 4 foot Depth in Slope 
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Let's now focus on compacted bauxite residue and see if it would be possible to 

have a similar situation. Figure 6-20 shows the results of the consolidated undrained test 

(p-q plot) performed on Residue 2 from Location 3 (the location with the highest level of 

fines). In these results, one can see that the curves for all three confining stresses (10 

lb/in2 through 47 lb/in2) rise in the vertical direction and eventually turn up and to the 

right to follow the failure plane. This behavior is similar for Residue 1 and all three 

locations for Residue 2 and this particular behavior is different for a material that has 

liquefied. In a liquefaction condition, the curve would have an initial vertical rise 

followed by an eventual turn to the left and downward toward the origin. Only one of the 

four plots moved slightly to the left and none moved in a manner consistent with 

liquefaction. Also, a friction angle of 36 degrees (approximately the value expected for 

compacted bauxite residue) would need an ru value of 0.71 to have a FS equal 1.0 for an 8 

foot toe cut (a highly unlikely scenario for a levee). For no toe cut at a 36 degree friction 

angle, an ru value of 0.79 would be needed to get an FS equal to 1.0.  
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Figure 6-20: Location 3 p-q plot for Residue 2 (also Figure 5-69) 

 Figure 6-21 provides an approximate critical state line using the void ratio and 

stress data from the consolidated undrained triaxial tests and estimated information based 

on the case history slope. To calculate the data points for the case history, an estimated 

initial void ratio was established using an established unit weight of bauxite residue of 

125 lb/ft3 and assuming a 4 foot cover of compacted bauxite residue prior to failure. For 

the triaxial data, the initial and final void ratios were based on the results of the tests. 

Based on the assumption that the case history was a form of liquefaction (indicative of 

contractive behavior), the triaxial test data showed only dilative behavior (indicated by 

the p-q plots extending up and to the right and not down and to the left towards the 

origin), and many of the triaxial tests indicated near critical state behavior (indicated by 
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near vertical lines from the x-axis to the failure envelope), the estimated critical state line 

was established.  

 The state parameter, ψ, is the current void ratio (e) minus the void ratio of the 

critical state at the same mean stress (ec) (so, ψ = e - ec).  The triaxial data, for compacted 

bauxite residue, shows a ψ < 0 and the points all being below the critical state line while 

the case history shows contractive behavior with a ψ > 0. The dilative behavior is a 

positive quality compared to the case of the uncompacted bauxite residue in the case 

history which appears to have liquefied under seemingly low stress conditions. 

 

 

Figure 6-21: Critical State Line Approximation 
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In review of the shear strength information, the results could be used to conclude 

that bauxite residue, in a compacted state, has the proper strength to resist liquefaction 

under normal stresses up to about 50 lb/in2. It also supports the idea that the bauxite 

residue that caused the case history slide was subjected to static liquefaction due to its 

relatively high void ratio. Based on the p-q plots for both Residues 1 and 2, the results 

described in this section related to compacted bauxite residue can be attributed to both 

Residue 1 and Residue 2, meaning that both materials have a high strength and low 

potential of collapsibility when in a compacted state. 

6.5 HYDRAULIC CONDUCTIVITY 

Figure 6-22 shows the hydraulic conductivity values obtained at the various 

compacted moisture contents calculated for the hydraulic conductivity specimens. The 

data was overlaid on the compaction data to show the target zone of compaction for this 

research and the related hydraulic conductivities achieved with that zone. In terms of 

hydraulic conductivity, the values are relatively low, considering the dry densities. As 

stated previously, all tests were lower than 10-2 feet/day (10-6 cm/s). Additionally, the 

hydraulic conductivities were plotted with the compacted degree of saturation values 

(Figure 6-23). It should be noted that the specimens were all prepared using standard 

Proctor effort for compaction of the material. These values indicate a relatively narrow 

range indicating correlation between the three different hydraulic conductivity tests 

performed in this research.  
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Figure 6-22: As-Received Gravimetric Water Content Comparison (rigid: rigid wall test; 
flex-nbs: flexible wall test with no back pressure; flex-bs: flexible wall test with back 

pressure) 

 

Figure 6-23: Saturated Hydraulic Conductivity versus Degree of Saturation at End of 
Compaction (rigid: rigid wall test; flex-nbs: flexible wall test with no back pressure; flex-

bs: flexible wall test with back pressure) 
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The data also provide insight to the method of testing for the hydraulic 

conductivity. Testing was performed on standard Proctor compacted specimens using two 

tests with two different methods of saturation: (1) rigid wall permeameter with inundation 

over time (4-5 pore volumes of water were flushed through system for pre-test 

saturation), (2) flexible wall permeameter with falling head (same saturation as with rigid 

wall), and (3) flexible wall permeameter with back pressure saturation. Despite these 

differences, Table 6-8 shows the results were very similar, indicating that rigid wall 

permeameter testing may be enough in establishing the hydraulic conductivity and the 

tester can avoid the more laborious flexible wall permeameter testing. 
 

 

Table 6-8: Hydraulic Conductivity Test Method Comparison 

6.6 EROSION RESISTANCE 

Bauxite residue was also compared to a grain size distribution analysis developed 

by Sherard for the U.S. Bureau of Reclamation. The result of this analysis is displayed in 

Figure 6-24 with the conclusion that bauxite residue does not fit the criteria of a 

dispersive or unstable material. 

(m/s) (cm/s) (ft/day)

Location 1 1.2E‐08 1.2E‐06 3.4E‐03

Location 2 4.2E‐09 4.2E‐07 1.2E‐03

Location 3 6.3E‐09 6.3E‐07 1.8E‐03

Location 1 1.5E‐08 1.5E‐06 4.4E‐03

Location 3 1.4E‐08 1.4E‐06 4.1E‐03

Location 1 1.2E‐08 1.2E‐06 3.3E‐03

Location 3 3.9E‐08 3.9E‐06 1.1E‐02

Flexible Wall Back Pressure 

Saturation

Flexible Wall Falling Head Test 

with Drip Saturation

Rigid Wall Falling Head Test 

with Drip Saturation

Average k
Hydraulic Conductivity Test Comparison
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Figure 6-24: Grain Size Analysis Compared to Sherard/USBR Stability Band 

Testing methods used in this research to determine bauxite residue's resistance to 

erosion were a combination of the crumb test and pinhole dispersion test. The results 

indicate that the material is slightly dispersive to completely non-dispersive (Tables 5-16 

and 5-17).  

Lastly, review of the literature did find one research project performed at Texas 

A&M University that looked at the erosion resistance of bauxite residue. Conveniently, 

this research project looked at bauxite residue from the same refinery that supplied the 

Residue 2 samples for this research project. Figure 6-25 shows the results of this study. In 

their results, they concluded that bauxite residue (Residue 2) prepared using standard 

Proctor effort was a medium to low erodible material, depending on the eroding liquid. 

Tap water caused more erosion than sea water, which is a good sign for this research 
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since hurricane protection levees will have seawater as the primary eroding liquid.  It 

should also be noted that the modified Proctor compacted material was non-erodible and 

most compacted material in the field experiences some energy effort between standard 

and modified Proctor effort. This point leads to the assumption that bauxite residue in the 

field may be less erodible than the results shown for the standard Proctor effort in Texas 

A&M research.  

 

Figure 6-25: Texas A&M Bauxite Residue Erosion Study Results 

In the end, three different forms of dispersion/erosion resistance research on 

compacted bauxite residue have shown that the material will be erosion resistant to both 

tap water and sea water. Personal observations at several bauxite residue facilities support 

these findings. On embankments and slopes made of bauxite residue, there appeared to be 

very little erosion associated with water. There were no signs of gullies or mass waste 
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type movements of the material due to rain events, generally, the material was quite firm, 

even under unknown compaction effort (most likely only under the weight of excavation 

equipment operating at the facilities). Additionally, there appeared to be no internal 

erosion occurring through the bauxite residue levees built within the containment 

facilities. Seepage was occurring due to differential pressure through the levees. But, the 

seepage was clear and showed no signs of carrying residue particles, a typical sign of 

internal erosion. 

6.7 PARENT SOURCE EFFECTS 

 Study of the possible source effects for bauxite residue included the comparison 

of Residue 1 to Residue 2, knowing the materials were made from bauxite ore from two 

different locations.  In comparing the data obtained for Residues 1 and 2, it appears that 

there is not a big difference between the two materials, despite the residues coming from 

parent ores from two different continents (North America (Jamaica) and Africa 

(Guinea)).  

Figures 6-26 through 6-28 show the results for powder x-ray diffraction testing of 

Residue 1, Residue 2, and parent bauxite ore for Residue 2. The analysis included 

comparisons between (1) bauxite ore and Residue 1, (2) bauxite ore and Residue 2, and 

(3) Residue 1 and Residue 2. The y-axis data has been adjusted for comparison and the x-

axis data are the correct values to be able to see the individual data sets while maintaining 

the location of the peaks. The orange vertical lines indicate matching peaks and, for 

reference, OD means oven-dried and AD means air-dried.  In these comparisons, the 
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reader will notice that a vast majority of the peaks (indicative of particular crystal 

structures related to certain oxides) are identical between Residues 1, Residue 2, and 

bauxite ore (with some peaks’ intensities varying). Remember that this analysis is based 

only on qualitative testing and quantitative testing was not performed for this research 

project. Also, when overlaying Residue 1 data with Residue 2 data, the data sets are 

almost identical. This result is despite the fact that the source ore used in creating 

Residues 1 and 2 are from different continents. It is an impressive indicator that (1) 

bauxite residue may have a stronger connection to lateritic soils (in this case the parent 

laterite ore) found in the areas where the bauxite ore was mined and (2) two different 

refineries running assumedly different refining processes (different facilities in different 

states run by different companies) would produce what appears to be very similar 

residues. The first point makes one further conclude that the reasons for so much scatter 

in the publicly available data could be a result of the sensitivity of the material to 

processing/sample preparation, given that lateritic soils have been shown to have this 

sensitivity. It also may explain the fact that it behaves similar to a sensitive clay that is 

difficult to classify and study using traditional laboratory procedures. The second point 

makes one further conclude that there may not be as much of a difference between 

different refinery bauxite residues. It was perceived as a possible cause for observed 

variability of publicly available data. This writer is not saying that all bauxite residues are 

the same knowing that Australian residues are distinctly difference due the parent 

material coming from bauxite sands; which would result in quite different geotechnical 

behavior compared to residues from crushed ore. Comparing the XRD data of bauxite ore 
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and bauxite residue (summarized in 6-3 and shown in these XRD results), the concept of 

similarity is further emphasized and supported in a very clear way.  

 

 

 

 

Figure 6-26: Comparison of XRD Data for Bauxite Ore and Residue 1 
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Figure 6-27: Comparison of XRD Data for Bauxite Ore and Residue 2 

 

Figure 6-28: Comparison of XRD Data for Residue 1 and Residue 2 
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Figure 6-29 shows the results of the standard Proctor curves comparing Residues 

1 and 2. In this plot, there appear to be some source effects related to the optimum 

moisture contents that are associated with similar maximum dry densities. The optimum 

moisture content of Residue 1 was at 34% while Residue 2 had a moisture content of only 

30%. The difference is not substantial but still worth noting given that there was a 

difference when comparing the two residues.  

 

Figure 6-29: Source Effects Comparison for Residues 1 and 2 Standard Proctor Curves 
(R1: Residue 1; R2: Residue 2; AD: air-dried) 
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A similar trend can be seen in the comparison between the modified Proctor 

curves for Residues 1 and 2 as well. Figure 6-30 shows the results of the modified 

Proctor curves comparing Residues 1 and 2. The difference is more substantial and there 

also appears to be more variability among the Residue 2 curve peaks. In general, the 

optimum moisture content is near 30% for Residue 2 and 24% for Residue 1. This result 

is more significant and may be contributed to some extent to the testing process 

(dropping a larger weight with more lifts).  

 

Figure 6-30: Residues 1 and 2 Standard Proctor Curve Comparison (R1: Residue 1; R2: 
Residue 2; AD: air-dried) 

A comparison of the specific gravities for Residues 1 and 2 is provided in Table 

6-3. These values indicate that Residue 1 appears to be heavier than Residue 2. This 
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result could be due to iron content, whether due to some characteristic difference in 

mineralogy related to the bauxite (between ore from Jamaica for Residue 1 and ore from 

Guinea for Residue 2) or because more aluminum was extracted from Residue 2 due to 

proprietary process differences between the two refineries. The second reason would 

result in lower levels of the lighter aluminum oxide being left in the residue and higher 

levels of the heavier iron oxide left due to extraction for Residue 1 compared to Residue 

2. Combining these results with those of the x-ray diffraction, it seems more plausible 

that the second explanation is more likely since the mineralogy showed that the residues 

do not differentiate much between the types of elements/minerals present in the materials. 

6.8 SAMPLE LOCATION EFFECTS 

The source effects analysis also looked at possible behavior changes due to the 

sample location of bauxite residue within the containment facility at Refinery 2. This 

analysis compared the results of Residue 2 and the three sample locations to study any 

behavior differences.  

Wet sieve analyses were performed on Residue 2 for three locations (results 

shown in Figure 6-31). These locations were designated R2 LOC 1, 2, and 3. All three 

locations were along the slurry residue flow path with Location 1 being closest to the 

slurry inlet, Location 3 being farthest away from the inlet, and Location 2 located 

approximately in the middle of the flow path. The results of these tests were 62% passing 

the #200 sieve for Location 1, 72% passing the #200 sieve for Location 2, and 96% 

passing the #200 sieve for Location 3. The results indicate that particles decreased in size 
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along the flow path of the slurry as it passed through the containment lagoon. This result 

makes sense knowing that lighter particles will stay in suspension for a longer period of 

time and will travel with the flow of the slurry for longer distances along the flow path. 

This finding will result in source effects related to the grain size distribution of the 

particles being different throughout the containment pond. 

 

Figure 6-31: Residue 1 and Residue 2 Sieve Analysis Comparison 

Figure 6-31 also compares the sieve analysis data for Residues 1 (indicated by 

R1) and 2 (indicated by R2; LOC: location). In comparing Residues 1 and 2, one can see 

that in terms of grain size distribution, the two residues are very similar. The curve for 

Residue 1 falls between the curves for Residue 2 Location 2 and Location 3. This result 

indicates that Residue 1 is similar to Residue 2 Location 2 with slightly higher levels 

passing the #200 sieve. This result could be because of a processing difference (less 
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likely) or simply the source location that Residue 1 was sampled from in the lagoon is in 

a similar location along the flow past as Residue 2 Location 2 (more likely) (in reference 

to the flow path of the slurry residue). This finding leads one to see how the sample 

source location could affect the results obtained for this particular geotechnical 

characteristic.  

When the samples arrived to the laboratory, the first testing procedure for Residue 

1 and Residue 2 was to acquire the as-received moisture content from the buckets from 

the refineries. Results of these tests are shown in Figure 6-32. Residue 1 showed an 

average initial moisture content of 122% while Residue 2 showed average initial moisture 

contents of 60.7%, 72.6%, and 69.44% respectively for Locations 1, 2, and 3. The change 

in moisture content over the flow path shown for Residue 2 indicates that changes in 

moisture are occurring over the extent of the containment pond. This conclusion makes 

sense for several reasons: (1) the material at Location 1 is located at the highest elevation 

of the flow path, leaving this location exposed to sunlight and wind for more time than 

Locations 2 and 3, (2) being at a higher elevation, Location 1 would experience more 

moisture seeping down and out of the location compared to Locations 2 and 3, and (3) 

indicated by the sieve analysis in the previous section, Location 1 would be the location 

where the largest, heaviest particles would settle out first, making the void space between 

particles greater allowing moisture to more freely leave the voids compared to Locations 

2 and 3. This characteristic would lead to lower moisture content values.  
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Figure 6-32: As-Received Gravimetric Water Content Comparison 

 

The specific gravity results (shown in Table 6-3) for Residue indicate a similar 

relationship to distance from the slurry inlet as seen in the sieve analysis. As the distance 

increased, from Location 1 to Location 3, the specific gravity decreased, indicating that 

heavier particles settled out of suspension earlier along the flow path for the slurry. 

Again, this result makes sense. If more samples had been taken and tested for Residue 1, 

a similar pattern of changes in specific gravity may have been revealed. 

Figure 6-33 shows a comparison between compress-dried Residue 2 data for the 

three locations. The results show that there appears to be source effects on the compress-

dried residue between the sampling locations. As the material gets finer (from Location 1 

to Location 3), the plasticity of the material increases, indicated by the data shifting from 

left to right and from bottom to top. The reason for this source effect could be due to a 
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couple of reasons: (1) particle/grain size and/or (2) drying-effects (different liquid limit 

gravimetric water contents). This result is not observed for the air-dried specimens 

indicating that a third possible reason for the behavior could be due to the pore fluid; 

caustic liquid for compress-dried while tap water for the air-dried specimens.  

 

Figure 6-33: Compress-Dried Residue 2 Comparison 

6.9 PROCESSING EFFECTS ON BAUXITE RESIDUE 

 Based on the connection of bauxite ore to lateritic soils and the behavior 

described for these types of soils in Chapter 2, it was believed that bauxite residue may 

have similar issues and behaviors based on the method of processing of the material. For 

the second section, the analysis will look at possible effects related to the processing of 

bauxite residue prior to laboratory testing. The processes that the residue may have been 

subjected to include compress-drying, air-drying, or oven-drying of the material. These 
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processes were explained in more detail in Chapter 3. Processing also includes 

comparison of variations in laboratory testing (an example being a specimen being wet 

versus dry during the test).  

 

Figure 6-34: Residue 1 Sieve Analysis Comparison 

It was an assumption that the bauxite residue would be made up of mainly fine-

grained particles due to the refining process imposed by the mining process to extract 

alumina. For the sieve testing, Residue 1 was studied by both dry and wet sieve 

procedures to see if there was any affect by the two techniques. The result was a 

significant change where dry sieving had only 10% passing the #200 while wet sieving 

had nearly 90% of the particles pass the #200 sieve. This result (shown in Figure 6-34) 

was significant because, once again, it demonstrated that specimen preparation could 

affect the results. It also showed that the particles cemented when dried and the 

cementing effects could resist the forces associated with a shake sieve, but yet not resist 
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the application of water. This cementing behavior confirms this assertion made by other 

researchers, including Newson et al (2006). 

The discovery of scatter among the publicly available information on lateritic 

soils and bauxite reside coupled with the known mineralogy of the materials led to a 

research investigation into the effects of specimen preparation directly in plasticity data 

for Residue 1. The study looked at natural/compressed dried, air-dried, and oven-dried 

Residue 1. The result (shown in Figure 6-35) seemed pretty conclusive.  

As applied heat increased for Residue 1 (from no heat to oven heat), the liquid 

limit of the material and the subsequent plasticity index decreased. The data followed the 

scatter pattern observed in the lateritic soils. Figure 6-35 shows the results for Residue 1 

and Figure 6-36 shows the results for Residue 2. In both cases, the material behaved in a 

similar manner. Figure 6-37 shows the combined data for Residue 1 and Residue 2 

further emphasizing this similarity.  

 

Figure 6-35: Plasticity Data for Residue 1 
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Figure 6-36: Plasticity Data for Residue 2 (CD: compress-dried; AD: air-dried) 

 

Figure 6-37: Residue 1 (R1) and 2 (R2) Comparison (CD: compress-dried; AD: air-dried) 
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Figure 6-38 shows the results of the standard Proctor curves illustrating 

processing effects by showing the compress-dried curve for Location 1 being higher than 

the air-dried specimen for Location 1 on the maximum dry density axis. Compress-dried 

residue had a maximum dry density of approximately 100 lb/ft3 while air-dried residue 

had an average maximum dry density of around 94 lb/ft3. This result could be due to a 

couple different changes: (1) a change to the bauxite residue during the air-drying process 

and/or (2) a change from caustic liquid to tap water as the pore fluid. In either case, the 

effects are based on the processing of the material in different ways prior to testing. 

 

Figure 6-38: Residues 1 and 2 Standard Proctor Curve Comparison (R2: Residue 2; CD: 
compress-dried; AD: air-dried) 

Figure 6-39 shows the results of the modified Proctor curves illustrating 

processing effects by showing the compress-dried curve for Location 1 being higher than 
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the air-dried specimen for Location 1on the maximum dry density axis. Compress-dried 

residue had a maximum dry density of approximately 111 lb/ft3 while air-dried residue 

had an average maximum dry density of around 106 lb/ft3. Once again, the compress-

dried residue curve is much higher on the dry density axis, indicating a change due to the 

air-drying process or due to the change from caustic liquid to tap water as the pore fluid.  

 

 

Figure 6-39: Residues 1 and 2 Standard Proctor Curve Comparison (R1: Residue 1; R2: 
Residue 2; CD: compress-dried; AD: air-dried) 

 There are clear effects from the way in which bauxite residue is processed and the 

reasons for these effects could be related to chemical changes in the pore fluid, residue 

mineralogy, and particle cementation. The sieve analysis results showed that cementation 
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occurred during drying that causes significant differences when running the dry sieve 

analysis compared to the wet sieve analysis. Plasticity data showed that drying effects 

caused the plasticity of the residue to decrease after being exposed to air and heat. The 

results indicated that air-drying causes the plasticity to decrease but allows the material to 

still retain some plasticity. This is not the case for oven-dried material where the 

plasticity of the material is removed entirely. In the pH analysis, it was shown that air-

drying can help in decreasing the pH for a short period of time (approximately 150 hours 

of drying) but other chemical effects, even when the material is dry, cause the pH change 

to stop and sometimes rebound, resulting in only a slight decrease in pH. Lastly, the 

compaction results showed that the method of drying (compress-drying versus air-drying) 

results in notable differences in the location of the Proctor curves peaks in association 

with the maximum dry density (y-axis). The results show that compress-dried material 

has higher maximum dry densities after compaction when compared to the air-dried 

material. In the end, all of these processing effects relate to the drying of bauxite residue. 

It is important to understand this quality of bauxite residue and study the material keeping 

in mind that the way in which the material is prepared or processed could greatly affect 

the laboratory results for this material. 

6.10 SUITABILITY FOR A LEVEE 

One of the objectives of this research was to characterize bauxite residue under 

geotechnical engineering parameters to evaluate the suitability of the material for its 

beneficial reuse potential. A levee is a viable option for beneficial reuse. The USACE, 
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one of the primary designers and maintainers of levees in the United States, has 

established general criteria that they use to evaluate a material for construction purposes. 

These guidelines are outlined in Figure 6-9. This research project addresses several 

parameters important to evaluating a material like bauxite residue for its potential use as 

levee or embankment fill. These parameters include plasticity, compaction, consolidation, 

hydraulic conductivity, shear strength, and erosion resistance. For this analysis, only 

compacted bauxite residue was studied for its use in a levee and not uncompacted 

residue. This section will analyze the results related to these parameters to assess the 

suitability of bauxite residue as a fill material in a levee or embankment. This assessment 

includes comparing bauxite residue to Beaumont clay, a readily available CL/CH 

material along the Gulf Coast, which would be considered a viable option for levee fill in 

the state of Texas.  Other reasons for picking the Beaumont clay formation for this 

analysis was the knowledge that the containment facility for Residue 2 was built on top 

of and out of Beaumont clay (located along the Gulf Coast) and because correspondence 

with engineers in Houston also indicated that the Galveston Bay, an area being studied 

for construction of a hurricane protection system (the "Ike Dike"), has significant 

amounts of the Beaumont clay in the area. 
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Table 6-9: Army Corps of Engineers Levee Material Guidelines (summarized from 
Specification 31 24 00.00 12) 

Bauxite residue meets the guidelines with a PI at or above 10 (having some 

plasticity) but does not meet the USCS classification of a CH (fat or lean clay) material. 

Use of a ML material (like bauxite residue) would require that it be demonstrated that the 

levee would still perform well in terms of hydraulic conductivity, shear strength, 

compressibility, and erosion resistance. In addition, its relatively low plasticity and 

activity could be shown to be advantage of compacted bauxite residue over a high 

plasticity clay. Also, this research shows that swelling/expansion is less significant than 

for a clay, indicating a lower potential of desiccation crack formation due to shrink/swell 

behavior. Lastly, due to the nature of the residue, there is very little organic matter and 

material is considered 75% or greater silt, meaning that there would be less than 35% 

sands when using residue. 

Plasticity : Slope:

USCS Classification: Ease of Construction

Organic Matter: Maintenance

Sand Content: Crown Width:

Clay Characteristics: φ (°) c  (lb/ft
2
) ϒ (lb/ft

3
) Surface Slides:

Compacted 0 600 115

Uncompacted 0 200 100

Undrained 23 0

Silts/Sands: φ (°) c  (lb/ft
2
) ϒ (lb/ft

3
)

Silt 15 200 117

Silty Sand 30 0 122

Poorly Graded Sand 33 0 122

Undrained Silt 28 0

First lift must be 6 inches. Lifts 

after first must be made in 12 

inch increments

Vegetation:

Freeboard:

Lifts:

*Compacted means moisture content ‐3% to +5% of OMC 

and 90% of standard proctor w/ 12" lifts

* As precaution, contractors must be advised before using a 

material with a PI< 15. ML may be used if blended to CL/CH

Vegetation important for 

aesthetics and protection 

Minimum of 2 ft above 

forecast flood crest

Minimum 10‐12 feet

Army Corps of Engineers Levee Material Guidelines

Clay must have less than 35% sand 

Must be compacted 90% or 

greater of maximum dry 

density for standard effort

Compaction Loads:

Less than 9%

PI greater than 10

CH/CL (fat or lean clay) 1V:2H Generally Max 

1V:3H Steepest Slope for 

Associated with plastic clay 

Use of Pneumatic/Sheepsfoot 

Rollers Preferred
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Figure 6-40 shows a comparison of plasticity data of Residues 1 and 2 with data 

from Beaumont clay. The PI average is much greater for the Beaumont formation (40) 

compared to residue (13). This result means that the plastic range of Beaumont clay (the 

range of moisture contents that indicate plastic behavior) is much larger.  The higher 

plasticity and higher plastic range can indicate higher sensitivity with the possibility of 

expansive behavior. In fact, the Beaumont formation has been shown to have expansive 

behavior and issues with loss of strength over time from peak to residual strength for 

embankments located in East Texas. These facts could be considered an advantage for 

compacted bauxite residue.  

 

Figure 6-40: Plasticity Data Comparison for Residues 1, 2 & Beaumont Clay 

Based on the data found in this research and an understanding for wet and dry of 

optimum behaviors for compacted soils, a compaction zone was determined for the 
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standard and modified Proctor results that are believed to be the best parameters for 

compacting the bauxite residue for a levee. Figures 6-41 and 6-42 show the results for 

standard effort and modified effort with the overlaying zones, respectively. Notice that 

the zones are located from the right of the peaks, indicating that the bauxite residue 

should be saturated wet of optimum for best results. Also, the zone incorporates 3-4% 

gravimetric water content, implying that although you want the material wet of optimum, 

there is a maximum threshold after which the material will be too wet to obtain the best 

compaction as well as making the construction with the material difficult for equipment. 

These zones also conform and comply with the USACE standards for levee fill 

construction and are indicative of the information found in Figure 6-5 showing the 

achieved gravimetric water contents at these compaction parameters.  

 

Figure 6-41: Optimum Compaction Zone on Standard Proctor Curves. (CD: Compress-
dried; AD: Air-Dried) 
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Figure 6-42: Optimum Compaction Zone on Modified Proctor Curves. (CD: Compress-
dried; AD-Air-Dried) 

The compaction data does show adequate consistency to believe that bauxite 

residue from the two refineries behave in a similar manner. This distinction is important 

in determining values for OMC/γd,max for the purposes of design. The result shows that 

data values can consistently be determined when studying multiple refineries with 

multiple source bauxite ore material and refining processes. This conclusion is contrary 

to preliminary indications through a literature review of publicly available material that 

showed bauxite residue may have significant scatter among laboratory data (with once 

again the caveat mentioned for Australian residue). Despite this knowledge, the results 

from this research's compaction testing are promising in determining if some residues 

with parent materials from different sources may behave similarly. For levee 
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construction, it would be good to know that residues from different refineries could be 

used together due to similar behaviors and geotechnical properties. 

Figure 6-43 shows a comparison of the peaks for standard compaction curves of 

typical clays (CH/CL), silt (ML), Beaumont clay, and bauxite residue. The data shows 

that typical clays, silt, and Beaumont clay have lower optimum moisture contents (less 

than 25%) and higher maximum dry densities (above 100 lb/ft3, except for typical CH at 

95 lb/ft3). Bauxite residue has a much higher optimum moisture content range (near 32-

33%) and lower maximum dry densities (90-100 lb/ft3). These results indicate that 

bauxite residue does not obtain as high of a density as clays and Beaumont clay. This 

result could be due to the particles in bauxite residue being angular, less weathered 

particles that prevent tight compacted patterns typical of clay particles (which are plate 

shaped). There could be other characteristics involved with this behavior, including the 

pH, mineralogy, and chemical makeup of both the bauxite residue particles and pore 

fluid. In the end, compaction testing of bauxite residue showed that it could be compacted 

in the same manner as clay soil with great results in strength. With that said, bauxite 

residue is easily workable and could follow the guidelines of -3% to +5% of optimum 

moisture content and 90% of standard Proctor in 12 inch lifts. 
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Figure 6-43: Standard Compaction Peaks Comparison - Clay versus Bauxite Residue. 
(CD: Compress-dried; AD-Air-Dried) 

 In terms of hydraulic conductivity, the results found in this research are good. The 

findings showed a hydraulic conductivity on the order of approximately 10-6cm/s for all 

methods of testing, meeting the minimum requirements for the USACE for levee fill 

material.  

 

Figure 6-44: Typical Levee Flow Example 
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Here is a simple example of flow through a typical levee section (See Figure 6-44) 

associated with a hydraulic conductivity value of 10-6 cm/s is provided:  

Example:                                     

 Where 

  K = 1 x 10-6 cm/s = 2 x 10-6 ft/min 

  H = 20 feet (generic height of a levee) 

  Then Q = 0.000009 (gallons/minute)/foot 

Although the example is simplified, it shows the reader that, with this particular 

value of hydraulic conductivity, the related flow would be 0.000009 or 9x10-6 gpm/ft 

(gallons per minute per linear foot). This amount of flow is a small amount and would 

mostly likely be lost to evaporation 

. Remember that this research studied specimens compacted under standard 

Proctor effort. It is possible that by using a higher compaction effort (modified) that the 

specimens would exhibit a lower hydraulic conductivity than found in this research. In 

construction practice, the compaction effort applied has typically been found to be 

somewhere between a standard Proctor and modified Proctor effort.   

For shear strength, recall that Residues 1 and 2 (from Table 6-10) had friction 

angles ranging from approximately 34 degrees to 39 degrees. The table shows that 

Residues 1 and 2 have a considerably higher friction angle compared to the Beaumont 

clay. Even in taking the highest friction angle for Beaumont clay, the bauxite residue has 

a 5 degree advantage. Cohesion appears to be relatively similar for both materials with 
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values averaging around 1.5-1.6 psi. Overall, in comparing the strength of the two 

materials, bauxite residue shows a clear advantage.  

 

Table 6-10: Strength Data for Beaumont Clay 

Figure 6-45 shows the effective stress failure envelopes for clays associated with 

the clay's liquid limit, in terms of ranges. If we compare bauxite residue with the data 

shown in this figure, it is clear again that residue is very strong compared to clay. The 

material would be in the same category as the strongest clay listed at a peak secant angle 

of 28-35 degrees and a residual tangent friction angle of 24-28 degrees.  

 

 

Figure 6-45: Effective Stress Failure Envelopes for Clays 

Friction Angle φ' (deg) 28.0 11.0 18.9

Cohesion c' (lb/in
2
) 16.66 0.00 1.60

Strength Parameters for 

Beaumont Formation
MAX MIN Average
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In terms of material strength, bauxite residue could easily be constructed in the 

desired 3H:1V slope described for ease of maintenance. The material is strong enough to 

be constructed at steeper slope for the purposes of reduced footprint and reduced cost of 

materials. The friction angle of bauxite residue exceeds all material friction angles listed 

in Table 6-10.  

In terms of compressibility, the consolidation properties are comparable to a clay, 

does not exhibit shrink/swell potential, and exhibits similar unit weights compared to a 

clay. Table 6-11 compares bauxite residue data with the Cc and Cr values for Beaumont 

clay. From Terzaghi, Peck, & Mesri (1996), most values of the ratio Cr/Cc are in the 

range of 0.02 to 0.2. Very low values, even lower than 0.02, correspond to highly 

structured and bonded soft clay and silt deposits. High values (above 0.15) correspond to 

micaceous silts and fissured stiff clays and shales. For high values, Cc is relatively small 

because of the high value of preconsolidation pressure and Cr is large as a result of the 

presence of fissures. Keeping these thoughts in mind, it appears that Residues 1 and 2 are 

more structured and bonded compared to the Beaumont clay, indicated by their ratios 

being below 0.1. It appears that Beaumont clay falls towards the stiff and fissured clay or 

shales since the value falls above 0.1 moving towards a high value of 0.2.   

 

Table 6-11: Comparison of Cc and Cr for Residue and Beaumont Clay 

Cc Cr Cr/Cc

Residue 1 0.532 0.017 0.032

Residue 2 0.314 0.027 0.085

Beaumont Clay 0.217 0.026 0.122
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A ratio lower than 0.1 due to highly structured and bonded behavior would be 

more beneficial to a levee (the case for bauxite residue) because it could mean the soil 

tends to have higher strength. This perspective is compared to a higher Cr/Cc ratio 

indicating an over-consolidated and fissured clay (the case for Beaumont Clay), which 

could mean higher hydraulic conductivity and/or potential of shrink/swell indicated by 

fissures. The clay would also not remain over-consolidated as it is disturbed and 

remolded during construction, leading to an even higher possibility of shrink/swell. It has 

also been pointed out that a lower ratio may indicate the presence of free water in the 

pores (as opposed to clays), confirming this idea that higher ratio values could be 

indicative of sensitive shrink/swell soils (one in which water was held by the diffused 

double layer (DDL) and not free to flow), a less desirable material compared to a non-

expansive material (Crumley et al 2003). Overall, the consolidation data indicates that 

bauxite residue could be seen as a better material as a fill material because of less adverse 

changes due to expansive, shrink/swell behavior as well as possibility higher structure 

and strength. 

The compacted unit weight of bauxite residue needed to be reviewed in light of 

the high specific gravity obtained in the laboratory procedures. Comparing the specific 

gravity of bauxite residue (3.2to 3.7) to the specific gravity of a typical soil (2.6 to 2.7), 

there was the perceived concern that bauxite residue would be too heavy and therefore 

have excessive and unacceptable settlement issues when used as a levee fill. This 

research shows some interesting results that could be used to refute this concern. First, 

the compaction tests indicate that the compacted densities for bauxite residue will be 
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much lower than the densities obtained for typical clays or silts. Second, a typical total 

unit weight of a clay ranges between 120 to 130 lb/ft3 (sometimes even higher) depending 

on the compacted state of the material and the range for compacted bauxite residue was 

118 to 124 lb/ft3. These calculations indicate that the total unit weights of clay and 

bauxite residue are basically the same values. So, the perceived concern of major weight 

differences between a typical soil and bauxite residue does not appear to be there when 

presented with the laboratory data. 

Erosion resistance and low dispersivity are important qualities for a levee used in 

flood and hurricane protection systems. The laboratory data performed on bauxite residue 

shows that the material is slightly dispersive to completely non-dispersive. These results 

indicate that bauxite residue has the necessary resistance to perform in the capacity of a 

levee or embankment fill material, especially if bauxite residue is considered only as a 

core material with erosion protection capping. 

Bauxite residue has a high pH that must be dealt with in some manner. The pH 

can range from 10.5 to 13. High pH soils are associated with mineral and metal loss 

(including iron) that plants need to grow healthy and efficiently. In terms of bauxite 

residue, the material has a high iron content that will less likely have an issue with a lack 

of iron. Most plants will not survive in an environment with a pH higher than 9.0, with 

only a few growing in a pH around 10 (salty environments: an example being ocean sand 

dune plants). A combination of neutralizing the soil down to a pH below 10 and use of 

plants that can survive in this environment could be a solution. Another solution would 
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be to encapsulate the residue under a natural soil (an example being 2 to 3 feet of the 

local Beaumont clay) that provide a growing environment for local plants. 

In terms of the overall geotechnical properties, compacted bauxite residue meets 

or exceeds the criteria necessary to be used as levee fill material. The material shows 

some plasticity, high strength, acceptable compaction, acceptable hydraulic conductivity, 

acceptable compacted unit weight properties, and high erosion resistance. It was also 

shown through comparing bauxite residue, typical clay/silt properties, and Beaumont clay 

properties that bauxite residue not only would be a viable option, but that the material 

may outperform a clay in certain key parameters (including consolidation, shear strength, 

and plasticity). It was also shown that, despite the high specific gravity, bauxite residue's 

total unit weight would be approximately the same as that of a clay, alleviating the 

perceived concern of excessive settlement with a higher specific gravity material like 

bauxite residue. It is understand that there is still necessary research needed in the areas 

of lowering the pH that could change the geotechnical properties reported. With that said, 

the results are encouraging in terms of bauxite residue's beneficial reuse potential as a fill 

material. 

6.11 SUMMARY 

From evaluation of the laboratory data and its behavior, it appears that bauxite 

residue is affected by both source effects and processing effects. It has been shown that 

bauxite residue behavior will vary for samples taken from different locations with a 

single containment levee. This result can be explained by the alluvial nature of the 
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deposition method of slurry bauxite residue in the containment levee, resulting in 

segregation of the particles over the distance of the slurry flow path. It should be noted 

that the values stated in this research should be considered a range when considering 

bauxite residue as a fill material. Likely, the material will be mixed considerably prior to 

use as a fill, resulting in the material being more uniform compared to its current state 

and the findings would be a range of possibilities for the "homogenous" residue.  

Despite these clear behavior effects for the material within a single containment 

facility, it was shown that bauxite residues from two different refineries with two 

different parent ore sources show similar geotechnical behaviors. These behaviors 

include plasticity, compaction, and shear strength. It was also shown that the mineralogy 

between the two different residues showed clear similarities. This result may indicate that 

bauxite residues from different refineries with different parent ores may be more similar 

than previous perceived. It is understood by the author that there is one particular bauxite 

source (in Australia) that is an outlier to this idea due to the use of bauxite sands and not 

rock ores. With higher sand content, the Australian bauxite residues will behave quite 

differently compared to the bauxite residues studied in this research whose ores were 

from Jamaica and West Africa. 

The research analysis indicates that, similar to lateritic soils (soil associated with 

the parent bauxite ore), bauxite residue has a sensitivity to processing procedures. The 

bauxite residue behavior changes depending on how you process the material prior to 

testing (including oven-drying or air-drying). Also, in terms of plasticity, as the applied 

drying heat increases, plasticity of the material decreases. This discovery is important in 
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helping to determine a reason for why there is significant scatter among publicly 

available data on bauxite residue. It is also important for future researchers to understand 

that the method of processing used prior to testing will affect their results and 

consequently how the data compares to other available research data.  

When evaluating the suitability of bauxite residue for its potential beneficial reuse 

as a fill material in a levee, compacted bauxite residue appears to be a viable solution 

with one caveat. That caveat is the pH of the residue; which must be addressed and it is 

understood that the resulting changes may influence the geotechnical properties. With 

that said, in terms of the geotechnical properties and compared to traditional clay 

material, bauxite residue meets or exceeds the design requirements/standards established 

by the United States Army Corps of Engineers for Post-Katrina levee construction as 

studied in this research. The material shows high strength compared to typical levee fill 

material. Bauxite residue has some plasticity and consolidation behavior is similar to a 

clay. Bauxite residue shows no swell potential, low hydraulic conductivity, and high 

erosion resistance to both tap water and seawater. It is believed that with these findings 

and the exhibited characteristics that bauxite residue should be considered for beneficial 

reuse as a fill material and future research should be considered for the material in this 

capacity. 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 

7.0 INTRODUCTION 

 The objectives of this research were to (1) classify bauxite residue using 

traditional methods developed in the field of geotechnical engineering, (2) study possible 

source and processing effects that may contribute to the behaviors seen in laboratory 

testing results on bauxite residue, and (3) assess the feasibility of bauxite residue for 

beneficial reuse as a civil engineering building material, namely in the application of fill 

in a levee. Classification involved a laboratory testing methodology that included 

characterization of the bauxite residue using index properties, plasticity, compaction, 

consolidation, hydraulic conductivity, shear strength, and erosion resistance. Through 

these laboratory procedures, data were obtained that (1) characterized the material in 

terms of geotechnical soil classification standards, (2) provided better understanding of 

its behavior in terms of a soil, and (3) allowed the evaluation of bauxite residue for 

potential beneficial reuse.  

7.1 CONCLUSIONS 

1. Classification 

a. Bauxite residue is a fine-grained, low plasticity material with a 

comparatively high specific gravity and a high pH. 

b. Under the USCS classification system, bauxite residue typically 

classified as a ML soil. 
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2. Compaction 

a. Bauxite residue behaves like a plastic, fine-grained material when 

compacted. 

b. Upon characterization using standard and modified Proctor tests, 

the optimum moisture contents tests were relatively high and the 

maximum dry density values were low compared to similar fine-

grained soils (ML/CH soil). 

c. Gravimetric water contents targeted for use in a levee are 32% to 

36%, compared to the stored gravimetric water contents for dry 

stacking of 60% to 70% and over 100% for slurry disposal. 

3. Hydraulic Conductivity 

a. The hydraulic conductivity of bauxite residue is in the order of  

10-3 ft/day (10-6 cm/s).This magnitude would provide reasonably 

low flow rates for a levee application. 

4. Shear Strength 

a. The drained strength of bauxite residue is relatively high 

compared to similar fine-grained soils (ML/CH soil). 

b. If bauxite residue is not compacted, static liquefaction is possible, 

consistent with the response of mostly fine-grained tailings that 

have low plasticity. 
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5. Compressibility 

a. Bauxite residue is comparable to a typical clay in terms of 

compressibility and total unit weight concerning the applied 

pressure to the subgrade. 

6. Erosion Resistance 

a. Bauxite residue demonstrates high erosion resistance in terms of 

the crumb and pinhole dispersion testing criteria, as well as the 

empirical Sherard grain size distribution characterization for fill 

materials.  

7. Variability 

a. Much of the variability in properties published in the literature can 

be attributed to differences in the techniques used to process the 

material before testing and to the parent bauxite source. 

In summary, there exists one issue for bauxite residue that hinders the potential 

use of bauxite residue: non-neutralized bauxite residue has a high pH (a range of 10.5 to 

13.0 depending on level and method of drying). High pH levels are not acceptable given 

the potential of high pH leachate and low potential for fauna and biota growth. 

Neutralization is a possibility in addressing this issue. Several methods of neutralization 

were provided in Chapter 2 - Literature Review. 
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7.2 RECOMMENDATIONS 

This section lists the recommendations for further research into bauxite residue 

that benefit the current research and would provide further information for the final goal 

of the beneficial reuse of bauxite residue as a soil.  

1) Further studies into the hydraulic conductivity behavior of stand-alone 

bauxite residue under different confining stresses are needed. The 

current research project was limited in this respect and a more 

developed understanding of the relationship between the hydraulic 

conductivity and varying confining stresses is warranted. 

2) A study into the effects of aging/cementation of bauxite residue over 

time on the shear strength parameters of bauxite residue is needed to 

determine the long-term behavior of the material. A study would be 

beneficial in showing if strength loss over time or any other adverse 

changes to the studied parameters could be a possibility.  

3) A study into the effects of introducing admixtures to bauxite residue for 

decreasing pH levels is needed for two reasons: (1) determine a method 

to neutralize the pH of bauxite residue and (2) determine the adverse or 

beneficial effects, if any, that will occur in terms of the geotechnical 

parameters of bauxite residue. The admixtures included in the study 

could be seawater, gypsum, and/or carbon dioxide. In order for bauxite 

residue to be completely acceptable as a fill material, neutralization 

must be performed to establish a pH that allows biota/fauna growth and 
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removes the potential of highly basic leached liquid. With this 

understanding, neutralization by various admixtures could result in 

changes in studied behaviors and characteristics established in this 

study that could be adverse or advantageous for the potential future use 

of bauxite residue in a levee.  

4) Further studies into the effects of compaction gravimetric water content 

on the design characteristics of bauxite residue (example - what 

happens to the strength of bauxite residue when compacted dry of 

optimum versus wet of optimum) are needed to understand the full 

range of scenarios for construction compaction. Although this research 

project established a compaction zone located wet of optimum that is 

believed to be the best for levee construction, this zone was established 

based on materials like clay and silt. To best understand bauxite residue 

and to see if in fact the established zone is correct, a study into effects 

of gravimetric water content on compaction may be warranted. The 

study would also provide valuable information on how the behavior 

would change based on changing the moisture content.   

5) A field test of a bauxite residue levee and/or other beneficial reuse 

structure using bauxite residue to study behavior during field conditions 

is needed to understand how the material behaves in field conditions. It 

is always a good idea in geotechnical engineering, when possible, to 

study new concepts and materials in a field scale test to see how the 
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new concept and/or materials behave in an as-built setting. With that 

said, a field test would provide a wealth of knowledge towards the 

reuse potential of bauxite residue that simply cannot be established 

through laboratory procedures alone. 

6) A study of bauxite residues from other refineries using the same 

research methodology would be beneficial by adding more data to 

confirm or refute established conclusions established in this project. In 

this project, it was implied and then established that bauxite residues 

from two different refineries may behave quite similarly, given certain 

elements of the testing methodology (i.e. - same procedures, specimen 

preparation, etc.) were the exact same for all tested materials. The next 

step would be to take this concept and apply it to samples from more 

refineries both in the Western Hemisphere and around the world, if 

possible, to either further solidify the idea or refute the concept. With 

that being said, there are already certain types of bauxite residue 

(namely the sandy residues from Australia) where the author does 

believe there could be significant differences in behavior in comparison 

to this project's residues. The only way to know for sure would be to 

perform further research. 

7) A study of uncompacted bauxite residue with the intent of finding the 

proper state and parameters needed to facilitate liquefaction would be 

beneficial to further understand the possible collapsibility of the 
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material. A study into the liquefaction potential of bauxite residue in an 

uncompacted state would provide two valuable pieces of information in 

the use of bauxite residue as a civil engineering material. First, it would 

confirm the hypothesis for the cause of the case history slope slide. 

Second, the study would provide designers a better understanding of the 

level of compaction needed in order to prevent liquefaction potential in 

specific beneficial reuse projects using bauxite residue. A potentially 

third piece would be further information into the liquefaction potential 

of mine tailings, although there are already considerable research 

findings into this concept.  

8) Further studies into the relationship between bauxite residue and 

lateritic soils would be beneficial in confirming the behavior 

similarities observed between the two materials. Knowing that there are 

some connections associated with soils developed from the weathering 

of the parent bauxite ore (lateritic soils) and bauxite residue (a man-

made "soil" from bauxite ore), it would be an interesting and 

worthwhile study to research more into these connections and find 

more answers to the causes of the similar behaviors. 

9) A study into the low compaction densities of bauxite residue compared 

to other soils would be beneficial in determining a cause for the 

behavior. As shown in Figure 6-32, bauxite residue tends to compact 

less densely compared to typical compaction curve peaks for all natural 
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soils at similar particle size (clays and silts). The reason for this 

behavior is unknown and may be important in determining the optimum 

method as well as determining the maximum hydraulic conductivity 

achievable of compacting the material, among the other geotechnical 

characteristics. This research may also include development of the 

critical state line for bauxite residue, an important behavior between 

stresses, void ratios, and behavior of the material. 
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Appendix A - Geotechnical Properties of Bauxite Residue 
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Appendix B - CADD Schematic Drawings for Compression Drying 
Device 
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