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ABSTRACT

Civil engineers have extensively used chemical stabilizers to change the physical, chemical and

engineering properties of clayey soils for infrastructure development. Various types of chemical

stabilizers have been developed to treat clayey soils. Depending on the chemical composition of the

stabilizer, they are divided into two categories (1) Non-calcium based stabilizers such as hydrogen

ion stabilizer (HIS) (2) Calcium based stabilizers such as lime, cement, fly ash, etc. The application

of thermodynamic models to simulate the reaction between the stabilizer and soil minerals can

help to understand the stabilization mechanism. In addition, the models can predict the formation

of reaction products including deleterious products such as ettringite. This dissertation proposes

the application of thermodynamic models to simulate the stabilization reaction between the soil

minerals and the chemical stabilizer.

The dissertation is divided into three parts that investigates application of thermodynamic mod-

els for chemically stabilized soils. The first part shows the application of two thermodynamic equi-

librium models (Visual MINTEQ and Geochemist’s Workbench) to simulate the reaction between

the shrink-swell prone clay mineral smectite and HIS. In addition, the model predicted partial

dissolution of smectite and release of Al3+ ions from the octahedral layer. The modeling results

helped to establish a stabilization mechanism, which is described as a reduction in the shrink-swell

potential by adsorption of Al3+ ions on the surface of smectite. X-Ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FTIR) and cyclic swell tests were used to validate the results.

The second part presents a case study where fluidized bed ash (calcium based stabilizer) was

used to stabilize a subgrade soil causing structural distress due to excessive ettringite formation.

Thermodynamic modeling code GEMS-PSI was used to evaluate the occurrence of ettringite and,

more specifically, to quantify the extent of ettringite formation. The model is shown to be 91%

reliable in its ability to predict ettringite (qualitatively). The quantitative evaluations of the mass

percentage of ettringite formation are shown to have a mean error of 12.4% with a standard devi-

ation (SD) of 12.8%. The results from thermodynamic model were calibrated to account for the
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assumptions that reduced the mean error to 0.12% (SD 4.3%).

The third part investigates the application of thermodynamic models to predict ettringite syn-

thesized from Ca-Al-SO4 suspensions. The objective of the study was to predict ettringite without

calibration. This was achieved using material characterization methods such as XRD, differen-

tial thermogravimetric analysis (DTA), and scanning electron microscopy. Five suspensions with

different stoichiometric ratios of Ca(OH2) to Al2(SO4)3 · 18 H2O were used to thermodynamically

and experimentally evaluate ettringite formation. Qualitatively, the model predicted ettringite as

a stable phase for 3 out of 5 samples, which was also experimentally verified. Quantitatively, the

models mean prediction error was close to 4%. The results indicate the application of thermody-

namic model to predict ettringite formation.
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1. INTRODUCTION

1.1 Background

The soundness of the underlying soil determines the long term performance of any infrastruc-

ture. More often than not, infrastructure development is being carried out on challenging soil

conditions. The mineralogy and physicochemical behavior of these soils makes it challenging to

use conventional methods to solve this problem. Presence of certain expansive clay minerals such

as smectite pose a significant threat to the durability of any structure. In the presence of mois-

ture, smectite swells up to 300% of its initial volume [1]. During dry seasons, smectite shrinks

by releasing moisture. This shrink-swell characteristic causes significant damage (around 9 billion

US dollars annually) [2]. For example, pavements on expansive soils register the poorest perfor-

mance. When the soil expands, it creates an uplifting force on the pavement, causing damage such

as cracking and differential vertical movement. This volume instability significantly reduces the

performance life of the pavement. In the US, significant amounts of shrink-swell clays are found in

Texas, Colorado, and California. Over the years, techniques used to stabilized these soils include

thermal, electrical, mechanical, and, chemical means to reduce the shrink-swell behavior and also

to improve the strength and stiffness properties. Mechanical compaction involves densification of

the soil by application of mechanical energy. It removes air from the soil without a significant

change in moisture content. It is used for cohesive and cohesionless soils but the efficacy of the

technique reduces if the soil is subjected to varying moisture levels. Thermal and electrical sta-

bilization are not popular due to the high costs associated with them. Chemical modification and

stabilization of the soil is a more effective and durable method for stabilizing cohesive soils.

Chemical stabilizers can be of different types. Depending on the chemical composition, they

can be broadly classified into two categories (1) calcium-based stabilizers (pozzolanic materials)

such as lime, cement, and fly-ash (2) non-calcium-based stabilizers such as hydrogen ions stabiliz-

ers (HIS).
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Calcium-based stabilizers have been used in chemical soil stabilization of soft clays due to their

effectiveness in improving strength and stiffness [3]. Clay itself is a pozzolan. In the presence of

moisture, a strength enhancing pozzolanic reaction is triggered by combining a pozzolanic material

like ash, lime (calcium oxide) with soil. The high pH environment provided when lime dissolves

in water releases pozzolans (Si and Al) from the clay to react with calcium from lime and water to

form calcium-silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH). In addition, soluble

sulfates can also react with the dissolved Ca and Al in the presence of water to form ettringite.

Ettringite (Ca6Al2(SO4)3(OH)12 · 26-32 H2O), a naturally occurring mineral can be found in

hydrated cements and clayey soils stabilized using a pozzolanic material [4, 5]. It is an important

hydration product contributing to early strength in low CO2 calcium-sulfo-alumiate (CSA) cements

[6]. In soils stabilized with a calcium based stabilizer forming too much ettringite post compaction

can cause substantial distress and affect the durability of the material. This phenomenon of excess

ettringite formation causing damage is referred to in general terms as sulfate attack. Little [7]

and Puppala [8] have studied the distress mechanism of ettringite induced heave in chemically

stabilized soils with high sulfate content.

Whether or not ettringite will form in lime stabilized soils is dependent on the quantity of

water soluble sulfates present in the native soils to be treated [9]. Empirical analysis indicated

3000 ppm as the upper threshold level of soluble sulfate. However, this empirical assessment does

not always hold valid as in some cases significant ettringite has been detected in soils with less

than 1,000 ppm water soluble sulfates and in other cases no significant ettringite formation was

detected in soils with over 10,000 ppm water soluble sulfate [5, 10, 11]. Several other factors such

as the overall mineralogical composition of the soil and the availability of proper stoichiometric

quantities of all constituents, especially water, have proven to be a key to the formation of ettringite

[12, 8]. Studies have investigated the formation of ettringite using numerical modeling [13, 14] and

molecular dynamics [15, 16].

For non-calcium based stabilizers like hydrogen ion stabilizer (HIS), which is a liquid ionic sta-

bilizer, various reaction mechanisms have been proposed including encapsulation of clay minerals,
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dissolution of clay minerals, removal of interlayer cation, and moisture entrapment. However, they

lack strong experimental and modeling results to validate the claim(s). This has led to the lack of

acceptance of such stabilizers despite the potential advantages. The lack of experimental evidence

is due to poorly documented testimonials. In addition, the information provided by the manu-

facturer is inadequate. When hydrogen-ion based additives are used, they react chemically with

expansive clay minerals like smectite releasing the Al3+ ions from the octahedral sheets. The re-

leased Al3+ ions are adsorbed on the clay surface due to the net negative surface charge of smectite

[17]. This cation exchange reduces the swell characteristics of smectite. At higher concentrations

of HIS, tetrahedral sheets of smectite are also partially or fully destroyed, and the breakage of SiO2

from the tetrahedral sheet causes further structural changes [18].

1.2 Definition of problems/questions and Objectives

1.2.1 Thermodynamic modeling the effect of HIS on smectite

The effect of ionic stabilizer such as HIS on improving the engineering properties of expan-

sive soils containing smectite is well documented [19, 20, 21, 22, 23, 24]. The treated soils have

shown significant improvement in engineering properties. There is very limited literature on the

stabilization mechanism. Computational chemistry using thermodynamic models have been gain-

ing importance in the area of cement hydration modeling. The models predict cement hydration

products at equilibrium. Adapting the models, to simulate the interaction between expansive soil

minerals and HIS will be beneficial in understanding the stabilization mechanism. In addition, de-

veloping phase stability diagrams with the modeling results can help to determine the concentration

(dosage) of HIS required to achieve significant improvement in engineering properties.

1.2.2 Predicting ettringite with thermodynamic modeling

Sulfate induced heave due to ettringite formation is a critical problem when lime or pozzolanic

material is used to stabilize sulfate rich soils. Predicting ettringite formation with thermodynamic

models can alleviate at least some of the risk but such model require extensive material charac-

terization to reliably predict ettringite. For field applications, extensive characterization data may

3



not be available. Therefore, a model was setup to test two cases: (1) A case study with limited

characterization data (Section 1.2.2.1) and (2) A laboratory study with sufficient characterization

data (Section 1.2.2.2).

1.2.2.1 Soil stabilized with a high sulfate ash: A case study

Significant research has been carried out to experimentally study the formation ettringite in

soils stabilized with a calcium-based stabilizers. It is generally accepted that soluble sulfates in

soil play a significant role in the formation of ettringite. In most cases, it is not feasible to reduce

the soluble sulfates in the soils. In such cases, non-calcium based stabilizers are considered. It

would be beneficial to develop a tool that can help to predict the quantity of ettringite in a stabi-

lized soil. Investigating the application of thermodynamic modeling to predict ettringite formation

both qualitatively and quantitatively will play significant role in material selection. Furthermore,

validating such a model with a case study where ettringite induced heave was determined to cause

structural distress is a necessary component toward application.

1.2.2.2 Ettringite synthesized from Ca-Al-SO4 solutions

The case study in section 1.2.2.1 indicated that additional calibration of the thermodynamic

model was necessary to improve the accuracy of ettringite prediction. The calibration required

extra data points covering a wider range of recorded sulfate values. This may not be a prag-

matic solution. In addition, the study indicated that sufficient mineralogical data (obtained from

experimental characterization) can improve the prediction accuracy. Therefore, it was necessary

to investigate the reliability of the thermodynamic model in predicting ettringite when sufficient

mineralogical data is available.

4



1.2.3 Objectives

This research is aimed towards a better understanding on the application of thermodynamic

models for chemically stabilized soils. The objectives of the research are as follows:

1. Use thermodynamic models to understand the stabilization mechanism of smectite treated

with a hydrogen ion stabilizer.

2. Investigate the application of thermodynamic modeling as a forensic tool to predict ettringite

formation in a shopping complex where the base soil was treated with a high sulfate ash.

3. Explore the application of thermodynamic modeling to predict precipitation of solid phases

including ettringite in Ca-Al-SO4 solutions.

1.3 Dissertation outline

This dissertation is a synthesis of three different research tasks on the application of thermo-

dynamic modeling for chemically stabilized soils. Two papers were published in referred journals

and the third paper is under review. The dissertation is organized into six chapters. Chapter 1

introduces the topic and provides the background information. In addition, a description of the

problem statement and the objectives of the three studies are described. A literature review of ex-

pansive clay mineralogy, chemical soil stabilization, and ettringite growth is presented in Chapter

2. Chapter 4 is a reprint of the paper "Thermodynamic evaluation of smectite treated with Hydro-

gen Ion Stabilizer" whose final version was published in the ASCE: Journal of Materials in Civil

Engineering. The authors of this are paper Pavan Akula, Dallas Little and Paul Schwab. Chapter 4

is a reprint of the paper entitled "Coupled thermodynamic and experimental approach to evaluate

ettringite formation in a soil stabilized with fluidized bed ash by-product: A case study" published

in the Journal of Transportation Geotechnics. Chapter 5 is a paper that demonstrates the applica-

tion of thermodynamic modeling in predicting ettringite formation. The paper was submitted to the

Journal of Construction and Building Materials and is currently under review. Finally, Chapter 6

presents the conclusions drawn from the research and recommendations for future related research.
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2. THERMODYNAMIC MODELING

The geochemistry of chemically stabilized soils play a critical role in the behavior of the materi-

als. Their natural chemical states, dissolution and precipitation will provide additional information

on equilibrium thermodynamics and phase stability. In a simple geochemical system, this can be

evaluated using hand calculations [25]. As we encounter more complex problems, we rely on ther-

modynamic models to find the solution. Such complex models have been used widely in the field of

soil science and soil mineralogy to understand sediment and hydrothermal alteration, ore deposits,

and to determine which contaminants will leach from mine wastes [26]. They can be adapted to

model civil engineering problems such as to investigate the stabilization mechanism of expansive

clays treated with non-calcium based stabilizer (Hydrogen ion stabilizer) and formation of ettrin-

gite due to sulfate attack. It is a powerful tool that utilizes the concept of free energy minimization

to predict the reaction products at equilibrium. They can simulate thousands of reactions, some

of which yield products that provide reactants to other reactions. Identifying the reactions that are

important, and the reaction path followed by these reactions will provide us a deeper understanding

on the factors that contribute to the formation of products at equilibrium.

Thermodynamic models are primarily based on two methods. One method uses the parame-

ter Gibbs’ free energy (G) to solve the equilibrium problem by minimizing the free energy of the

system. The second method uses equilibrium constants (Law-of-Mass-Action) which are mathe-

matical expressions of the minimum value of the Gibbs free energy reaction [27]. Each model has

its own advantages and will converge to the point of minimum free energy.

2.1 Law-of-Mass-Action (LMA)

The LMA approach is based on equilibrium constants (K). They are calculated at the point of

equilibrium or minimum Gibb’s free energy. Thermodynamic modeling programs such as Visual

MINTEQ, Geochemist’s Workbench, and PHREEQC are based on this approach. The chemical

species in this approach are built on components that are the fundamental building blocks of the

6



model. For example, Ca2+ must be the component form for calcium. The thermodynamic database,

written in terms of these components, is searched automatically to retrieve only those species rel-

evant to a specific problem. A database contains thermodynamic data such as the equilibrium

constants (K) of various phases, and enthalpy of formation and reaction. The value of the equi-

librium constant is dependent on temperature and pressure. Therefore, a database can also contain

the pressure and temperature at which the thermodynamic data were recorded.

A chemical system consisting of n independent components can combine to form m species.

Mathematically this can be represented as

Ki = Si

n∏
j=1

X
−aij
j (2.1)

where , Ki is the solubility constant of the species i, Si is the activity of the species i, Xj is the

activity of component j, and aij is the stoichiometric coefficient of component j in species i.

Rearranging to express concentration Ci in terms of activities, we get

Ci =
Si

γi

n∏
j=1

X
−aij
j (2.2)

where, γi is the activity coefficient. Equation 2.2 represented in terms of mass balance becomes

Yj =
n∑

i=1

aijCi − Tj (2.3)

where, Yj is the difference between the calculated concentration and the total concentration (input

parameter).

To maintain mass balance, the calculated concentration of a component must be equal to the

total concentration. The mathematical solution is a series of component activities from which the

concentration can be calculated using Equation 2.2. In practice, it is only necessary to find X such

that Y is reduced to an acceptable value (tolerance value). Solvers based on the Newton Rapson

approach are used to calculate X from a initial approximation. Parameters C and Y can then be
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calculated. If the values of Y exceeds the acceptable value, a new value ofX is used. This iterative

procedure continues until all the values of Y fall within the acceptable range.

Visual MINTEQ uses a Jacobian matrix with the following formula to calculate a new Xi at

each iteration (Equation 2.4). The elements of the Jacobian matrix represents partial derivatives of

each component mass balance difference Yj with respect to every other component activity Xk

uj,k =
δYj
δXk

=
n∑

i=1

aij
δCi

δXk

(2.4)

2.2 Gibbs’ Energy Minimization (GEM)

The GEMS model specifies the total amount of chemical species, elements and a charge bal-

ance. This approach is based on mass balance of the entire system. The elements and electric

charges are called as independent components (IC’s ∈ N ) and the species are called as dependent

components (DC’s ∈ L). In addition, GEMS explicitly defines thermodynamic phases (φ) that

can contain one or more dependent component. For example, montmorillonite with Na+ and Ca2+

in the interlayer can be defined under the same thermodynamic phase. Unlike the LMA based

approach, the GEM method calculates the activities and concentration of dependent components

separately by considering appropriate reference states and activity coefficients. The GEM interior

point algorithm (IPM) calculates the speciation vector x that contains the molar quantity of DC. In

addition, it also calculates a vector u containing the chemical potential of independent components.

The goal of the GEM approach is to find a set of dependent components that satisfy the mass

balance (Ax = b) and Gibb’s energy minimization criteria (G) [28]. It can be represented as

follows:

G(x)⇒ min, subject to Ax = b

where x be a set of dependent components (DC), where x = {xj, j ∈ L}, at G(x) = min

where A = {aij, i ∈ N, j ∈ L} is a matrix that contains the stoichiometric coefficients of i − th

IC in the j − th DC, b = {bi, i ∈ N} is the input parameter that contains the total mole amounts
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of IC.

Therefore, the Gibbs’ free energy of the whole system can be represented as

G(x) =
∑
k

∑
j

xjvj, j ∈ Lk, k ∈ φ (2.5)

In Equation 2.5, Lk is a subset of DC in the k− th phase and vj is the chemical potential of the

j − th DC

vj =
Go

j,T

RT
+ lnCj + lnγj + CF + constant, j ∈ Lk (2.6)

where Go
j,T is the standard molar Gibbs’ free energy taken from the thermodynamic database, R =

8.314 J.K−1.mol−1 and T is the temperature in Kelvin. Cj is the concentration, γj is the activity

coefficient of the j − th DC, CF is the Coulombic parameter used for charged surface complexes.

As indicated earlier, the IPM algorithm calculates the primal vector x and dual vector u. This

is carried out by checking the Karpov-Kuhn-Tucker (KKT) conditions (Equation 2.7)

vj −
∑
i

aijui ≥ 0, i ∈ N (2.7)

where vj is calculated from the equilibrium mole amount xj and standard molar Gibbs’ free energy

G0
j (Equation 2.6)

For any species in any phase at equilibrium, Equation 2.6 and 2.7 can be combined to form

∑
i

aijui =
Go

j,T

RT
+ lnCj + lnγj + CF + constant (2.8)

Equation 2.8 is used by the GEM IPM algorithm to calculate the following

1. Activities of solid, aqueous and gaseous species.

2. Saturation indices of species/ phases.

3. Activity function such pH, pe and Eh.
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3. LITERATURE REVIEW

3.1 Introduction

This chapter presents the background and literature review. A discussion is presented on the

structure and characterization methods used to detect expansive and non-expansive clay minerals.

In addition, the use of chemical soil stabilizers including conventional stabilizer such as hydrated

lime, fly ash and non-conventional stabilizers such as hydrogen ion stabilizer is explained. Et-

tringite induced heave is described by highlighting the mineralogical structure, precipitation, and

growth mechanism of ettringite. Finally, a brief review of past studies using thermodynamic mod-

els is also presented.

3.2 Classification of soil minerals

Classes of minerals often are based on their chemical composition, including (1) native el-

ements, (2) sulfides, (3) sulfosalts, (4) oxides and hydroxides, (5) carbonates, (6) halides, (7)

nitrates, (8) borates, (9) phosphates, (10) sulfates, (11) tungstates, and (12) silicates [29]. Silicate

minerals have a pronounced effect on the soil chemistry and reactivity. Therefore, they play a

significant role chemical soil stabilization. Clays fall under the silicates groups. Depending on

the crystal structure and chemical composition, the silicates group is subdivide into tectosilicates

(framework silicates), phyllosilicates (sheet silicates) and other silicates Figure 4.1.

3.2.1 Clay minerals

Clay minerals are predominantly layered type aluminosilicates and fall under the phyllosili-

cates group. The layered structure is due to the presence of silica tetrahedral and alumina octa-

hedral sheets. Depending on the position of the layer, they are further subdivided into 1:1 or 2:1

aluminosilicates. Kaolinite, a non-expansive clay mineral falls under the 1:1 group with one tetra-

hedral and one octahedral layer. Smectite, an expansive clay mineral falls under the 2:1 group with

two tetrahedral and one octahedral layer.
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Figure 3.1: Classification of silicates group of soil minerals [30]. "Reprinted with permission from
Spring Nature Copyright 2016"

At a group level, clays with a 1:1 structure are identified as kaolinite. This 1:1 phyllosilicate

mineral is relatively pure with little to no isomorphic substitution. The lack of isomorphic substi-

tution generates negligible surface charge leading to reduced shrink-swell potential. For examples,

clay minerals under the kaolinite group do not swell in the presence of water. The typical structure

(1/2 unit cell) of a kaolinite (Al2Si2O5(OH)4) is shown in Figure 3.2. It is composed of octahe-

dral sheet with Al3+ as the coordinating cation and tetrahedral sheet with silica as the coordinating

cation. The layers of kaolinite comprising the tetrahedral and octahedral sheets are held together

by hydrogen bonding are not easily separated. The surface area of kaolinite ranges from 10 to 20

m2g−1 with litte to no surface charge.

The 2:1 phyllosilicate minerals vary considerable in the physico-chemical behavior. Smectite

is a predominant 2:1 phyllosilicate mineral, which is also referred as a shrink-swell clay [32].

This group of minerals has a net surface charge between 0.2 and 0.6 per 1/2 unit cell. The

layer charge originates from the isomorphic substitution. In montmorillonite, (a smectite group

mineral), a layer charge of 0.4 arises from the substitution of 0.4 Mg2+ atoms for Al3+ atoms

in the octahedral layer (isomorphic substitution). Figure 3.3 shows structure of montmorillonite

Na0.4(Al1.6Mg0.4)Si4O10(OH)2. The layer charge of montmorillonite is neutralized by a weakly
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Figure 3.2: Structure of kaolinite (Al2Si2O5(OH)4)[31]. "Reprinted with permission from Taylor
and Francis Group LLC (Books) US".

bonded Na+ atom in the interlayer. In the presence of moisture, exchangeable water molecules are

also weakly bonded on the surface (Figure 3.3), which causes the characteristic swell.

Figure 3.3: Expanded structure of montmorillonite with H2O in the interlayer [31]. "Reprinted
with permission from Taylor and Francis Group LLC (Books) US".

3.2.2 Use of chemical stabilizers on expansive clay minerals

Expansive soils are distributed across the U.S. and are found extensively in Texas (Figure 3.4).

Stabilization of clays is important because of the damage resulting from moisture induced heave.

Initially, engineers used trial-and-error approaches to solve this problem. They found that mechan-

ical stabilization requires alteration of physicochemical properties for permanent stabilization.
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Figure 3.4: Distribution of expansive clays in the US [33]. "Reprinted with permission from
Transportation Research Board"

Soil scientists and mineralogists [34, 35] paved the way for the study of chemical stabilizers

on expansive clay minerals. Over the years, several types of chemical stabilizers have been ef-

fectively used to treat expansive soils. They can be broadly classified into traditional stabilizers

including lime, cement, fly ash, and ground granulated blast furnace slag and non-traditional stabi-

lizers including liquid ionic stabilizers, and hydrogen ions stabilizers. The objective of a chemical

stabilizer is to modify and stabilize the soil, and thereby improve engineering properties of the

soil. For example, lime treated expansive clays show a reduction in swell potential and an increase

in unconfined compressive strength. Several studies have demonstrated the effectiveness of non-

traditional chemical stabilization of clayey soils including HIS [36, 37, 38, 39, 40, 41], polymers

[42], geo-polymers, potassium rich systems [43] and enzymes [44, 45, 46].

3.2.2.1 Pozzolanic stabilizers

Calcium based additives like fly ash, lime, cement, and cement kiln dust can be used to improve

the engineering properties like strength and stability of soil. The additives are traditionally referred

to as pozzolanic stabilizers. Pozzolanic stabilizers fall under the traditional stabilizer category as
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they are widely used and studied for stabilization of base soils in pavements. Lime has been

extensively used to treat highway and foundation subgrade soils (Figure 3.5) [2]. Lime treatment

enhances the workability, engineering properties and reduces the shrink-swell behavior [47, 48,

49, 50].

Figure 3.5: State use of lime in highway pavement construction. "Reprinted from [51, 52]"

Typically, when lime or similar pozzolanic stabilizers are added to the soil, the chemical reac-

tion starts almost immediately. When lime (CaO) is added to soil with moisture, it hydrates and

releases heat which dries the soil (Equation 3.1). In addition, the moisture present in the soil is

also used to hydrate lime which further dries the soil.

CaO + H2O −−→ Ca(OH)2 +Heat (3.1)

Ca(OH)2 −−→ Ca2+ + 2OH− (3.2)

This is followed by modification of the clay mineral that takes place when the Ca2+ ions from

hydrated lime (Equation 3.2) migrate to the net negative surface that reduces the water affinity of
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clays (Figure 3.6). The reaction reduces the plasticity index of the soil as it becomes granular. This

process is referred to as "flocculation and agglomeration" and it happens in the first few hours.

Figure 3.6: Stabilization mechanism of lime treated clays

When adequate quantity of lime is added (pH >10.5), the increase in pH favors dissolution

clay minerals. The dissolution or breakage releases free alumina and silica that reacts with Ca2+

from lime to form calcium-silicate-hydrates (CSH) and calcium-aluminate-hydrates (CAH) in the

presence of moisture. CSH and CAH are pozzolanic products that holds the soil matrix together

contributing to the increased strength. A comparison between lime and other pozzolanic stabilizers

is presented in Table 3.1.

3.2.2.2 Non-pozzolanic stabilizers

Common non-pozzolanic stabilizers include liquid ionic stabilizers such as HIS. They can be

alkaline or acidic in nature. In most cases, the stabilizers are sold as concentrated solutions and are

diluted before injecting into the soil. The significant reduction in cost and an appreciable improve-

ment in engineering properties make them a good alternative chemical stabilizer [53, 54]. Scholen

[55] indicated the ionic stabilizer initiates cation exchange with the expansive clay minerals that

promotes flocculation. Tingle [56] also indicated that the ionic stabilizer altered the concentration

of the pore fluid, resulting in ion exchange that may cause flocculation of the clay minerals. Wang
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Table 3.1: Comparison of popular pozzolanic stabilizers

Stabilizer Method Effects Limitations
Lime Drying and modification

of the clay particles. The
drying process reduces
the water holding capac-
ity and the modification
process produces poz-
zolanic products like
calcium-silicate-hydrates
(CSH) and calcium-
aluminate-hydrates
(CAH).

Improvement to worka-
bility and an increase in
strength.

Presence of excessive sol-
uble sulfates and organic
content can cause delete-
rious effects.

Cement Modification of the clay
particles. The presence
reactive calcium-silicates
and calcium-aluminates
in cement enables faster
pozzolanic reaction to
form CSH and CAH.

Rapid increase in strength
is expected.

Presence of excessive sol-
uble sulfates and organic
content can cause delete-
rious effects.

Fly ash Fly ash(s) with high CaO
content can modify and
stabilize the soil

Slow increase in strength
due to the slow rate of hy-
dration is expected. Pres-
ence of amorphous silica
reduces the risk of ettrin-
gite induced heave.

Availability can be lim-
ited and the cost of trans-
portation can be high.

[20] observed a reduction in the total shrink-swell percentage and an improvement in the compres-

sive strength. On the contrary, Rauch [57] did not observe any consistent or significant change

in the strength of the treated soil. Akula [58] used thermodynamic modeling to study the effect

of ionic stabilizers on smectite. The results indicated that the ionic stabilizer reduced the swell

potential by partial dissolution of smectite.

3.3 Sulfate attack: Ettringite

Since the mid-1980s more attention has been given to sulfate induced heave in the U.S. In

particular, structural distress due to heave was found in sulfate rich soils treated with calcium

based materials such as lime, fly-ash and, cement [59, 60, 61, 62, 63]. Ettringite was found in the

distressed areas and the heave was attributed to the expansive properties of ettringite. Sulfate attack
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gained importance when Mitchell [59] reported sulfate induced heave due to ettringite formation

in a case study located in Nevada. Sources of sulfate pockets can be present (Figure 3.7a) that

could cause localized heave at several locations within the same project (Figure 3.7b).

(a) (b)

Figure 3.7: Sulfate pockets along U.S. 67 (a); Localized heave (b) gypsum layer. "Reprinted from
[7, 64]"

Lime is predominantly used in Texas to stabilize expansive clays but there are also several coun-

ties in Texas (Figure 3.8) where significant levels of soluble sulfates have been recored. Therefore,

it is important to address this problem.

3.3.1 Current practices

Current practices related to mitigating the risk of sulfate attack for stabilizing moderately to

highly expansive soils (PI > 15) are by reducing the amount of soluble sulfates. Sulfate contents

are generally expresses as ppm (part per million) or mg/kg (1ppm = 1mg/kg). The concentration

of soluble sulfates is calculated in accordance to TEX-145E [65], and AASHTO-T290 [66]. Based

on field observations of soluble sulfate concentrations, engineers have identified regions where sig-

nificant ettringite growth is possible and also proposed recommendations for stabilizing expansive

soils with soluble sulfates (Figure 3.9) . To alleviate the risk of sulfate attack, the use lime or any

calcium based stabilizer is not recommended for soils with soluble sulfates greater than 8000 ppm.
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Figure 3.8: Texas counties with the sulfate concentration greater than 100 ppm. "Reprinted from
[64]"

The Texas Department of Transportation (Tx-DOT) recommends a 2000 ppm of soluble sulfate as

a threshold value for acceptable risk. Petry and Little [7] also proposed a similar threshold value.

Mitchell [10] and Puppala [67] observed significant expansion in stabilized soils with 1000 to 2000

ppm of soluble sulfates. These observations indicate that the reactivity of soil minerals [7, 10] can

play significant role in predicting sulfate attack.

3.3.2 Ettringite formation and stability

Ettringite is a calcium-alumino-sulfate-mineral that forms under alkanine condition (pH > 9.7)

in soils with high sulfate activity [7, 68, 69]. It has a chemical formula Ca6Al2(SO4)3(OH)12 · 26 H2O.

Equation 3.3 shows the chemistry of ettringite formation.

6Ca2+ + 2Al3+ + 3SO4
2− + 38H2O −−→ Ca6Al2(SO4)3(OH)12 · 26H2O+ 12H+ (3.3)
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Figure 3.9: Recommended treatment decision tree based on soluble sulfate levels. "Reprinted from
[64]"

For 1 mole of ettringite to form, 6 moles of Ca2+, 2 moles of Al3+, 12 moles of OH– and 26 mole

of water is required. In soils with high soluble sulfates, when lime or similar pozzolanic materials

are added to clayey soils, the pH raises and causes partial dissolution of alumina (Al3+) and silica

from oxyhydroxides and phyllosilicates minerals. During this process, the Ca2+ from lime can react

with the dissolved Al3+ and SO4
2 – ions in the presence of water to form ettringite [60, 5, 7, 10].

The stability of ettringite is defined by the activities of Ca2+, Al3+, SO4
2 – and pH. A pH of 10.7

or higher is required for ettringite to be stable. A lower pH causes incongruent dissolution of

ettringite to basaluminate, gypsum and, gibbsite (Figure 3.10) [70]. Experimentally, measuring the

pH is a pragmatic solution to determine ettringite stability. Water is a key compoenent for ettringite

formation as it is composed of 26 moles of H2O. Water for ettringite development can be supplied

by capillary rise, diffusion, precipitation or water of construction.

3.3.3 Mineralogical structure of ettringite

Ettringite has a characteristic thin needle like structure with crystal size ranging between 2 µm

and 200µm. It is also a naturally occurring mineral but is of importance as a hydration product [71].

It has a column and channel like structure. The columns are composed of Ca2+ and Al3+ polyhedra,
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Figure 3.10: Effect of pH on ettringite [70]. "Reprinted with permission from Elsevier".

which coordinate with H2O (Ca only), and OH (Ca2+ and Al3+) (Figure 3.11)[72]. The outer

channel has SO4
2 – ions that form hydrogen bonds with the calcium-coordinated water molecules.

The water molecules are found at four different locations (1) the inner column channel, (2) the two

apices, (3) the two apices of calcium polyhedra and, (4) at the hydroxyl ions binding Ca2+ and Al3+

ions.

3.3.4 Ettringite induced heave

When ettringite grows, it forms a branched structure as seen in Figure 3.12. The branched

structure can form in two potential areas of the stabilized soils (1) in the pore space and (2) at

the interface of two soil minerals. Theoretically, limited ettringite growth in the pore space can
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Figure 3.11: Structure of ettringite [72]. "Reprinted with permission from Elsevier".

help to increase the density and therefore improve strength but continued growth in the pore space

beyond the pore volume will have deleterious effects. Growth of ettringite on the interface can

cause substantial heave and distress reducing the structural integrity of the material.

In soils, the kinetics of precipitation and growth is dependent on the particle size, dissolution

of soil minerals and pH. The solubility of well structured soil minerals like smectite and kaolinite

is significantly lower compared with cement phases like tricalcium-aluminate (C3A). Therefore,

the kinetics of ettringite formation is significantly faster in cements as compared to stabilized

soils. When sufficient SO4
2 – , Ca2+ and, H2O are available, the dissolution rate of Al3+ from soil

minerals can affect the rate of ettringite precipitation. Soil minerals with a slow dissolution rate can

form ettringite after compaction. Excess ettringite formation can cause accumulation of stress and

subsequent failure of the stabilized layer. Therefore, formation of ettringite may not be deleterious

if the pore volume can accommodate the growth but excessive ettringite formation (greater than

the pore volume) and growth on the interface can cause significant distress.
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Figure 3.12: Scanning electron microscopy image of ettringite [73]. "Reprinted with permission
from Elsevier".

Experimental investigation by Nair [74] compared percent soluble sulfates in soil with the per-

cent ettringite and the percent volume change. As expected, Figure 3.13 shows a linear relationship

between ettringite and volumetric change. Depending on where ettringite grows, a soil with 10%

ettringite can experience close to 10% volume change (Figure 3.13).

Figure 3.13: Volumetric change due to ettringite growth. "Reprinted from [74]"
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3.3.5 Thermodynamic modeling of ettringite

Thermodynamic models including GEMS were developed to model hydration of cement [75],

fly-ash [76, 77], and calcium-sulfoalimate (CSA) cements [6]. The model provided an added ad-

vantage of investigating the stability of metastable products. For example, ettringite is considered

to be a metastable product during the initial stages (0-3 min) of cement hydration. GEM-Selektor

was able to successfully predict metastable ettringite in such cases. Kinetics was incorporated into

the model by using kinetic dissolution/ precipitation parameters from other studies. Parrot et. al.

[78] extensively studied the kinetic dissolution of phases in portland cement which was incorpo-

rated later into the model [75]. In CSA cements, ettringite is an important hydration product that

contributes to the strength and durability of the hydrated material. Winnefeld et. al. [6] showed

the efficacy of using thermodynamic models to simulate hydration of CSA cements. Figure 3.14

shows a comparison between the experimental data (represented as markers) and the modeling

results (represented as lines).

Figure 3.14: Modeled change in solid and pore solution quantity during hydration (experimental
data represented as data points) [6]. "Reprinted with permission from Elsevier".
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Kunagalli [79] studied the use of thermodynamic models to qualitatively predict ettringite for-

mation in chemically stabilized soils. In the study, a law of mass action based model was used

to investigate the thermodynamic favorability of ettringite. The developed phase diagrams in the

study helped to investigate the stability of ettringite when a source of soluble silica was added. Fig-

ure 3.15 shows that when soluble silica was added, ettringite was not thermodynamically favorable

(equilibrium point: star marker).

(a) (b)

Figure 3.15: Phase stability diagrams for chemically stabilizer soils (a) without soluble silica; (b)
with soluble silica [79]

3.4 Conclusion

Expansive clay minerals such as smectite are predominant in various parts of the U.S. Calcium

based stabilizers and non-calcium based stabilizers are used to reduce the shrink-swell potential

and to improve the engineering properties (e.g., strength, stiffness, permeability) of the soil. The

use of calcium based stabilizers in a sulfate rich soils can cause sulfate induced heave due to

ettringite formation. Current practice to alleviate the risk of sulfate attack involves limiting the

soluble sulfate levels to less than 3000 ppm. This threshold sulfate levels are proven to work for

most cases but some studies have also reported damage due to sulfate attack at lower soluble sulfate
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values (100-1000 ppm). The possible reason was identified as the reactivity of the soil minerals.

Thermodynamic models have been applied successfully to simulate hydration reactions in cement,

fly-ash and calcium-sulfo-aluminate cements. In addition, developing a phase stability diagram

to determine the thermodynamically favored phase can help to select stabilizers. For example, a

phase stability diagram to determine the formation of ettringite can be help to select a stabilizer

that has the least potential to form ettringite. For non-pozzolanic stabilizers, phase diagrams can

be used an aid to postulate the stabilization mechanism. For example, the required concentration of

a liquid ionic stabilizer such as hydrogen ion stabilizer and a hypothetical stabilization mechanism

can be derived from a phase diagram. Therefore, thermodynamic models can be used in tandem

with the engineering tests to improve the efficacy of chemically stabilized soil.
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4. THERMODYNAMIC EVALUATION OF SMECTITE TREATED WITH HYDROGEN ION

STABILIZER∗

4.1 Introduction

Expansive clays are abundant in Texas [80]. The expansive nature is primarily due to the pres-

ence of minerals that shrink and swell, such as smectite. In the presence of moisture, smectite

swells up to 300% of its initial volume [1]. During dry seasons, smectite shrinks by releasing

moisture. This shrink-swell characteristic causes significant damage (around 9 billion US dollars

annually) [2]. For example, pavements on expansive soils register the poorest performance. When

the soil expands, it creates an uplifting force on the pavement, causing damage such as cracking

and differential vertical movement. This volume instability significantly reduces the performance

life of the pavement. Various methods have been developed to address this problem, including

mechanical compaction and chemical stabilization with lime and/or Portland cement ([81], [82]).

Acidification with strong inorganic acids has also been used, and these acids are classified as sta-

bilizers ([83]) due to reduction in shrink-swell characteristics of smectite. Malek ([37]) studied

the effect of acid stabilization on the geotechnical properties of montmorillonite and reported an

increase in effective shear strength and angle of internal friction when environmental chemical soil

stabilizer (ECSS-3000TM, a hydrogen ion based stabilizer) was added to a 22% bentonite and 78%

sand mixture. Sarkar ([39]) described a reduction in shrink-swell behavior and increase in stiffness

of smectite soil treated with HIS. Acid modification of smectite has been studied frequently ([84],

[85], [58] and [86]). Carrado and Komadel ([85]) proposed that adding acid to bentonite causes

surface modifications and the release and exchange of Al3+, Fe3+ and Mg2+ from the octahedral

layer of smectite for H+ ions. Tomic ([87]) demonstrated the reduction of physico-chemical activ-

ity of smectite with the addition of acid.

*Reprinted with permission from “Thermodynamic Evaluation of Smectite Treated with Hydrogen Ion Stabilizer”
by Pavan Akula, Dallas Little, Paul Schwab, 2020. Journal of Materials in Civil Engineering, 32, 5, 2020 by Name of
Copyright Holder. https://doi.org/10.1061/(ASCE)MT.1943-5533.0003186
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Several studies have demonstrated the effectiveness of chemical stabilization of clayey soils

including the hydrogen ion-based additive ([36], [37], [38], [39], [40], [41]), polymers ([42]), geo-

polymers, potassium rich systems ([43]) and enzymes ([44], [45], [46]). The literature concentrates

on changes in engineering properties, but there is a deficit of information describing changes at a

molecular level (e.g. release of Al3+ ions from smectite) that cause macroscopic changes (e.g.

1D swell test). When hydrogen-ion based (acid) additives are used, the Al3+ ions released from

the octahedral sheets can be adsorbed on the clay colloids due to the net negative charge on the

surface of smectite resulting from isomorphous substitution [17]. This cation exchange reduces

the swell characteristic of smectite. At higher concentrations of acid treatment, tetrahedral sheets

of smectite are partially or fully destroyed, and the breakage of SiO2 from the tetrahedral sheet

causes further structural changes [18]. This paper presents a unique perspective that links these

mechanisms using a Gibb’s free energy minimization model and provides a protocol that can also

be used to simulate the interaction of chemical stabilizers (e.g. lime and/ or portland cement) with

expansive soils. For example, in a lime stabilized soil system, a similar thermodynamic model can

be used to simulate the stabilization reactions and determine the formation of end products such as

ettringite, which can have a deleterious effect on the stabilized pavement or foundation layer due

to excessive expansion.

Analytical methods such as X-Ray diffraction (XRD) and Fourier-transform infrared spec-

troscopy (FTIR) have been used extensively to study the swelling behavior of montmorillonite

[88]. In particular, FTIR is useful in monitoring the smectite-HIS interaction [89]. A specific

functional group of smectite such as Si-O and Al-Al-OH will absorb a specific wavelength of the

electro-magnetic spectra. The absorbed or transmitted wavelengths are used to qualitatively assess

changes in functional groups.

With advances in computational thermodynamics, the stabilization mechanism of smectite

treated with a chemical stabilizer (e.g. HIS) can be simulated. In this paper, we calculated chemi-

cal and phase equilibrium using two Gibb’s free energy minimization models, (1) Visual MINTEQ

[90] to model the reaction between HIS and smectite; (2) Geochemist’s Workbench [91] to con-
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struct phase stability diagram and to determine the equilibrium points. This is an efficient, reliable

and straightforward way to model chemical speciation. The objective of the research was not

to prove the effect of acid stabilization but rather to demonstrate the efficacy of the application

of thermodynamic-based modeling coupled with analytical testing methods including XRD and

FTIR.

4.1.1 Thermodynamic modeling

Thermodynamic models are primarily based on two methods. One method uses optimiza-

tion theories to solve the equilibrium problem by minimizing Gibb’s free energy. The second

method uses equilibrium constants, which are mathematical expressions of the minimum point in

the Gibb’s free energy reaction. Each approach has its own advantages and will converge to the

point of minimum free energy [92]. Multi-phase systems can be modeled using Gibb’s free energy

with less complexity than by using equilibrium constants. The method based on Gibb’s free energy

has the advantage of using thermodynamic constants available in the literature for the constituents

of concern in this work. These include enthalpy and entropy. The models (e.g GEM-Selektor [93])

use optimization theory to solve the equilibrium problem by “minimizing free energy directly"

[94]. Equilibrium constant based models (e.g. Visual MINTEQ and Geochemist’s Workbench)

require only the value of the thermodynamic equilibrium constant logK. The models use the

Newton-Raphson method to identify phases at equilibrium and does so with a very good precision.

The complexity of the model increases in a multi-phase system and the information regarding the

stable solids and aqueous species must be known in advance. The value of logK is a mathematical

expression of minimized free energy and so, both the models will converge to the same solution.

The equilibrium constant (logK) approach indicates the final equilibrium of the entire system -

solution species, gas species, redox equilibrium and solid phases.

The value of logK for different phases (solids, gases, and liquids) is available in the Visual

MINTEQ’s database [90]. In addition to the thermodynamic parameter logK, the database contains

the reactions of solid and aqueous phases.

The value of logK from the database was used to calculate equilibrium activities and the sat-
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uration index (log(Q/K). The term Q, which is the ratio of the product (multiplication) of the

activities of products to the product of the activities of reactants, was used to check the state of

the reaction with respect to equilibrium at specific points. In addition to the equilibrium constant

of smectite, additional phases such as Al(OH)3(am), SiO2(am), and aqueous species such as Al3+,

Mg2+, Na+ and H4SiO4(aq), were considered in the model. The equilibrium constants of all the

phases used in the model are shown in Table 4.1.

Table 4.1: Equilibrium constants used in the geochemical model (Visual MINTEQ and Geo-
chemist’s Workbench)

Chemical Reaction log K
(1) (2)

Smectite(Na0.6Mg0.6Al1.4Si4O10(OH)2) + 6H+ +4H2O ↔
1.4Al3+ + 0.6Mg2+ + 0.6Na+ + 4H4SiO4

6.0

SiO2(am) + 2H2O ↔ H4SiO4(aq) −2.7
Al(OH)3(am) + 3H+ ↔ Al3+ + 3H2O 10.5

Geochemical models such as Visual MINTEQ and Geochemist’s Workbench use the law of

mass action to determine equilibrium products. The theory can be explained using the dissolution

reaction of smectite:

Smectite+ 6H+ + 4H2O ↔ 1.4Al3+ + 0.6Mg2+ + 0.6Na+ + 4H4SiO4 (4.1)

From Equation 4.1, the activity product of smectite is written as

Q =
(Na+)0.6(Mg2+)0.6(Al3+)1.4(H4SiO4)

4

(H+)6(H2O)4(Smectite)
(4.2)

where, Q is a reaction quotient and (Na+), (Mg2+), (Al3+), (H4SiO4), (H+), (H2O) are the activities

of smectite’s phase components. Under equilibrium conditions, Q equals K. At non-equilibrium

conditions, the activities of smectite’s phase components are different than at equilibrium condi-

tions. Activity is related to the concentration by the relationship.
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(a) = γ[C] (4.3)

where, [C] is the concentration, γ is the single ion activity coefficient and (a) is the activity of the

phase. The value of γ is dependent on the ionic strength, charge of the ions and diameter of the

ions.

If concentrations of components of smectite are known, the value of Q can be calculated from

Equation 4.2. The activities of components after the addition of HIS were calculated using Equa-

tion 4.3.

The direction of the reaction (dissolution or precipitation) and the saturation state of phases

can be determined by comparing the value of K with the calculated value of Q. In Equation 4.2,

addition of HIS would increase the concentration of H+ ions. When Q > K, the solution is super-

saturated with respect to the solid phase in question and contains sufficient concentrations of the

soluble species to form smectite. Hence precipitation of smectite is favored under such conditions

(insufficient concentration of H+ ions to cause a chemical change). When Q < K, the solution is

under-saturated and the complete dissolution of smectite is favored (sufficient concentration of H+

ions to cause a chemical change). When Q = K, the reaction is considered to be at equilibrium

where precipitation and dissolution occur at equal rates.

Dissolution of smectite is favored when it reacts with concentrated H+ ions (acid based dis-

solution of smectite). During the dissolution process smectite dissociates into its individual ionic

species Al3+, Na+, Mg2+. This precipitation and dissolution reactions proceed until an equilibrium

point is reached.

4.2 Materials

The source of clay in our study was commercially available smectite, Volclay90 from MTI

Bio-Ag Inc [95]. The physical and chemical properties of Volclay 90 are shown in Table 4.2. The

chemical stabilizer used to treat smectite increases the concentration of H+ ions in the system

and is primarily composed of sulfuric acid with traces of sulfonated naphthalene. The HIS was
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provided by Environmental Soil Stabilization (ESSL LLC.). The HIS is a clear liquid with a

viscosity approximately equal to that of water.

Table 4.2: Physical and Chemical Properties

Property Value

(1) (2)

Liquid Limit(%) 101.17

Plastic Limit(%) 18.02

Plasticity Index(%) 83.14

Optimum moisture content(%) 25

Bulk density (lb./cu.ft.)∗ 58-65

Passing Particle Size (µm)∗ 75

pH ∗ 8-10.5

SiO2(%) 63.02

Al2O3(%) 21.08

MgO(%) 2.67

Na2O(%) 2.57

Trace(%) 0.72
*Data provided by [95]

4.2.1 Sample Preparation

Smectite specimens were air dried for 48 hours and passed through 60 mesh size (0.250mm)

sieve. Two sets of specimens were prepared at different concentrations. The first set comprised

undiluted HIS added to 100 mg of smectite. The second set comprised 5% diluted (one part of

HIS with 20 parts of water) HIS added to 100 mg of smectite. The treated samples were allowed

to equilibrate for 48 hours prior to testing.

4.3 Methods

4.3.1 Modeling method

A two-step approach was used to simulate the reaction of smectite with HIS as shown in Figure

4.1. First, we determined the activities and concentration of solid and aqueous phases for untreated
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and treated smectite. Smectite was added as a finite solid at 1.5 M (582 g/L) as the initial input to

visual MINTEQ. Al(OH)3(am) and SiO2(am) were added as possible solid phases and the equilib-

rium constant for Na-montmorillonite (smectite) was manually added to the MINTEQ database.

Undiluted HIS was found to be 30 M in H+, while the 5% diluted material was 1.5 M in H+, and the

control sample contained no HIS. These concentrations were used as inputs for Visual MINTEQ

modeling. The model calculated the changes in constituent concentrations in smectite, precipi-

tation of possible solids, and concentrations and activities of all soluble species associated with

the component species Al3+, Mg2+, and H4SiO4. The activities were then used in Geochemist’s

Workbench to develop the phase stability diagram.

4.3.2 Experimental Methods

The HIS treated smectite was characterized by XRD and FTIR. In addition, the shrink-swell

characteristics were studied using one dimensional cyclic shrink-swell test.

4.3.2.1 X-Ray Diffraction (XRD)

A Bruker D2 automated system was used to obtain the diffractograms. Copper radiation

CuKα = 1.541Å at a current of 35kV was used as the X-Ray source. The XRD patterns were

recorded over the range of 2◦−32◦ at a scanning rate of 2◦/min. The XRD pattern shown in Figure

4.2 demonstrates that Volclay is predominantly composed of smectite with quartz as the secondary

mineral. The pattern also indicates no sign of amorphous phases in Volclay. Smectite is sensitive

to moisture; the relative humidity of the smectite was controlled using saturated salt solutions fol-

lowing the method described in ASTM E104 ([96]). The smectite samples were equilibrated for 7

days in a humidity chamber prior to XRD testing. The effect of HIS on the d-spacing of smectite

was evaluated at 30% and 95% relative humidity.

4.3.2.2 Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectra were observed using a Thermo Nicolet 380 FTIR spectrometer. A diamond tipped

ATR stage was used in the range 650-4000 cm−1. Water has a wide absorbency wavelength 3500

cm−1 to 2500 cm−1, which will affect the absorbance of other elements. The interference of

32



)

Figure 4.1: Flowchart for geochemical modeling using Gibb’s technique "Reprinted with permis-
sion from ASCE: Journal of Materials in Civil Engineering".
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Figure 4.2: XRD pattern of smectite (volclay). "Reprinted with permission from ASCE: Journal
of Materials in Civil Engineering".

absorbance bands from water molecules was minimized by drying the sample at 100◦C overnight

prior to FTIR analysis.

4.3.2.3 One dimension cyclic swell test

Untreated specimens were prepared by mixing 500 g of smectite with 125 ml of water (opti-

mum moisture content calculated in accordance to [97]; Table 4.2). The treated specimens were

prepared by mixing 500 g smectite with 125 ml of 5% diluted HIS. The treated and untreated spec-

imens were cut to 76 mm (diameter) by 20 mm (high) as shown in Figure 4.3. A linear strain trans-

ducer from Humboldt (HM-2030.10) with an input of 10V was linked to data loggers (NI9237) to

measure volumetric changes. The tip of the strain transducer was placed in a semicircular indent

(Figure 4.3(b)) to reduce lateral movement of the transducer’s tip and to improve accuracy in the

measure of swell. The consolidometer was inundated with de-ionized water and swelling was mea-

sured for 120 hours. The top plate of the consolidometer was removed and the assemblage with

the specimen was placed below a heat lamp at 90◦C for 24 hours to induce shrinkage. Changes in

volumetric data were recorded for three cycles of swell.

34



Figure 4.3: Figure 3(a): Compacted specimen, Figure 3(b): One dimensional swell test, Figure
3(c): Specimen after three cycle of wetting and drying. "Reprinted with permission from ASCE:
Journal of Materials in Civil Engineering".

4.4 Results and Discussion

4.4.1 Thermodynamic Model

The first step in the process of thermodynamic modeling was to understand the crystalline

structure of smectite. Smectite is comprised of two tetrahedral sheets bonded to one octahedral

sheet (2:1 structure) between them. The tetrahedral sheets are primarily composed of Si-O bonds,

and, because montmorillonite is dioctahedral, the octahedral layers contain alumina coordinated in

an octahedral matrix to oxygen and hydroxyl (OH) groups. The negative charge occurs principally

due to isomorphic substitution of Mg2+ for Al3+ in the octahedral layer. The negative charge is bal-

anced by external adsorption of interlayer cations on interlamellar surfaces. Hydrated cations, such

as Al3+, Na+, and Ca2+ are attracted to the negatively charged surface of smectite. The amount of

water between the interlamellar layers depends upon relative humidity and the hydration enthalpy

of the cations. As the quantity of water in the interlayer region increases, the mineral swells, giving

smectite its characteristic shrink-swell behavior.
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Addition of acidic stabilizers, such as HIS, promotes attack of octahedral sheets by H+, releas-

ing Al3+ and Mg2+ ions. Tomic [98] observed that 1.5 M sulfuric acid slightly decreased octahedral

cations in smectites and slightly increased SiO2 (mostly as amorphous silica). The release of Al3+

and Mg2+ from the octahedral sheet compromises the structural integrity of the crystal, and some

amorphous silica is also released. At higher concentrations, the content of the octahedral cations

in the mineral decreased radically, and the montmorillonite structure was significantly impacted.

Visual MINTEQ was used to predict changes in smectite composition as a function of HIS

additions. Prior to the addition of HIS, smectite is the only solid phase present with little dissolution

and slightly alkaline pH 8.5 (Tables 4.3 and 4.4). Activities of all cations and H4SiO4(aq) are quite

low: 10−4.25 M for H4SiO4(aq), 10−15.73 M for Al3+, and 10−5.0 for Mg2+ and Na+.

With the addition of 5% HIS, the model predicts the release of octahedral and exchangeable

cations and the precipitation of SiO2(am) (Figure 4.4; Table 4.4). The high concentration of H+

from the HIS changes the thermodynamic stability of smectite, and the concentration of compo-

nents released from smectite (Al3+, Mg2+, and H4SiO4(aq); Figure 4.4) become available for further

reactions. At this 5% HIS concentration, 17% of the original smectite mass dissolved, compared

to <0.1% in the untreated sample. With the precipitation of SiO2(am) (1.01 mol/L, Figure 4), the

activity of H4SiO4(aq) increased to 10−2.78 M (Table 3). Concentrations of cations increased several

orders of magnitude to 10−0.46 M for Al3+, 10−0.81 M Mg2+, 10−0.80 M Na+, and pH 3.1. The high

activities of Al3+ in the 5% HIS solution should lead to displacement of all other cations, including

Mg2+, from the interlayers resulting in binding of Al3+ on the remaining negatively charges sites.

The large hydrated radius of Mg2+ and the known strong bonds between smectite interlayers and

polymeric hydroxy-Al species suggest that the interlayer Al-hydoxy species should predominate

[99] and potentially counteract the shrink-swell tendencies of smectite.

With the addition of concentrated HIS to the smectite system, Visual MINTEQ predicts com-

plete dissolution of smectite with 6.0 M SiO2(am)as the only solid phase. Cationic activities be-

come very high: 100.23 M Na+, 102.77 M for Al3+, 101.04 M Mg2+, and pH -1.6. It should be noted

that although the thermodynamic activity of Al3+ is in the hundreds, the concentration of the Al3+
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Figure 4.4: Effect of HIS on the concentration of Al3+, SiO2(am), Mg2+ and Smectite. "Reprinted
with permission from ASCE: Journal of Materials in Civil Engineering".

is a more reasonable 100.32. The activity coefficient for the trivalent cation is very small due to the

high ionic strength of the HIS solution, resulting in a very high Al3+ activity when calculated from

the concentration. These results are in general agreement with the observations of Tomic [98].

To illustrate the solid phases transitions in response to HIS additions, phase diagrams were con-

structed (Figure 4.5-4.7) using Geochemist’s Workbench. Activities of the solution species from

Table 4.3 were used as input as well as the speciation potential of solid phases, and Geochemist’s

Workbench constructed the diagrams. The phase stability diagram for the untreated case is seen

Figure 4.5. Phase diagrams for 5% diluted HIS and concentrated HIS treatments are shown in

Figure 4.6 and Figure 4.7, respectively. In the untreated case, the locus of the equilibrium point A
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Table 4.3: Calculated activities of phase components of treated and untreated smectite

Component
log(activity)

Untreated 5% diluted HIS Concentrated HIS
(1) (2) (3) (4)
Al3+ −15.73 −0.46 2.74

H4SiO4(aq) −4.25 −2.76 −3.38
Mg2+ −5.07 −0.81 1.04
Na+ −5.06 −0.81 0.22

Table 4.4: Calculated equilibrium concentration for untreated and HIS treated smectite

Phase Untreated (mol/L) 5% diluted HIS (mol/L) Concentrated HIS (mol/L)

(1) (2) (3) (4)

Smectite 1.50 1.25 0.00

Al(OH)3(am) 0.00 0.00 0.00

SiO2(am) 0.00 1.01 6.00

is in the region of smectite. This indicates that smectite is stable in the untreated case. In the 5%

diluted HIS treatment, the locus of the point, B is at the phase boundary of smectite, SiO2(am),

Al3+, and H4SiO4(aq) indicating stability of the phases. The stability of smectite was validated

by the X-Ray diffractogram peaks and the release of SiO2(am) and Al3+ were observed in FTIR

(discussed in following sections). The modeling also showed release of Al3+ and SiO2(am) by the

partial dissolution of smectite. This indicates that Al3+ will be released from the octahedral sheets

and has the potential to react with net negative surface charges thereby reducing the shrink-swell

characteristics of the clay. Figure 4.7 shows that the locus of the equilibrium point C is in the region

of Al3+ and H4SiO4(aq) for the concentrated HIS treatment. This shows complete dissolution of

smectite and subsequent release of Al3+ and H4SiO4(aq) from the octahedral and tetrahedral layers,

respectively. This is validated by the X-Ray diffractogram (Figure 4.9 and Figure 4.10). Tomic

[98] treated bentonite with a range of sulfuric concentrations at 60oC for 2 hours to determine the

impact of acid activation on a range of properties. As with this project, Tomic found that partial

dissolution of smectite with the release of Al3+ and SiO2(am) was observed up to 3 M acid with the

high cation exchange capacity (CEC) remaining intact. Higher concentrations (up to 6 M sulfuric
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A

Figure 4.5: Phase diagram for untreated smectite, drawn with the following conditions: T=250C,
P=1atm, pH = 8.5, Na+ activity 10−5.06, Mg2+ activity 10−5.07. "Reprinted with permission from
ASCE: Journal of Materials in Civil Engineering".

acid) decreased the CEC, increased SiO2(am) content, and degraded the structure of the smectite.

Steudel [100] made similar observations using different clays, acids, and digestion temperatures.

Hydroxy interlayer compounds such as Al(OH)3(am) can form in an interlayer among repeating

smectite unit cells. Table 4.4 lists the equilibrium concentrations for untreated and treated smectite

including Al(OH)3(am). In the 5% diluted HIS treated and concentrated HIS treated treatments,

precipitation of Al(OH)3(am) is not favored thermodynamically. The transformation process and

its effect on swell characteristics was not investigated.

Figure 4.8 shows the increase in concentration of Al3+ and SiO2(am) with increasing HIS con-
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Figure 4.6: Phase diagram for smectite treated 5% HIS, drawn with the following conditions:
T=250C, P=1 atm, pH = 3.1, Na+ activity 10−0.8, Mg2+ activity 10−0.8. "Reprinted with permission
from ASCE: Journal of Materials in Civil Engineering".
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Figure 4.7: Phase diagram for smectite treated 5% HIS, drawn with the following conditions:
T=250C, P=1atm, pH = -1.5, Na+ activity 100.2, Mg2+ activity 101.0. "Reprinted with permission
from ASCE: Journal of Materials in Civil Engineering".
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Figure 4.8: Calculated concentrations using Visual MINTEQ of soluble Al3+ and SiO2(am) for
treated smectite. "Reprinted with permission from ASCE: Journal of Materials in Civil Engineer-
ing".

centration. At 1.5 mol/L of HIS (5% diluted HIS), there is an increase in free SiO2(am) and Al3+.

This indicates partial dissolution of smectite. The complete dissolution of smectite with the release

of 6.0 mol/L of SiO2(am) and 2.1 mol/L of Al3+ is predicted for HIS concentrations ranging from

10 to 30 mol/L. As previously stated, we hypothesize that at HIS concentrations up to 10 mol/L,

the combined effect of the release of Al3+ ions from the octahedral layer (adsorption of Al3+ on

the negative surface) and SiO2(am) from the tetrahedral layer (structural distress affecting the net

negative charge and surface area) reduces the shrink-swell behavior of smectite.
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4.4.2 X-Ray Diffraction Analysis

The X-Ray diffractograms for untreated and treated smectite at 30% RH are shown in Figure 4.9

and, diffractograms at 95% RH are shown in Figure 4.10. Expansive clay minerals like smectite,

show a change in peak angle (2θ) when the RH changes. As the smectite expands with increase

in RH, the d-spacing increases and the 2θ value decreases. This behavior was used to identify

smectite. The crystallography open database (COD) has a repository of X-Ray diffraction patterns

for known minerals [101]. The COD data shows that quartz crystal will have a peak at 26.7◦ as

seen in the XRD diffractogram (Figure 2).

At 30% RH a smectite peak is registered at 2θ 7.6◦, but at 95% RH, the smectite peaks occur at

2θ 5.6◦ and 6.6◦ for untreated and 5% diluted HIS treated smectite, respectively. Smectite treated

with concentrated HIS did not display any significant peak due to the dissolution of smectite.

Amorphous materials do not exhibit sharp peaks as they do not possess long range order, but

exhibit broad humps like at 2θ 29◦ for treated smectite (Point (A) in Figure 4.9 and Figure 4.10),

which corresponds to the presence of amorphous SiO2 [102].

The control of relative humidity helped in the quantitative comparison of d-spacing between

the treated and untreated smectite samples. At 30% RH, there is no significant difference in d-

spacing between untreated and smectite treated with 5% diluted HIS. This is due to the presence

of less water among the smectite crystals. At 95% RH, the d-spacing is smaller in the smectite

treated with 5% HIS (13.3Å ) compared to untreated sample (15.5Å ), illustrating the reduction in

swell potential for the treated smectite. In addition, significant distress due to structural changes

in the clay lattice is recorded by the widening of the diffraction response in the vicinity of about

15.5Å. A new peak at 12.2◦ is registered for treated sample. This peak corresponds to gypsum

(CaSO4 · 2 H2O), and it indicates interaction of HIS with smectite’s interlayer Ca2+ cations. There-

fore, the decrease in swelling at high RH, indicated by the reduced d-spacing, is the result of the

structural changes induced by the 5% HIS and the interaction of HIS with the interlayer cations.
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Figure 4.9: X-Ray Diffractogram of treated and untreated smectite at RH 30. "Reprinted with
permission from ASCE: Journal of Materials in Civil Engineering".
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4.4.3 FTIR Analysis

The FTIR transmission spectra of smectite treated with concentrated and 5% diluted HIS are

shown in Figure 4.11. Table 4.5 assigns FTIR transmittance band positions to functional groups

such as Al-Al-OH and Si-O present in the octahedral and tetrahedral sheets of smectite. The trans-

mittance regions of primary interest in the FTIR spectra lie between 914-1116 cm−1 for effects

related to Si in the tetrahedral layer and Al in the octahedral layer. Smectite treated with concen-

trated HIS produced two new bands at 1144 and 1094 cm−1 that correspond to Si-O vibrations

from the amorphous silica and stretching of Si-O, respectively [103]. The reduction in intensity of

transmittance indicates an increase in amorphous Si in both the treated samples. In addition, the

shape and depth of the band at 1115-1117 cm−1 are less pronounced for the treated smectite when

compared to the untreated samples. Treated smectite demonstrates deformation of OH linked to

Al3+ [104]. The percent transmission at band 918 cm−1 is higher for the smectite treated with

5% diluted HIS when compared to untreated smectite. Additional bands at 3625 and 914 cm−1

correspond to smectite structural OH groups, which are primarily used to identify smectite [105])

and quartz. Thus FTIR spectra demonstrates that addition of HIS changes the tetrahedral Si and

octahedral Al in smectite.
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Figure 4.11: FTIR bands for treated and untreated smectite. "Reprinted with permission from
ASCE: Journal of Materials in Civil Engineering".
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Table 4.5: Assignments of absorption maxima in IR spectra of smectite

Band Position (cm−1) Assignment

(1) (2)

3622 Smectite OH group

1624 OH stretching of H2O

1144 Si-O stretching vibrations of Amorphous Si

1115 Si-O stretching

1094 Si-O stretching

918 deformation of Al −Al −OH
838 Al-Mg-OH (Smectite)

994 Si-O (Quartz)

4.4.4 One dimensional cyclic swell test

The one-dimensional swell test measures the effect of HIS on volumetric stability. Figure 4.12

shows the variation of swell for untreated and treated (5% dilute HIS) smectite. Three cycles of

swell were measured for the treated and untreated smectite. The drying induced shrinkage cracks

increased the permeability of the smectite and subsequently caused increased swell in the presence

of moisture. The second swell cycle recorded a maximum swell of 7.5 mm. The samples were

dried for a period of 24 hours to achieve similar moisture contents between swell cycles. A swell

reduction from 4.5 mm for untreated to 2.5 mm for treated smectite was recorded in the third swell

cycle. This may be due to the further diffusion of HIS through the shrinkage cracks in smectite.

Thus, three cycles of the swell test demonstrated less swell for the treated smectite when compared

to the untreated smectite. Treated smectite recorded 37%, 16% and 46% reduced swell in the

first, second and third swell cycle, respectively. The results are consistent with the hypothesis that

the combined effect of released Al3+ (from the octahedral sheet) interacting with negative surface

charge and structural change by the release of SiO2 (from the tetrahedral sheet) in the smectite

crystal result in a substantial reduction in volumetric instability.
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Figure 4.12: One dimensional cyclic swell test of 5% HIS treated and untreated smectite.
"Reprinted with permission from ASCE: Journal of Materials in Civil Engineering".

4.5 Summary and Conclusion

We used a Gibb’s free energy minimization thermodynamic model to simulate the stabilization

mechanism for smectite treated with HIS and validated this experimentally. The thermodynamic

model showed the release of Al3+ from the octahedral sheet and SiO2 from the tetrahedral sheet for

smectite treated with HIS. The release of Al3+ and SiO2 increased with increasing concentration

of HIS added to smectite. Prior to the addition of HIS, smectite was the only thermodynamically

stable phase with little dissolution, but after addition of HIS the release of Al3+ and SiO2 were

thermodynamically favored due to the dissolution of smectite. The released Al3+ may satisfy the

residual negative charge at the colloid surface as the ions are coulombically attracted to the clay

surface; these adsorbed ions also significantly reduce the potential to sorb water. Solubilization of

SiO2 from the tetrahedral sheet caused additional structural change of the smectite, further influ-

encing swell potential. The structural changes indicated by the model were validated using XRD
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and FTIR, and volumetric stabilization was validated using cyclic swell testing. X-Ray diffrac-

tograms showed a reduction in d-spacing for the 5% HIS-treated smectite at 95% RH compared to

untreated smectite. This is consistent with less swelling observed in physical swell tests. Widening

of the smectite peak also was consistent with distress in smectite due to structural changes. The

X-Ray diffractogram of the treated concentrated HIS (Figure 9 and 10) does not have a smectite

peak. This indicates dissolution of the smectite as indicated by the model. FTIR data detected an

increase in amorphous Al-Al-OH and Si-O for treated smectite. When concentrated HIS was added

to smectite, a significant increase in amorphous Si-O was found. This should be associated with

the increase in concentration ofSiO2(am) and Al3+ as calculated by the model (Figure 4). Sorption

of Al3+ resulted in reduced swelling in the cyclic one dimensional swell test. The release of sub-

stantial Al3+ and SiO2(am) requires very high concentrations of HIS (low pH), less than about 5%

added water. Addition of large quantities of HIS may not be a pragmatic solution in the field but

simulation of stabilization using thermodynamic models will enable us to understand the effect of

chemical stabilization on the physico-chemical characteristics of expansive clay. It is possible that

the "build-up" of H+ ions due to the multiple treatments of moderate HIS concentrations may be

an effective approach. This should be the next step in this research. In addition to the change in

engineering properties, it is critical to understand the mineralogical changes. The study shows the

possibility of using thermodynamic models to investigate stabilization mechanisms of chemical

stabilizers (e.g. HIS). This approach can also be used to assess whether significant quantities of

desired minerals will form and whether significant quantities of undesirable products will form,

such as the expansive mineral, ettringite.
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5. COUPLED THERMODYNAMIC AND EXPERIMENTAL APPROACH TO EVALUATE

ETTRINGITE FORMATION IN A SOIL STABILIZED WITH FLUIDIZED BED ASH

BY-PRODUCT: A CASE STUDY∗

5.1 Introduction

Pozzolanic materials have been used extensively in chemical soil stabilization of soft clays due

to their effectiveness in improving strength and stiffness [3, 106, 107, 108, 109]. Recent studies

in chemical soil stabilization have also used geopolymers [110, 111, 112], phophogypsum [113]

and eco-friendly binders [114] to improve the mechanical properties. Clay itself is a pozzolan. A

strength enhancing, pozzolanic reaction is triggered by combining an alkaline earth material such

as lime (calcium hydroxide) with the pozzolan-bearing soil. The high pH environment provided

when lime dissolves in water releases pozzolans silica and alumina from the clay to react with cal-

cium from lime and water to form calcium-silicate-hydrates (CSH), calcium-aluminate-hydrates

(CAH) and, calcium aluminium silicate hydrates (CASH) [115]. However, some clays and virtu-

ally all non-clay soils do not provide sufficient pozzolans to produce required strength. In this case

fly ash, a pozzolan or other forms of coal combustion by products (CCBPs), are often blended with

lime to provide the required constituents. Portland cement, which releases a considerable amount

of free lime upon hydration, can trigger pozzolanic reactions with clay, fly ash or other CCBPs.

Most CCBPs are primarily composed of SiO2, CaO, and Al2O3. Secondary constituents can

include sulfate SO4
2 – in the form of gypsum CaSO4 · 2 H2O [116, 117]. The sulfate ions from

gypsum can react with the Ca2+ ions from CaO and Al3+ ions from Al2O3 in the presence of water

to form ettringite (Ca6Al2(SO4)3(OH)12 · 26 H2O). It can precipitate in an environment with high

sulfate activity and pH [69]. In soils, ettringite can form when a calcium based stabilizer with

high sulfate activity such as fluidized bed ash, is added [7, 118, 119, 71]. Ettringite in the form

of micron-sized fibrous crystals can damage densely compacted, soils stabilized with lime and

*Reprinted with permission from “Coupled thermodynamic and experimental approach to evaluate ettringite for-
mation in a soil stabilized with fluidized bed ash by-product: A case study” by Pavan Akula, Dallas Little, 2020.
Transportation Geotechnics, 100352, 2020 by Name of Copyright Holder. https://doi.org/10.1016/j.trgeo.2020.100352
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CCBPs or cement though expansion [10, 71, 120, 121, 11]. A secondary mineral, thaumasite, may

also precipitate through the isostructural transformation of ettringite. Thaumasite formation results

in loss of strength and is usually preceded by the formation of ettringite [122].

Whether or not ettringite will form in lime-fly ash stabilized soils is normally estimated based

on the quantity of water soluble sulfates present in the native soils to be treated [9]. However, this

empirical assessment does not always hold valid as in some cases ettringite has been detected in

soils with less than 1,000 ppm water soluble sulfates and in other cases no significant ettringite

formation was detected in soils with over 10,000 ppm water soluble sulfate [5, 10, 11]. Several

other factors such as the overall mineralogical composition of the soil and the availability of proper

stoichiometric quantities of all constituents, especially water, have proven to be a key to the for-

mation of ettringite [12, 8]. The formation of ettringite has been studied using numerical modeling

[13, 14] and molecular dynamics Studies have investigated the formation of ettringite using nu-

merical modeling and molecular dynamics [15, 16].

5.1.1 Thermodynamic modeling

Thermodynamic modeling provide a better understanding of the chemical interactions between

solid and liquid phases of hydration [123, 124, 125, 126, 127]. These models are able to predict

whether a reaction can take place and calculate the equilibrium composition. In this study, a ther-

modynamic model was constructed with the geochemical speciation code GEMS-PSI [128, 93,

129] populated by the thermodynamic databases PSI-Nagra and CEMDATA14 [130, 131, 132].

The accuracy of the prediction is dependent on characterization of the material. Therefore, hydra-

tion is modeled based on the compositional analysis from X-Ray Fluorescence (XRF) and X-Ray

Diffraction (XRD). Analytical characterization methods including XRD and XRF provide suffi-

cient information about the geochemistry of the material. The CaO and SO3 oxide composition

obtained using XRF was used to stoichiometrically calculate the quantity of gypsum in the sample

(Refer to section 4.2 for additional information). The calculation assumes gypsum as the source of

sulfate. The input for the thermodynamic model comprised the mineral gypsum and other oxides:

Na2O, K2O, MgO, Fe2O3, SiO2, and Al2O3. The available mineralogical data for the blended ma-
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terial was limited to only ettringite. If the complete quantitative mineralogical data of the blended

material was available, it would have improved the accuracy of our thermodynamic model. There-

fore, the model proposed in this study can be used as a forensic tool to investigate the potential to

form ettringite. The addition of minerals in the blended material would have introduced additional

thermodynamic data such as solubility product (logKsp) [133, 27] that would have constrained the

solubility of minerals and increased the quantitative accuracy of the model. Al2O3 was used as the

source of alumina in the model. In the actual soil, alumina could have been in the form of gibbsite,

kaolinite or both. The logKsp values of gibbsite, kaolinite and Al2O3 are significantly different and

therefore would affect the quantity of ettringite that can form at equilibrium. This would contribute

to some deviation in the quantitative prediction of ettringite.

Phase diagrams are excellent tools to visualize stability of minerals such as ettringite. Little

et. al. [5] demonstrated the use of phase stability diagrams to predict ettringite formation in lime

treated soils with high soluble sulfate content. In this study, phase diagrams were constructed to

investigate the effect of amorphous silica on ettringite precipitation. The equilibrium activities of

phases from the thermodynamic model, GEMS, were used to develop the phase stability diagrams.

Geochemist’s Workbench was used as a tool in this paper to develop the phase stability diagrams.

The stability diagrams showed that with an increase in amorphous silica there was a significant

reduction in the stable area of ettringite.

5.2 Background

This case study comprises a shopping center that encompasses approximately 85 acres. The

center consists of strip center storefronts and individual buildings. During the construction of the

shopping center, fill material was placed to bring the site to grade. The fill material was blended

with the fluidized bed ash ("ash") referred to as a hydrated aggregate base material. The depth of

fill ranged from 2 to 6 feet. The proposed stabilization was to mix the in-situ soil with 6% ash to a

depth of 6 feet. Two years after construction severe structural distress was observed at difference

locations of the building as seen in Figure 5.1. The ash was contained very high (30-70%) quantity

of gypsum (Table 5.1) indicating ettringite induced heave (sulfate attack) as a possible cause for
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(a) (b)

Figure 5.1: Observed Structural distress in the building (a) dislocation on wall (b) cracks on Floor.
"Reprinted with permission from Elsevier".

Table 5.1: Fluidized bed ash mineralogy analysis

Common name Chemical formula Percent composition (%)

Gypsum CaSO4 · 2 H2O 43− 70

Hydrated lime Ca(OH)2 20− 30

Calcite CaCO3 4− 22

Magnesium Hydroxide Mg(OH)2 1.7− 2.5

Quartz SiO2 < 2.5

Magnesium Oxide MgO < 1

Lime CaO < 1

Free moisture H2O 5− 10

the distress. Therefore, blended samples containing fill and ash were collected from three sites

(Site X, site Y and site Z) inside the center for physical and chemical characterization. Chemical

testing including pH, XRF, XRD (semi quantitative ettringite and thaumasite detection) and water

soluble sulfate test were performed on all samples. Physical tests included Atterberg limits and

grain size distribution.
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5.3 Methods

Samples were collected at locations where structural distress was observed. Characterization

of the material through physical and chemical testing followed the methodology in Figure 5.2.

Sample collection

Water soluble sulfate test, pH test, XRF and
XRD (semi-quantitative ettringite) tests

Physical testing  Chemical testing

Grain size distribution, Standard proctor,
Atterberg limits and California Bearing ratio 

Setup thermodynamic model 
1. Calculate inputs from XRD and XRF. 
2. Test for consistency of the model. 

Calculate ettringite content at
thermodynamic equilibrium 

qualitative and quantitative comparision
with the XRD results

Thermodynamic modeling

Setup Phase Diagrams: 
1. Use calculated activities from the model 
2. Test for consistency and charge balance 

Introduce amorphous silica and calculate
geochemistry at thermodynamic

equilibrium

Generate Phase stability diagrams 

Geochemist's workbenchGEMS-Selektor

Compare ettringite-Model with ettringite-XRD
and calculate calibration factor 

Figure 5.2: Methdology flowchart. "Reprinted with permission from Elsevier".

5.3.1 Physical and chemical testing

A total of 45 samples from 18 boreholes were obtained for physical and chemical analysis.

Auger boring and field sampling were performed in accordance with ASTM D 1452-09 [134].
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Physical testing included California Bearing Ratio [135], Atterberg limits [136], standard Proctor

[137] and grain size distribution [138]. Chemical testing included pH tests, X-Ray Fluorescence

(XRF) [139] and X-ray Diffraction (XRD) for a semi-quantitative determination of the presence of

ettringite/thaumasite [140].

5.3.2 Thermodynamic modeling

The thermodynamic modeling program GEMS-PSI with the thermodynamic databases PSI-

Nagra and CEMDATA14 was used to evaluate ettringite formation potential. Input data for the

model included the oxide content from the XRF data and calculated mineralogical data. The sto-

ichiometric oxide composition of CaO, SO3, and H2O in gypsum is 32.6%, 46.5%and 20.9%,

respectively. Therefore, the CaO and SO3 content can be used to back calculate the amount of gyp-

sum present in the sample (assuming enough H2O is present). For example, Sample ID B1/S1 has

a CaO and SO3 content of 18.8% and 18.9%, respectively. The 18.9% SO3 (from XRF data) will

stoichiometrically form 40.87% gypsum (18.89
46.5
∗100 = 40.87%). The CaO present in the calculated

gypsum can then be deducted from the total CaO composition (18.9−(32.6
100
∗40.87) = 5.71%). This

CaO is referred to as "remaining CaO" (Table 5.2). Thus, gypsum, remaining CaO, MgO, SiO2,

Al2O3, Fe2O3, Na2O, MgO and K2O were used in the thermodynamic model. Gypsum calculated

using this method was also consistent with the mineralogy of fly ash in Table 5.1 (The calculated

gypsum does not exceed the maximum gypsum present in the fly ash). Semi-quantitative XRD

analysis was only used for ettringite quantification and not to investigate the formation of other

minerals. The CaO and SO3 content from XRF were used to calculate the quantity of gypsum in

the sample.
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In addition to calculating the quantities of products at equilibrium, GEMS also calculates the

activities of phases. Activity is related to the concentration by the relationship.

(a) = γ[C] (5.1)

where, [C] is the concentration, γ is the single ion activity coefficient and (a) is the activity of

the phase. The value of γ is dependent on the ionic strength, charge of the ions and diameter of

the ions. Geochemist’s Workbench requires the activities of phases to construct the phase stability

diagram. The calculated equilibrium activities from GEMS-PIS were used to construct the phase

stability diagrams. In addition to ettringite, soil minerals kaolinite, montmorillonite and selected

hydration products from database Thermoddem and CEMDATA14 were also considered in the

phase stability diagram.

5.4 Model Calibration

The model calculated the quantity of ettringite at thermodynamic equilibrium but the blended

material may not have reached equilibrium at the time of testing. Therefore, a calibration constant

of 0.5, which is approximately the ratio described of Ettringite-XRD(%)/ Ettringite-Model(%),

was introduced. For example when 20% ettringite was calculated by the model, the calibration

factor reduced the calculated ettringite to 10% (20% x 0.5 = 10%). The calibration constant was

applied to all samples.
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5.5 Results and Discussion

5.5.1 Physical properties

The summary of physical properties for the stabilized material at the three sites is shown in

Table 5.3. The plasticity index (PI) values show that the stabilized material has a low swell potential

[141]. This indicates that the recorded structural distress should be due to the formation of ettringite

and not due to the expansion of clay minerals. Gradation indicates that sites Y and X are finer soils

than most at site Z. The addition of ash can contribute to the increased fines content. The Unified

Soil Classification System (USCS) shows that the stabilized material is categorized as clayey sand

(SC), silty sand (SM), and SC-SM for sites X, Y, and Z, respectively. Site X data indicates a

gradation that falls between silty and clayey sand (SC-SM). Typical CBR values for soil-lime

mixtures are 15-45% [142]. The calculated values fall within this range. The optimum moisture

content (OMC) also falls in the acceptable range (13-19%). Higher OMC at sites Y and Z must be

due to the increase in the percentage of fines. The gradation, PI, CBR and OMC tests do not show

any aberrant data.

Table 5.3: Summary of Physical Laboratory Results

Grain Size Compaction
Location
ID

USCS
Symbol

Liquid
Limit,
LL(%)

Plastic
Limit,
PL (%)

Plasticity
Index,
PI (%)

Gravel
(%)

Sand
(%)

Fines
(%)

CBR
Value1

Max.
Dry
density
(pcf)

Optimum
Moisture
Content
(%)

X SC 29 20 9 11.3 52.9 35.8 31.6 110.4 16.5
Y SM 30 25 5 11.6 58.5 29.9 45 104.1 19.3
Z SC-SM 26 21 5 9.3 75.4 15.3 30 116.2 13.0

1 - The CBR value was measured on samples remolded at four different moisture contents and using standard
Proctor compactive effort. The shown CBR vale is the maximum value at 0.1" deflection.
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5.5.2 Analytical testing

XRF analysis of the samples provided the elemental oxide composition of the samples (Ta-

ble 5.2). The average contents of SiO2, Al2O3, CaO, and SO3 for sites X, Y and Z are shown

in Figure 5.3(a). Site X has the highest SiO2 content followed by site Y and site Z. Ettringite

(Ca6Al2(SO4)3(OH)12 · 26 H2O) is a hydration product that can precipitate in a chemical system

containing Ca2+, Al3+, SO4
2 – ions at high pH [69, 10, 68]. Thus the oxide composition of CaO,

Al2O3, SO3 from XRF played a critical role in the thermodynamic model. In addition, SiO2 influ-

enced the geochemistry of the system. Amorphous SiO2 is highly reactive and can react with CaO,

Al2O3 and H2O to form solid solutions as the result of hydration (e.g., calcium silicate hydrate

(CSH) and calcium alumina hydrate (CAH)). This can significantly reduce the concentration of

Ca2+ and Al3+ ions available to form ettringite [143]. A similar trend is seen at site X with the

highest SiO2 content 67% and with the least mean ettringite content. Site Z with the least SiO2

has the highest mean ettringite content. Additional contributing factors for increase in ettringite

content at site Z may be due to the higher CaO and Al2O3 content. The mean content of CaO and

SO3 in all the sites fall in the range 10-13%.

Figure 5.3 (a) and 5.3(b) shows most samples contain high SiO2 content followed by CaO,

Al2O3, SO3, respectively. Preliminary XRF results of the samples with and without ettringite for-

mation are shown in Figure 5.3(b). Ettringite (detected with XRD) precipitated in samples with a

mean CaO and SO3 content of 10%. Samples with low CaO, SO3 and high SiO2 (Approximately

70%) content did not form ettringite. This may be due to effect of reactive amorphous SiO2 and

stoichiometric deficiency of Ca2+ and SO4
2 – ions. It is evident from the geochemistry that the con-

tent of CaO, Al2O3, SO3, SiO2 and pH play a significant role. The relationship between soluble

sulfate and ettringite formation is shown in Figure 5.4(a). Gypsum is a common source of sulfate

present in fly ash with a solubility of 2.0–2.5 g/l at 250C in water. Gypsum solubilizes in water

and releases Ca2+ and SO4
2 – ions. Since the soluble sulfate values in Figure 5.4(a) are less than

3,000 mg/kg, further ettringite precipitation may be insignificant.
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Figure 5.3: Quantitative analysis of CaO, Al2O3, SO3 and SiO2 in the blended material (a) Site
X, Y and Z (b) Effect of presence of ettringite on the content of SiO2, Al2O3, CaO and SO3.
"Reprinted with permission from Elsevier".
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Ettringite requires a pH of between 10 to 12 to remain stable [70]. Figure 5.4(b) indicates a

favorable pH range between 10 and 12 for ettringite growth and stability [144]. This shows that the

pH of the system is favorable for ettringite formation but there may not be sufficient SO4
2 – ions to

form significant ettringite.
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Figure 5.4: Effect of soluble sulfate and pH (measured). "Reprinted with permission from Else-
vier".
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Ternary diagram as shown in Figure 5.5(a) show the content of CaO, Al2O3, and SiO2 present in

the stabilized material. Point A shows that the selected sample has 11% CaO, 21% Al2O3 and 67%

SO3. Most of the samples contain approximately 11% Al2O3. The CaO and SiO2 contents vary

from 0-35% and 57-93%, respectively. The agglomeration of data points at the left bottom (SiO2

rich and CaO deficit) region of the ternary diagram indicates consistent geochemical composition.

A surface plot consisting of SO3 and ettringite quantified by XRD was overlaid on the ternary

diagram to study the effect of SO3 on ettringite formation (Figure 5.5(b) and 5.5(c)), respectively.

Concentrations of SO3are high in the region where CaO concentration is high. The SO3 and CaO

contents in this regions are also similar (Approximately 20% each).
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5.5.3 Thermodynamic modeling

A thermodynamic model for the blended material was applied to evaluate the formation of

ettringite in the final product. Figure 5.6(a) compares the amount of ettringite calculated using

the thermodynamic model with ettringite-XRD (measured experimentally) for sites X, Y and Z,

respectively. The calculated ettringite for the stabilized material ranged from 0% (no ettringite) to

62%. Quantitatively, XRD results for ettringite ranged from 0% (no ettringite) to 35%. Ettringite

formation increased as CaO and SO3 contents increased. Deviation in the modeling results varies

from -4% (under prediction) to 38% (over prediction). The data points with deviation greater

than 20% are regions with SO3 and CaO contents greater than 15%. Several factors may have

impacted accuracy in these regions. First, the thermodynamic model results were based on stan-

dard conditions, 25oC and 1 atm pressure, in situ or field conditions were affected by seasonal

changes in temperature and humidity. Kinetics and solubility of minerals will vary depending on

environmental conditions (For example dissolution of gypsum is high at 25oC and reduces with

increase or decrease in temperature). Second, the presence of additional amorphous phases and

organic phases for which data were not available could have affected the geochemistry. The ther-

modynamic model calculated the quantity of ettringite at equilibrium but the samples that showed

deviation from ettringite-XRD-measured values, may not have reached equilibrium at the time of

testing.
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Figure 5.6: Quantitative comparison of ettringite: Experimental (XRD) vs. Thermodynamic Model
(GEMS) (a) Site X,Y and Z before calibration (b) Site X,Y and Z after calibration. "Reprinted with
permission from Elsevier".
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5.5.4 Significance of calibration

The results of the thermodynamic model were calibrated to account for the assumptions in the

model. GEMS-Selektor calculates phases at thermodynamic equilibrium. The samples tested using

XRD may not have reached equilibrium at the time of testing. This is consistent with the modeling

results as most of the data points show excess ettringite. This indicates that the tested samples have

the potential for further ettringite precipitation. The input data for the thermodynamic model were

based on the oxide content from XRF and stoichiometrically calculated content of gypsum. The

oxide content of Al2O3 and CaO used in the model plays a critical role in quantifying ettringite. For

example Al2O3 was used as the source of alumina in the model but there can be difference sources

of alumina in the soil-ash mixture such as gibbsite (Al(OH)3) and kaolinite (Al2Si2O5(OH)4). The

thermodynamic parameter, solubility constant logKsp and kinetics of dissolution is different for

minerals and their difference will affect the availability of alumina for ettringite formation. For

example, If Al2O3 is present in an amorphous form, it can readily react with CaO, SO4
2 – ions and

water to form ettringite as compared to gibbsite and kaolinite.

The trend-line in Figure 5.6(a) shows a stable trend. This indicates that the assumption used

in the thermodynamic model produces a consistent bias. For example the model calculates 20%,

40% and 60% ettringite for samples with 10%, 20% and 30% ettringite-XRD, respectively. The

calibrated results in Figure 5.6(b) show that the data points fall within the 10% error line and are

consistent with the experimental results. The mean deviation reduced from 10% to 0.1%.

5.5.5 Influence of CaO, SO3, Al2O3, and SiO2

The relationship between CaO content and ettringite formation is seen in Figure 5.7. Ettringite

increased with increase in Ca (Figure 5.7(a), Figure 5.7(b). A similar trend is seen with the cali-

brated model. The trendline of the ettringite-model and the ettringite-XRD looks similar with the

model slightly over calculating ettringite for CaO range 15-25%.
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Figure 5.7: Effect of CaO in fly ash on ettringite formation (a) Experimental(XRD) Vs.CaO(%)
(b) Ettringite(Model) Vs. CaO(%). "Reprinted with permission from Elsevier".
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Figure 5.8: Effect of SO3 in fly ash on ettringite formation (a) Experimental(XRD) Vs. SO3(%)
(b) Ettringite(Model) Vs. SO3(%). "Reprinted with permission from Elsevier".
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Figure 5.9: Effect of Al2O3 in fly ash on ettringite formation (a) Experimental(XRD) Vs.Al2O3(%)
(b) Ettringite(Model) Vs. Al2O3 (%). "Reprinted with permission from Elsevier".
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Figure 5.10: Effect of SiO2 in fly ash on ettringite formation (a) Experimental(XRD) Vs. SiO2 (%)
(b) Ettringite(Model) Vs SiO2 (%). "Reprinted with permission from Elsevier".
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A similar trend is seen with increase in SO3 as shown in Figure 5.8. The effect of CaO and SO3

is analogous as gypsum contains both calcium and sulfate ions. This combined trend of increase

in ettringite with increase in CaO and SO3 further validates gypsum as the source of sulfate.

The relationship between Al2O3 and ettringite is shown in Figure 5.9(a) and Figure 5.9(b) does

not follow an increasing or decreasing trend but most of the data points for ettringite are in the

5-15% range. When Al2O3 content was in the range 20% to 25%, the model and XRD did detect

ettringite. In addition, The data points had low CaO and SO3 contents. This shows that the content

of CaO and SO3 played a more critical role in the formation of ettringite compared to Al2O3. The

CaO and SO3 content from fly ash varied greater than Al2O3. If a significant source of alumina

was present in the ash, the distribution of the data points would be similar to Ca (Figure 5.7) and

S (Figure 5.8). As discussed earlier, the ash contained significant amount of CaO and SO3. The

nonhomogenous mixing of the ash with the soil resulted in a blended material composed of a wide

range of CaO and SO3 content. If the ash contained significant amount of Al2O3, the data points for

Al2O3 would also exhibit a similar range. The accumulation of Al2O3 data points in a narrow range

(Figure 5.9) suggests that the source of Al2O3 is from the soil and not from the added fly ash. The

ettringite calculated with the model and XRD are in the range 0% to 35% (Figure 5.9(b)). The data

points that show higher ettringite formation have high SO3 and CaO contents, which theoretically

favors more ettringite formation.

The relationship between increase in silica (SiO2) and ettringite is shown in Figure 5.10 (a)-(b).

An increase in SiO2 results in a reduction in ettringite formation in both the model and experiment.

This is because samples with high SiO2 (greater than 70%) have a mean pH of 8.7 when compared

with samples with less than 70% SiO2, which had a mean pH of 10.4. Precipitation of hydration

products such as calcium-silicate-hydrate and other silicious amorphous products would have re-

duced the concentration of Ca2+ and OH– ions (reduced pH) needed for ettringite formation. This

causes a reduction in pH and therefore samples with high SiO2 showed a reduced pH. Also, Lit-

tle et. al. [144] showed that pH 10-12 is favorable for ettringite formation. Hence, the coupled

experimental and thermodynamic approach shows the applicability of the model as a forensic tool.
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5.5.6 Quantitative analysis

A qualitative assessment of ettringite prediction is critical to understand the efficacy of using

thermodynamic modeling. A total of 45 samples were analyzed and ettringite was experimentally

detected in 37 samples. However, the model predicted ettringite in 35 of the 45 samples (Table 5.3).

Therefore, comparing 35 samples predicted by the model with the 37 samples with experimental

evidence of ettringite yields a reliability of 94.5%. In this analysis samples that recorded less than

1% ettringite were considered to be insignificant as it is difficult to quantify ettringite at a low

percentage and its presence at this low percentage is considered of very low practical significance.

The results indicate the thermodynamic models can be used to predict ettringite formation with a

good reliability.

5.6 Phase stability diagram

The objective of the phase stability diagram was to study the effect of amorphous silica on

ettringite formation. The stability fields of minerals and aqueous phases were based on thermody-

namic properties of minerals and the net activity of ions present in the system. Experimental and

GEMS results demonstrate that samples with high silica content ettringite did not form. This can be

explained with a phase stability diagram by modeling the stabilization of a typical non-expansive

clay soil (e.g., kaolinite) with ash high is sulfate content. Figure 5.11 shows the stability fields of

ettringite, kaolinite and Afm phases C2AH8 and C3AH6, respectively. The loci of thermodynamic

equilibrium point A was located based on the activity of SO4
2 – (obtained from GEMS) and the

average pH (Table 5.2). It shows that ettringite is stable at equilibrium for the stabilized soil. Fig-

ure 5.11(b) shows the phase stability diagram of the same sample when amorphous silica (higher

activity of silica) was added to it. The activity of silica increase when amorphous silica is added.

In this case the stability field of ettringite is diminished and the equilibrium point B lies outside

the ettringite region. Hence, when amorphous silica is added ettringite is not thermodynamically

favored.
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(a) (b)

Figure 5.11: Phase stability diagram of the stabilized soil (a) with no amorphous silica (Temper-
ature = 25oC, pressure = 1 atm, Ca2+ activity = 10−1.41, Al3+ activity = 10−4.55); (b) with 10%
amorphous silica (Temperature = 25oC, pressure = 1 atm, Ca2+ activity = 10−1.41, Al3+ activity =
10−4.55, H4SiO4(aq) activity = 10−3.00). "Reprinted with permission from Elsevier".

5.7 Conclusion

The structural distress at various locations in this case history was due to ettringite formation

in subgrade (foundation) soil stabilized with ash. High variability of CaO and SO3 content shows

poor mixing of fly ash with the in-situ soil and stoichiometric calculations indicate gypsum as the

primary source of Ca2+ and SO4
2 – ions. The amount of CaO, SO3, Al2O3 and SiO2 plays a critical

role in ettringite formation. An increase in CaO and SO3 resulted in increased ettringite formation.

Samples with high SiO2 had lower pH that further reduces the ettringite formation.

The following points support the use of thermodynamic modeling as an effective forensic tool

1. The model is based on physical chemistry and the minimization of Gibb’s free energy, which

is well established and widely used.

2. The model predicts an increase in the product, ettringite, consistent with an increase in the

reactants and this relationship has a high degree of correlation with the empirical evidence.
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3. Despite the limitations of not considering kinetics, a linear shift bring model predictions into

very close agreement with empirical data (mean error 0.12% with SD 4.3%), and this linear

shift is consistent with the linear relationships between model predictions and empirical data

when considering each reactant individually.

4. As observed in the experimental analysis, the phase diagrams show that an increase in activ-

ity of silica deters ettringite formation.

The next logical step in the development of a more advanced forensic tool is to incorporate reaction

kinetics and to better define dissolution rates of the reactants. This will be the focus of continued

development of this approach.
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6. MINERALOGICAL CHARACTERIZATION AND THERMODYNAMIC MODELING OF

SYNTHESIZED ETTRINGITE Ca-Al-SO4 SUSPENSIONS

6.1 Introduction

Ettringite (Ca6Al2(SO4)3(OH)12 · 26 H2O), a naturally occurring mineral can be found in hy-

drated cements and clayey soils stabilized using a pozzolanic material [4, 5]. It is an important

hydration product contributing to early strength in low CO2 calcium-sulfo-alumiate (CSA) ce-

ments [6]. Forming too much ettringite post hydration can cause substantial distress and affect the

durability of the material. Excessive ettringite formation causing negative effects is refereed to as

sulfate attack. Little and Puppala [7, 8] have studied the distress mechanism of sulfate attack in

chemically stabilized soils. The study indicated that excessive formation of ettringite can cause

significant heave. Similarly, in concrete subjected to sulfate attack, precipitation of ettringite is

attributed to the damage [145, 146]. Guo et. al. [147] and Hou et. al. [148] have successfully

used Mg-Al-CO3 and Nono-Silica to deter the formation of ettringite and to increase resistivity to

sulfate attack.

Ettringite is a needle like structure comprising hexagonal and prismatic crystals [71]. The

length of the crystals can vary from few microns to about 200 µm [149, 150]. Water is critical for

ettringite stability [151, 12]. Moore [71] indicated that ettringite contains 26 moles of H2O and

dehydration of ettringite forms metaettringite an X-Ray amorphous phase with 10 to 13 moles of

H2O [152].

Several methods have been proposed to synthesize ettringite in a CO2 free environment [153,

154, 155]. The effect of CO2 during the mixing process plays a critical effect on the equilibrium pH

and available Ca2+ ions for ettringite formation. Ettringite formed under air exposure will provide

additional insights regarding the morphological and equilibrium stability of ettringite. The length

and diameter of ettringite crystals is higher at pH 9.4 than pH 12.5 when ettringite is synthesized

in solutions with Cao"Al2O3 molar ratio of 6:1[154]. Teri et. al. [153] synthesized ettringite from
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portlandite suspensions at various Ca/Al ratios. The study indicated that at 48 hours, ettringite

began to form at Ca/Al = 1.5 and over.

Thermodynamic modeling to simulate the interaction of the solid and liquid phase during reac-

tion was carried out to improve the understanding of the process and to evaluate the practical appli-

cability of the models to predict ettringite formation. For this purpose, two thermodynamic models

were used. First, a Gibb’s energy minimization (GEM) based model GEMS-PSI [93, 128, 129] was

used to calculate solid phases at equilibrium. Second, a law of mass action (LMA) based model,

Geochemist’s Workbench (GWB) software [156] was used to construct a phase stability diagram.

GWB is a simple and effective model for qualitative analysis. Kulik et. al. [28] has described in

detail the differences between the GEM and LMA models. Similar thermodynamic models have

been used to model cement hydration [124, 157] and soil stabilization [58, 158].

The main purpose of this paper is to evaluate the applicability of thermodynamically models

to predict ettringite formation in Ca – Al – SO4 suspensions with different molar ratios of Ca:Al. In

addition, an emphasis on the mineralogical and morphological characterization of the precipitated

solid phases provided insights on the reaction path. Based on the results, a strong discussion is

presented on the application of thermodynamic models to predict ettringite formation for field

applications where sulfate attack is of concern.

6.2 Geochemical Reactions

The geochemical reactions when Ca(OH)2 is added to a Al2(SO4)3 · 18 H2O suspension can

be split into two parts. First, the dissolution mechanism that the favors dissolution Ca(OH)2 and

Al2(SO4)3 · 18 H2O when added to water. The solubilities of Ca(OH)2 and Al2(SO4)3 · 18 H2O at

20 °C are 2.3 g/100mL and 36.4 g/100mL, respectively.

Ca(OH)2 −−→ Ca2+ + 2OH− (6.1)

Al2(SO4)3 · 18H2O −−→ 2Al3+ + 2SO4
2− + 18H2O (6.2)
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The second part of the reaction comprises of the precipitation of solid phases of ettringite

(Ca6Al2(SO4)3(OH)12 · 24-32 H2O), gypsum (CaSO4 · 2 H2O), calcite (CaCO3), and amorphous

gibbsite (Al(OH)3) as indicated in Equations 6.3 to 6.6.

6Ca2+ + 2Al3+ + 3SO4
2− + 12OH− + 26H2O −−⇀↽−− Ca6Al2(SO4)3(OH)12 · 26H2O(ettringite)

(6.3)

Ca2+ + SO4
2− + 2H2O −−⇀↽−− CaSO4 · 2H2O(gypsum) (6.4)

CaO + CO2 −−⇀↽−− CaCO3(calcite) (6.5)

Al3+ + 3OH− −−⇀↽−− Al(OH)3(gibbsite(am)) (6.6)

6.3 Methods

The methodology for experimental analysis and thermodynamic modeling used in this study is

shown in Figure 6.1.

6.3.1 Synthesis

Reagent grade Ca(OH)2 and Al2(SO4)3 · 18 H2O were used as sources of Ca, Al, and, SO4,

respectively. Al-sulfate solution was prepared by diluting Al2(SO4)3 · 18 H2O in 300mL of water.

A solution providing Ca2+ ions was prepared by mixing Ca(OH)2 reagent with 100mL of water.

The solutions were transferred to a 400mL beaker and continuously mixed for 14 days with a

magnetic stirrer. The molar quantities of Ca(OH)2 were varied to develop different molar ratios of

Ca(OH2) to Al2(SO4)3 · 18 H2O as seen in Table 6.1. A two step approach was used for filtering the

solids. First, the Ca – Al – SO4 suspension was vacuum filtered with a 1.5 µm filter paper. Second,

the filtered solids were placed in isopropanol for 15 min to stop hydration and vacuum filtered

[159]. The solids were then dried in a desiccator with a saturated MgCl2 solution to maintain a

relative humidity of approximately 30% at room temperature. Prior to characterization, the solids

were heated at 30 °C for 15min to remove the isopropanol.
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Table 6.1: Mass and Molar quantities of Ca(OH2) and Al2(SO4)3 · 18 H2O used in the synthesis

ID
Ca(OH)2 Al2(SO4)3 · 18 H2O Molar

ratiog M g M

CA1 0.74 0.01 6.65 0.01 1

CA3 2.22 0.03 6.65 0.01 3

CA4 2.96 0.04 6.65 0.01 4

CA5 3.70 0.05 6.65 0.01 5

CA6 4.44 0.06 6.65 0.01 6

6.3.2 Experimental characterization

Solid characterization comprised of semi-quantitative X-Ray diffraction (QXRD), thermo-

gravimetric analysis (TGA), scanning electron microscopy (SEM), and Fourier transformed in-

frared spectroscopy (FTIR). The pH and electrical conductivity of the suspensions were also mea-

sured after 14 days of mixing.

React different molar ratios of Ca(OH)2  and
Al2(SO4)3.18H2O

Electrical conductivity, pH, XRD, TGA/DTG, and
SEM

Setup thermodynamic model 
1. Input: Stoichiomteric quantities of
reactants used.
2. Output: Setup model to calculate
detected phases with XRD and
TGA/DTG. 

Calculate phase assemblage at
equilibrium  

Setup Phase Diagrams: 
1. Use calculated activities from the model 
2. Test for consistency and charge balance 

Construct the phase stability diagram for
ettringite 

Geochemist's workbench (GWB)GEMS-Selektor

Validate the model by comparing the calculated phase
assemblage with the experimental results 

Run GEM-Selektor
Run GWB

Thermodynamic modeling

Experimental characterization

Figure 6.1: Methodology flowchart
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X-Ray diffraction analysis of the synthesized soil precipitate were performed on a Bruker D8

unit using CuKα radiation at a current of 40mA, 30kV. The dried solids were pulverized using an

agate mortar and passed through a 63 µm sieve. The diffractograms were recorded over the range

of 5° to 70° at a scanning rate of 0.5 °min−1. Reference intensity ratio method [160] in the powder

diffraction program Match! [161] was used for the semi quantitative crystalline phase analysis.

The experimental TGA setup consisted of a heating range from 30 °C to 1000 °C, heating rate of

20 °Cmin−1 with a N2 purging gas at 30mLmin−1. The FTIR spectral analysis was recorded using

a Thermo Nicolet 380 FTIR spectrometer equipped with diamond tipped ATR stage over a range

of 4000 cm−1 - 650 cm−1. Each FTIR was scanned 32 times to improve accuracy. Vibrational

spectra were obtained by subtracting the recorded data from the background spectra. Microscopic

examination of the solid phases were carried out using a JEOL JSM-7500F. It is known that vacuum

dehydrates ettringite but we did not observe any visible decomposition.

6.3.3 Thermodynamic modeling

Thermodynamic modeling was carried out using GEMS-PSI [93, 128, 129] and Geochemist’s

Workbench softwares. GEMS-PSI with the thermodynamic database CEMDATA 14 [162] was

used to calculate the thermodynamic equilibrium solid phase distribution. The input data com-

prised of the mass of Ca(OH)2 and Al2(SO4)3 · 18 H2O. Geochemist’s Workbench [156] was used

to construct the phase stability diagram. It was used to determine the following: (i) The stability

region of ettringite, and (ii) The thermodynamically favored phase. The calculated equilibrium

activities of Ca2+, Al3+, and SO4
2 – ions from GEMS-PSI were used as input data.

6.4 Results and Discussion

6.4.1 Electrical conductivity and pH

The pH and electrical conductivity (EC) of the suspensions were measured at 14 days after

the solids in the suspension were allowed to settle. This helped to improve the accuracy of the

measurement. Figure 6.2 shows the change in pH and EC for the synthesized suspensions. As

expected, the pH increased with an increase in Ca(OH)2. Samples CA1 and CA3 recorded pH
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Figure 6.2: Electrical conductivity and pH of samples

values of 3.79 and 6.98, respectively. The pH of samples CA4, CA5, and CA6 were about 10.

When pH is less than 7, dissolution of ettringite to microcrystalline gibbsite (Al(OH)3) and gypsum

(CaSO4 · 2 H2O) is favored [70]. The magnitude of the EC values corresponds to the amount of

dissolved ions present in the suspension. The trend shows that EC decreases with increase in

Ca(OH)2 indicating a decrease in dissolved ions. The data suggests that the precipitation solids

from the suspension follows the order CA6>CA5>CA4>CA3>CA1.

6.4.2 Thermogravimetric analysis (TGA/DTA)

A qualitative analysis of the precipitated solid phases was carried out using TGA/DTA. The

analysis indicated mass loss over four temperature intervals (Figure 6.3(a) and 6.3(b)). The weight

loss between 50 °C and 110 °C is due to water loss from ettringite as seen in samples CA4, CA5,

and, CA6. Conversion of gypsum to anyhdrite occured in the temperature interval 110 °C and

150 °C (as seen in samples CA1 to CA5). Amorphous Al(OH)3 also formed when ettringite formed

and the dehydroxylation (removal of OH) peak of amorphous gibbsite is seen at 250 °C. Additional

peaks due to decarboxylation (removal of CO2) of calcite was seen at 600 °C in samples CA4,

CA5, and, CA6, respectively. The TGA results indicated ettringite as the major phase in CA6. In

contrast, gypsum was the major phase in samples CA1 and CA3.
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Figure 6.3: (a) Thermogravimetric analysis of samples, (b) Differential thermogravimetric analysis
of samples

6.4.3 Fourier Transform Infrared Spectroscopy

FTIR was used to primarity identify changes in functional groups Al – O – H, SO4 and, H2O.

Figure 6.4 shows the comparison of FTIR spectra for samples CA1, CA3, CA4, CA5, and CA6.

A description of the significant spectral peaks is shown in Table 6.2. The peak at 853 cm−1 is the
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Al – O – H bending vibration from amorphous gibbsite [163]. SO4 vibrations are seen at 1108 cm−1.

The low transmittance values for CA1, CA3, and CA4 indicates a high population of SO4 bonds

from gypsum and the high transmittance values in CA5 and CA6 corresponds to SO4 vibration

from ettringite. Samples CA1 and CA3 exhibit a well defined peak at 1663 cm−1 and 3421 cm−1

that corresponds with the vibrational wavelength of H2O. The peak at 1450 cm−1 corresponds to

CO2 vibration from calcite [164].

Table 6.2: Comparison of Fourier Transform Infrared Spectroscopy spectra of samples CA1, CA3,
CA4, CA5, and CA6

Peak wave numbers (cm−1) comments [163]
853 Al – O – H (bending vibration)
1108 SO4
1450 CO3

1663, 3421 H2O

Figure 6.4: FTIR absorbance of synthetic ettringite samples CA1, CA3, CA4, CA5, and CA6
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6.4.4 Scanning Electron Microscopy (SEM)

SEM was used to investigate the morphology of the precipitated phases gypsum (G), and port-

landite (P), and ettringite (E) as shown in Figure 6.5(a) to 6.5(e).The phases showed similar mor-

phological features across all synthesized samples. Gypsum had a tubular structure in Figure 6.5(a)

to 6.5(d). Unreacted portlandite was also seen as thin plate-like structures. Ettringite exhibited the

characteristic thin needle like structure as seen in Figures 6.5(d) and 6.5(e). Ettringite was the ma-

jor precipitated phase in CA6 with crystal lengths ranging between 3 µm to 5 µm. The observations

from the SEM micrographs agree with the DTG/TGA and XRD analysis.

(a) (b) (c)

(d) (e)

Figure 6.5: SEM micrograph of precipitated products Ettringite(E), Gypsum (G), and Portlandite
(P) from synthesis samples (a) CA1 (b) CA3 (c) CA4 (d) CA5 (e) CA6
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6.4.5 X-Ray diffraction

XRD was used for qualitative (Figure 6.6) and a semi-quantitative analysis (Reference Intensity

Ratio method) of the formed crystalline phases. Figure 6.7 shows the result of the semi-quantitative

analysis. Gypsum as the only stable crystalline phase in samples CA1 and CA3. The absence of

ettringite in CA1 and CA3 must be due to the low (<7) pH values. Ettringite precipitated at

higher Ca(OH)2 concentrations (CA4, CA5, and CA6) and the quantity also increased from 50%

in sample CA4 to 93% in sample CA6. Contrary to CA1 and CA3, samples CA4, CA5 and, CA6

demonstrated a pH range from 9.6 to 9.9 within the stable region of ettringite. The quantity of

gypsum also decreased with the increase in Ca(OH)2. Calcite was also observed in samples CA4,

CA5, and CA6.
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Figure 6.6: X-Ray diffractogram of samples CA1, CA3, CA4, CA5, and, CA6
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6.4.6 Thermodynamic modeling

A thermodynamic model was setup to predict the reaction between Ca(OH)2 and Al2(SO4)3 · 18 H2O.

In particular, formation of crystalline phases ettringite, gypsum and, calcite were of primary inter-

est. Figure 6.7(a) shows the solid phase assemblage calculated by the model for samples CA1 to

CA6. In samples CA1 and CA3, gypsum is the only stable crystalline phase. The results agree

with the observations from the X-Ray diffractogram as seen in Figure 6.7(b). Ettringite was shown

to be the stable phase with increase in Ca(OH)2 concentration as observed in samples CA4, CA5,

and CA6. This may be due to the combined increase in pH and Ca2+ ion concentration consistent

with higher concentrations of Ca(OH)2. In addition, an increase in the quantity of ettringite and a

decrease in the quantity of gypsum was seen at higher concentrations of Ca(OH)2 (CA4 to CA6).

The model predicted the transition from gypsum to ettringite and was able quantify ettringite for-

mation. The model calculated 24, 64, and, 93 g/100g of ettringite in samples CA4, CA5, and CA6

respectively, which is consistent with the semi-quantitative analysis of the samples. This further

supports the quantitative prediction capabilities of the model. The comparison of the modeling re-

sults with the semi-quantitative analysis substantiates the qualitative and quantitative capabilities.

6.4.7 Phase stability diagram

The calculated equilibrium activities were used to construct the phase stability diagram and to

determine the thermodynamic equilibrium point for samples CA1 to CA6 as seen in Figure 6.8.

When compared to ettringite, gypsum is thermodynamically more stable in samples CA1 and CA3

which is consistent with the experimental results. In samples CA4 and CA5, the equilibrium point

falls on the ettringite-gypsum phase boundary, indicating the stability of both the phases. Ettringite

is the only stable phase in samples CA6 as indicated the XRD analysis. The results of the phase

stability diagram agree with the XRD, SEM, and TGA/DTA analysis results.
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(a)

(b)

Figure 6.7: Comparison of the thermodynamic model (Figure 7(a)) results with the the semi-
quantitative X-Ray diffraction analysis results (Figure 7(b))
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Figure 6.8: Phase stability diagram for ettringite synthesized from Ca-Al-SO4 suspension drawn
with the following conditions: T = 25 °C, P = 1 atm, Al3+ activity 10−18.4, SO4 activity 10−2.04

6.5 Conclusion

Experimental characterization and thermodynamic modeling were used to investigate ettrin-

gite formation in Ca-Al-SO4 suspensions. Samples with different concentrations of Ca(OH)2 were

mixed with Al-SO4 solution to produce Ca-Al-SO4 suspensions with different molar ratios of

Ca:Al. Gypsum precipitated in samples with Ca:Al molar ratios less than 3:1 (CA1 and CA3).

At higher Ca:Al molar ratios (CA4, CA5, and CA6), ettringite precipitated. Amorphous Al(OH)3

also precipitated as a minor phase with ettringite. An increase in ettringite content was observed

with increase in Ca(OH)2 both thermodynamically and experimentally. The Ca-Al-SO4 suspension

also reacted with atmospheric CO2 to form calcite. Based on the results from this study, ettringite

is stable at pH 9.7 and higher. The Ca-Al-SO4 suspensions reacted differently to form different

quantities of ettringite, gypsum and calcite at equilibrium. The thermodynamic model developed

showed the quantitative and qualitative predictive capabilities. The phase diagram can be used

together with the modeling results to effectively characterize the reaction products.
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7. SUMMARY, RECOMMENDATIONS AND FUTURE RESEARCH DIRECTIONS

This dissertation investigated the application of thermodynamic modeling for chemically sta-

bilized soils. Models based on the Gibbs’ free energy minimization method (e.g., GEM-Selektor)

and law of mass action method (e.g., Visual MINTEQ and Geochemist’s Workbench) were suc-

cessfully applied to simulate the soil stabilizer reaction. A summary of the results are as follows.

7.1 Thermodynamic evaluation of smectite treated with hydrogen ion stabilizer

1. The thermodynamic model was able to simulate the stabilization mechanism of smectite

treated with a hydrogen ion stabilizer.

(a) The model favored dissolution of smectite treated with concentrated HIS.

(b) At lower concentrations, the model indicated release of Al3+ ions from the octahedral

layer of smectite. In addition, partial dissolution of the octahedral layer with release of

amorphous silica was shown to be thermodynamically favored.

(c) The postulated stabilization mechanism from the modeling resulted is the adsorption

of Al3+ ions from the octahedral layer on the net negative surface of clay reducing

the shrink-swell potential. Amorphous silica acted as a shield around the clay colloids

inhibiting free water movement.

2. Macroscopic evaluation: The HIS treated samples recorded less swell when compared with

the untreated samples even after three wet-dry cycles. This indicated long term stability of

stabilization. Mineralogical tests confirmed complete dissolution of smectite at higher HIS

concentrations (undiluted HIS) as indicated by the model. XRD showed a reduced d-spacing

for smectite with diluted HIS. The reduced d-spacing was attributed to the adsorption ofAl3+

ions at the interlayer.

3. The thermodynamic model simulated the stabilization mechanism that was validated by the

microscopic (XRD, FTIR) and macroscopic tests (swell test) to understand the stabilization
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mechanism of the hydrogen ion stabilizer.

7.2 Coupled thermodynamic and experimental approach to evaluate ettringite formation

in a soil stabilized with fluidized bed ash by-product: A case study

Severe structural distress was recored in the foundation of a shopping complex where the soil

was treated with a fluidized bed ash by-product. Forensic investigation indicated ettringite as the

potential cause of heave due to high soluble sulfate levels in the coal combustion product.

1. A thermodynamic model was constructed using only the XRF data of the untreated soil.

calcium sulfate from a coal combustion by-product was used as the only source of sulfate in

the study. The quantity of calcium sulfate was calculated from the respective CaO and SO3

content (from the XRF analysis).

2. The results showed a consistent trend of over-predicting ettringite due to lack of sufficient

mineralogical characterization. The calibrated results were in good agreement with the ex-

perimentally calculated ettringite. After calibration, the mean error for quantitatively pre-

dicting ettringite reduced from 23% to 0.4%.

3. Experimentally, samples with high SiO2 showed reduced ettringite formation indicating the

effect of silica on ettringite formation. It can be attributed to the usage of Ca2+ ions for

forming other calcium dominated pozzolanic products such as CSH and CAH.

4. A phase diagram constructed with the activities of calculated from GEMS predicted that at

increased SiO2 concentrations, ettringite formation was not thermodynamically favored.

7.3 Mineralogical characterization and thermodynamic modeling of synthesized ettringite

from Ca-Al-SO4 suspensions

The lack of mineralogical data in the fluidized bed ash study (soil stabilized with fluidized bed

ash by-product) indicated the need for calibration of the results to achieve a reliable a prediction.

This study investigated the potential to use a thermodynamic model to predict ettringite formation
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when sufficient characterization (mineralogical and geochemical) was available. A thermodynamic

model with sufficient mineralogical data was used to simulate the reactions between Ca(OH)2 and

Al2(SO4)3 · 18 H2O.

1. Ca:Al ratios of 1:1,3:1,4:1,5:1 and 6:1 were used in this study. The samples with lower Ca:Al

ratio (1:1 and 3:1) recored high electrical conductivity and low pH (< 7). The pH increased

with increase in Ca ions but the electrical conductivity (EC) showed a decrease in EC with

increase in Ca. The results are in agreement with the other studies that show ettringite to be

stable at pH ≥ 9.

2. Mineralogical analysis using The DTA/TGA and XRD demonstrated ettringite as a stable

phase at Ca:Al ratios 3:1 and greater with a linear increase in ettringite content.

3. The simulated reaction with the stoichiometric quantities of the reactants, (Ca(OH)2 and

Al2(SO4)3 · 18 H2O, indicated ettringite as the stable phase in samples with Ca:Al ratios 3:1

and greater. The mean difference in the amount of ettringite between the thermodynamically

and experimentally calculated ettringite was 4%. This clearly indicates that thermodynamic

model can be used to make a reliable prediction without the need for calibration.

7.4 Recommendations

This dissertation has established the use of thermodynamic models to predict formation of poz-

zolanic products. The recommended steps are based on the modeling experience from Chapter’s 4

to 6. They are as follows:

1. Characterization: Material characterization serves two purpose (1) To provide input data

for the thermodynamic model from mineralogical analysis and (2) To validate the model

results. This can be carried out using mineralogical and engineering analysis. A flowchart

on recommended characterization methods for modeling is shown in Figure 7.1

2. Modeling: Several models are available to simulate geochemical reactions. As discussed

earlier, the algorithms are based on either GEM or LMA approach (Section 1.4.1 and 1.4.2).
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Sample collection (treated and untreated)

Engineering analysis Mineralogical analysis

Method Objective

Unconfined
compressive strenght Determine strength

pH Measure alkalinity of the
material

Plasticity Index Measure expansion potential
of the material

Swell test Measure swell potential

Method Objective

X-Ray diffraction
(XRD)  Determine crystalline phases 

Quantitative-XRD
(Internal standard) 

Quantify crystalline and
amorphous phases 

Thermogravimteric
analysis 

Supplement QXRD data by
identifying pozzolanic products
like CSH, CAH, and, ettringite  

X-Ray fluorescence  Elemental composition 

Figure 7.1: Recommended methods for material characterization

A simple flowchart to determine the appropriate thermodynamic model is shown in Figure

7.2.

Selecting the appropriate model depends on the objective. For example, to predict and quan-

tify hydration products at equilibrium, GEM-Selektor coupled with the CEMDATA ther-

modynamic database is efficient and reliable. If the objective is to predict whether a certain

hydration product will form in stabilized soil, qualitative models such as Geochemist’s Work-

bench are more suitable. Therefore, the selection of model is dependent on the quantitative

and qualitative prediction capabilities. Availability of thermodynamic data like Gibbs’ en-

ergy minimization, solubility product, etc., may also dictate the choice of the selected model.

In such cases, thermodynamic data from two or more databases can be combined. For ex-

ample, The thermodynamic data for soil minerals and hydration products can be adopted

MINES [165] and CEMDATA 7/4/18 [162], respectively. The data from the two databases

can be combined to assemble a new database that can be used to model the reactions between

a chemical stabilizer and soil mineral(s).
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Model input (from mineralogical analysis)

Is there a need for 
quantitative prediction  

Possible models include 

Geochemist's Workbench
PHREEQC

No

All minerals/ phases incorporated 
into the database

Use data from reliable databases 
e.g., MINES, CEMDATA 7/14/18, and
Thermodem 

No

Yes

Yes

Possible models include 

GEM-Selektor 
Visual MINTEQ

Figure 7.2: Recommended models for reaction simulation

3. Validation: It is important to evaluate the reliability of a model. Since the primary output

of a thermodynamic model is to determine the stability of a mineral/ phase, mineralogical

analysis can be used to validate the model. For example, a model developed to predict

ettringite in sulfate rich soil treated with lime can be validated using TGA/DTA and XRD

analysis.
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7.5 Future research directions

This dissertation has established the efficacy of using thermodynamic models to predict favor-

able and deleterious reactions in chemically stabilized soils. However, there are several improve-

ments that can be made to improve the reliability and applicability of the model. Some ideas and

techniques are presented in the following paragraphs.

7.5.1 Soil reactivity

The reactivity of soil minerals is a key component in determining the reliability of a model. In

this dissertation, the reactivity of soil minerals was studied qualitatively before and after reaction.

For example, in Chapter 3, X-ray diffraction was used to study the dissolution of smectite treated

with different concentrations of HIS. In addition, quantitative methods such as quantitative X-

ray diffraction can be used to monitor the change in quantity of each soil mineral after chemical

treatment. Experimentally calculated amounts of reacted soil minerals can be used as an model

input to simulate the reaction between a chemical stabilizer and the soil mineral(s). For example,

in a soil containing smectite, kaolinite and quartz, if we could experimentally calculate the amount

of each soil mineral that has reacted after lime treatment, the reacted quantities of each mineral can

be used as an input to the thermodynamic model to quantity pozzolanic products such as calcium-

silicate-hydrate, calcium-aluminate-hydrate, ettringite, etc., at equilibrium.

Experimental data on reaction kinetics will also play a critical role in predicting sulfate induced.

Chapter’s 4 and 5 used thermodynamic models to predict ettringite at equilibrium which is a long

term prediction. To simulate kinetics, mineralogical and pore solution data measured at different

time periods is required. This can be determined experimentally by simulating the stabilization

reaction in a reactor that monitors and records the time dependent dissolution of each soil mineral

treated with the chemical stabilizer. The recorded data can then be used in the model to predict the

short term reaction products.
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7.5.2 Multimodel approach

The limitation of a thermodynamic model is its inability to relate geochemical changes to a

engineering properties. A multimodel link connecting microscopic mineralogical changes with

engineering properties like strength will be of significant use to civil engineers. For example, in

chemically stabilized soils where sulfate attack is of concern, a multimodel approach will be useful

in relating the percentage of predicted ettringite with the expected volumetric change. To achieve

this, measurements of ettringite content and volumetric change must be recorded simultaneously.

The recorded measurements can then be used to develop an empirical relations between the pre-

dicted ettringite content and volume change. Therefore, a multimodel approach will be useful in

relating the predicted the predicted geochemical changes with the expected engineering behavior.
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