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Experimental Studies on Ettringite-Induced Heaving in Soils
Anand J. Puppala, P.E.1; Napat Intharasombat2; and Rajan K. Vempati3

Abstract: Sulfate-induced heaving in soils is primarily attributed to ettringite formation from the reactions between calcium of a
cement stabilizer, reactive alumina in soils, and sulfates in soils. Ettringite formation and subsequent heaving in soils are com
that are not well understood. This research is an attempt to advance the state of the knowledge on these topics. Ettringite was
synthesized in the laboratory by simulating conditions close to those in chemically treated sulfate-bearing soils. Soils s
compacted with the synthesized ettringite did not undergo heaving in one-dimensional free swell tests. However, heaving wa
when ettringite was formed inside the lime-treated soil specimen by including ionic reactions. Mineralogical studies includ
diffraction and scanning electron microscope studies were used to evaluate the presence of ettringite. Experimental investigati
that the ettringite or sulfate-induced heaving was higher in clays than in sands under similar chemistry and environmental cond
is attributed to the void sizes of soil types and crystalline ettringite formation in the voids. Also, the effects of soil type, lime an
amounts on this type of heaving, and hypothesized threshold levels of chemical ions to form ettringite mineral in treated
addressed.

DOI: 10.1061/~ASCE!1090-0241~2005!131:3~325!

CE Database subject headings: Kaolin; Lime; Sand; Scanning electron microscopes; Sulfates; Soil swelling; X-ray diffraction
stabilization.
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Introduction and Background

Natural expansive soils have been found in several coun
across the world, and in the majority of the states in the Un
States ~Chen 1988!. Expansive soils undergo large volu
changes when subjected to moisture changes. Both swe
shrinkage volume changes depend on several factors incl
type and amount of clay minerals, moisture content, dry den
soil structure, confining pressure, and climate. These vo
changes may eventually cause severe damage to structure
above them~Chen 1988; Nelson and Miller 1992!.

Soil stabilization is the modification of soils to enhance or
nal soil properties to meet specific engineering requirements.
eral stabilization methods are widely used in the field condit
to control soil heaving~Nelson and Miller 1992; Puppala et
2003!. Methods include use of calcium-based stabiliz
noncalcium-based stabilizers, and geosynthetic reinforcem
Among these methods, calcium-based stabilizers, such as
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and cement, are widely used for expansive subsoil treatmen
to their effectiveness in improving expansive soil properties
controlling volume changes~Chen 1988; Hausmann 1990!.

Calcium-based stabilizers, including lime and cement,
been used to increase strength and to decrease plasticity ind
swell and shrinkage strain potentials of expansive soils~Haus-
mann 1990!. Several studies have shown that calcium-based
bilizer treatments of natural expansive soils rich with sulfates
lead to a new heave distress problem instead of mitigati
~Mitchell 1986; Hunter 1988; Mitchell and Dermatas 1992; P
1994; Kota et al. 1996; Puppala et al. 1999; Rollings et al. 19!.
This phenomenon is referred to as sulfate-induced heave
literature~Mitchell 1986; Dermatas 1995!.

Sulfate-induced heave is primarily attributed to the presen
sulfates in natural expansive soils and usually occurs when
or cement treatments are used for stabilizing these soils. Su
in soils react with lime or cement stabilizers in a basic envi
ment ~pH between 11 and 13! and this reaction will lead to th
formation of an expansive sulfate mineral, known as ettringit
a hydrated system. This mineral will continue to form as lon
there are sufficient amounts of reactants present in the soil
mineral will contribute to the sulfate-induced heave in lime
cement-treated soils either by hydration or by continuous gr
of itself or by both. Since this heave is caused by the additio
calcium-based stabilizers, it is regarded as a manmade or
treatment expansive soil problem. Since the heave is prim
due to the formation of ettringite, it is also termed as “ettring
induced heave” in the literature~Mitchell and Dermatas 1992!.
Others referred to it as lime-induced heave~Hunter 1988; Perri
1992!.

In the past, practitioners attributed sulfate heave distre
swell movements of natural underlying soils. However, stu
conducted by Hunter~1988!, Perrin~1992!, Mitchell and Derma
tas~1992!, Petry~1994!, Kota et al.~1996!, Puppala et al.~1999!,

and other researchers attributed this heave to treated subgrades.
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Several case studies are reported in the literature and a
them is presented in Table 1.

From case studies covered in Table 1, it is interesting to
that the sulfate content as a percent of dry weight of soil ne
to induce heaving varied from 320 mg/kg~or ppm! to as high a
43,500 mg/kg. The time of sulfate heave appearance after c
cal stabilization ranged from a few days to 18 months. Also,
that experienced this heaving ranged from sands to silts to c
These large variations in sulfate content and time to heave o
rence could be attributed to the fact that soil physical, chem
and mineralogical properties, as well as environmental condi
including temperature and humidity conditions in the case stu
were different from site to site. Additionally, it is likely that som
other parameters may be critical for soil heaving. However,
common conclusion is that the sulfate-induced heave was c
by the formation and hydration of ettringite mineral in lime- a
cement-treated sulfate-rich natural soils.

Hunter ~1988! presented a chemical relationship mode
time-treated montmorillonite sulfate-rich clays to explain the
mation of ettringite. These reactions could be applicable for o
clayey soils. In this model, at pH.10, hydroxide ionssOH−d
released from the lime hydration reaction combine with alu
num disassociated from montmorillonitefAl2Si4O10sOHd2g to
form AlsOHd4

− ~Lindsay 1979!. The AlsOHd4
− in turn reacts with

sulfates to form ettringite. The chemical reactions between

Table 1. Case Studies on Sulfate Heave Problems

Reference
~Year! Location So

Mitchell
~1986!

Las Vegas, Nev. S

Hunter
~1988!

Stewart Avenue, Las
Vegas, Nev.

Silt

Perrin
~1992!

Lloyd Park, Joe Pool
Lake, Dallas, Tex.

OC

Perrin
~1992!

Auxiliary Runway,
Laughlin AFB,
Spofford, Tex.

C

Perrin
~1992!

Cedar Hill State Park,
Joe Pool Lake,

Dallas, Tex.

Highl
resid

McCallister
and Tidwell
~1994!

Denver International
Airport, Denver,

Colo.

Exp
c

Kota et al.
~1996!

SH-118, Alpine and
SH-161, Dallas, Tex.

Cl
sub

Burkartet al.
~1999!

Localities in Dallas–
Fort Worth Region,

Tex.

C

Puppala
~1999!

Dallas–Fort Worth
International Airport,

Irving, Tex.

C

Gaspard,
personal communication, 2000

Near Shreveport,
La.

Agg

Rollingsee
and Rollings~2003!

Holloman Air Force
Base, N.M.

Cr
co

Note: NA=Not available.
minerals are shown in the following~Hunter 1988!:
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Al2Si4O10sOHd2 ·nH2O + 2sOHd− + 10H2O → 2AlsOHd4
−

+ 4H4SiO4 + nH2O s1d

~Dissolution of clay mineral, at pH.10.5!

6Ca2+ + 2AlsOHd4
− + 4OH− + 3sSO4d2− + 26H2O

→ Ca6fAl sOHd6g2 · sSO4d3 · 26H2O s2d

~Formation of ettringite!
The chemical reaction model indicates that dissolution of

clay minerals~alumina and amorphous silica! will occur due to
the high pH conditions caused by the addition of lime stabil
Soluble sulfatessSO4d2− present in soils react with anionic a
mina species released from the dissolution of the clay minera
calcium ions from stabilizer to form crystalline ettringite mine
Thus, SO4

2−, anionic Al, and Ca ions are referred to as candi
ions for ettringite formation in a hydrated system. Availability
water is important for this formation as indicated in Eq.~2!.

Ettringite can form under different soil compositional and
vironmental conditions including the availability of high moist
content in soil and at moderate to high temperature cond
s25 to 40°Cd. Under favorable conditions, sufficient amounts
calcium, AlsOHd4

− species, and sulfate ions will be either relea
or present in soil to react with each other to form ettringite. H
ever, the critical and physical conditions essential for the fo
tion of ettringite is unclear. Table 2 presents a summary of p

Lime ~L!/cement~C!
percent level

Sulfate
content
~mg/kg!

Heave
appearance

after
construction

y 4%~L! Up to
15,000

2 years

4.5%~L! 43,500 6 months

5%~L! 2,000–9,000 Immediatel

6–9%~L! 14,000–25,000 2 months

tic
ys

6% ~L! 21,200 2 months

NA ~L! 2,775 NA

s
4% ~C!

6–7% ~L!
.12,000 6 to 18

months

6%–9%~L! 233–18,000 Varies

5% ~L! 320–13,000 3 months

s NA NA NA

NA NA Several year
il type

ilty cla

y clay

Clays

lays

y plas
ual cla

ansive
lays

ayey
grade
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lay
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laboratory conditions. Some of these studies yielded ambig
results, due to variations in soil and stabilizer conditions as
as the presence of chemical species in soils. Nevertheless,
studies provided valuable insights into soil and lime stabi
aspects, which are considered in the present research.

Future research recommendations mentioned by previous
ies are the need to understand fundamental chemistry of ettr
formation and heaving mechanisms in soils, and to develop q
titative relationships for predicting heaving in soils. The fun
mental chemistry and the ettringite formation is the primary fo
of the present research and results from this research eval
are presented in this paper.

Research Objectives

The primary objective of this research was to understand et
ite formation and heaving mechanisms in lime-stabilized s
Ettringite formation and heaving time periods in field conditi
vary from days to months due to differences in soil compos
and environmental temperature conditions. Hence, in order t
complish this objective, an attempt was made to form ettrin
mineral in lime-treated soils under laboratory conditions with
few minutes to hours, and then study the heaving potentials o
ettringite mineral in a compacted soil sample. These findings
used to identify the potential ettringite-induced heaving me
nisms such as crystal growth and ettringite hydration in li
treated soils.

Other objectives of the research were to address the effe
soil type, lime and sulfate levels, reactive alumina, and com
tion conditions on the sulfate-induced heaving mechanisms
perimental results obtained from the evaluations of these o
tives are covered in this paper.

Test Program Outline

Swell strain tests were conducted on two types of compa
kaolinite clay specimens; one compacted with synthesized et
ite as shown in Fig. 1~a! and the other by inducing ettring
formation in a lime-treated compacted soil specimen in the
ence of a solution containing candidate ions as shown in Fig.~b!.
The latter approach was successful in the quick evaluatio
sulfate heaving mechanisms and was adopted for the remain

Table 2. Previous “Experimental” Research Studies to Simu
Sulfate-Heaving Problems

Research Soil type Sulfates Stabilizer

Mitchell and
Dermatas~1992!

30% of kaolinite and
montmorillonite
mixed with 70%
sand

Sodium
sulfate and
gypsum

Hydrated lime
CasOHd2

Petry ~1994! Natural clays Gypsum Lime

McCallister and
Tidwell ~1994!

Low plasticity clay Gypsum Lime

Wild et al. ~1998! kaolinite and
Kimmeridge clay

Gypsum Hydrated lime
and slags

Viyanant ~2000! kaolinite, Gypsum Quick lime CaO

Chomtid ~2000! Illite and natural
soils

Gypsum Quick lime CaO
the testing.
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Testing Procedures

Both engineering and mineralogical tests were conducted o
specimens to identify ettringite formation in soils and to mea
the associated volume changes. Free vertical swell tests wer
ducted on treated soils to monitor soil volume changes du
lime, sulfate, and soil reactions. X-ray diffraction~XRD!, scan
ning electron microscopy~SEM!, and energy dispersive analy
of x-ray ~EDAX! studies were conducted on soil specimen
identify the presence of ettringite mineral. The following sect
describe soil specimen preparation and test procedures fol
in this research.

One-Dimensional Free Swell Test

The one-dimensional free swell test measures the amount o
heave in the vertical direction of a confined specimen.
amounts of materials required to obtain 0, 1,000, 2,500, 5
and 10,000 ppm of sulfates, and 0, 4, and 8% of lime in the
soil samples were first calculated. Both amounts were bas
the dry weight of the soil samples. The dry soil was then m
ally mixed with lime to prepare lime-stabilized soil specime
The amount of water required for the compaction of each
specimen was calculated and added to the soil mixture. Th
mixture was then compacted to a rigid plastic mold~6-cm in
diameter and 2.4-cm in height!. Immediately after compactio
porous stones were placed on both sides of the soil specime
the soil specimen was transferred to a free swell test appa
No seating load except for the weight of the porous stone
placed on the soil specimen, which was soaked with an aqu
solution of 4.46 mmol of sodium sulfatesNa2SO4d and
4.46 mmol of sodium aluminum oxidesAl2O3Na2Od. This solu-
tion provided both soluble sulfates and reactive alumina for r

Fig. 1. Types of soil specimens subjected to swell strain tests~a!
untreated compacted soil specimen with already formed ettringit
~b! lime-treated soil specimen with ionic water to induce ettrin
formation
formation of ettringite in the soils. The sources of aluminum in
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natural soils are amorphous hydroxyl aluminum, aluminosili
phases of soil and from hydroxyl phases from smectite and m
morillonite layers, and organic complexes. All of these alumin
sources are collectively referred to as reactive alumina in
paper.

The amount of soil heave was measured using a microm
dial gauge or linear voltage displacement transformer again
tual time elapsed. The swell displacement readings of the
specimen were continued until there were no significant cha
in displacements for three days. In cases of small displace
changes, tests were continued for 21 days until the swell rate
reached plateau conditions. The final swell displacements
with the original heights of soil specimens were used to calc
swell strains in the vertical direction.

Mineralogical Studies

Two mineralogical studies were conducted in this researc
evaluate the presence of ettringite mineral in soil samples
XRD and SEM studies with capabilities to conduct EDAX st
ies. XRD can provide qualitative and semiquantitatively ident
ettringite; SEM provides ettringite morphology, and EDAX p
vides qualitative elemental data in the scanned sample. Th
lowing sections present test procedures.

Soil specimens were first mixed with water and ground in
smooth paste. The paste was deposited on a glass slide an
on a hot plates35°Cd. The soil was then subjected to CuKa
radiation with the scan speed of 0.07 degrees per minute. Th
were recorded and analyzed to determine the presence of he
mineral, ettringite.

SEM studies were conducted to understand the morpholo
the ettringite. The samples were gold coated and then sca
and several digital images at different magnifications were
corded. The ettringite minerals typically appear in needle sh
at higher magnifications. EDAX was used to analyze chem
compositions of the specimen. In this technique, electrons
bombarded in the area of desired elemental composition; th
ments present will emit characteristics x rays, which are
recorded on a detector.

Ettringite Syntheses

Ettringite was synthesized in the laboratory by mixing aque
solutions containing the candidate ions~calcium, sulfates, an
aluminum!, followed by the filtering the resulting precipitat
After initial tests confirmed that ettringite could be synthesize
this manner, similar procedures were used to form ettrin
within lime-treated compacted soil samples by exposing
samples to the ionic mixtures. Details of the steps followe
synthesize ettringite using aqueous mixtures in the laborator

Table 3. Previous Studies on Ettringite Synthesis Steps in Laborat

Research

Wang ~2002!

Struble and Brown~1984!

Odler and Abdul-Maula~1984!

Jonathan et al.~1999!
described in this section.
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Ettringite synthesis under laboratory conditions is well do
mented but the fundamental mechanisms of ettringite form
in soil matrices are poorly understood. Several syntheses me
have been attempted in laboratory settings by mixing approp
molar solutions of different chemicals~Odler and Abdul-Maul
1984; Struble and Brown 1984; Vempati et al. 1996; Jonath
al. 1999!. A summary of these methods is presented in Tab
All of these methods were successful since the ettringite fo
tion was verified by mineralogical studies including XRD, SE
and EDAX studies. Studies presented in Table 3 were care
reviewed and based on the information reported in these st
quick lime was selected for use in this study.

Preliminary Ettringite Synthesis

This preliminary synthesis was attempted at 25°C using dis
water. In one container, 4.46 mmol of sodium sulfatesNa2SO4d
and 4.46 mmol of sodium alumina oxidesAl2O3Na2Od were
mixed and dissolved in 120 cc of distilled water. In a sepa
container, 8.92 mmol quick lime~CaO! was dissolved in 80 cc o
distilled water by constant stirring for several seconds. Next,
tures in both containers were combined and stirred for a 10
time period. This mixture was then filtered through a memb
filter of pore size of 0.1mm and the precipitate was dried.

Both XRD and SEM studies conducted on the synthes
material are presented in Figs. 2~a and b!. The XRD analyses da
of the synthesized mineral showed five dominant ettringite p
which were close to standardd spacings~9.67, 5.60, 3.88, 2.7
and 2.56 Å! ~JCPDS 1998!. Other peaks noted in this figu
match those of CaCO3. The SEM micrograph shown in Fig. 2~b!
indicates that the presence of needlelike structures in the sy
sized mineral, which reconfirms that the ettringite was suc
fully synthesized under laboratory conditions in a short perio
time. The CaCO3, which are of cuboid/blocky morphology, a
not detected in the present SEM studies, possibly due to
amounts of this mineral or amorphous/poor crystallinity of
mineral formed resulting in a different shape and smaller pa
size, which may have obscured its detection.

Final Ettringite Synthesis

There are two possible ettringite formation mechanisms in ch
cally treated soils as described in the literature~Dermatas 1995!:
~1! Formation through solution reactions and~2! formation
through topochemical assisted reactions. In solution reaction
chemical compounds quick lime, alumina, and sulfates are
dissolved into a basic solution at pH.10, leading to the forma
tion of ettringite~Hunter 1988!. The second mechanism hypo
esizes that the ettringite can be formed directly on the surfa
calcium aluminate grains by reactions between sulfate
sSO4

2−d in the solution and calcium aluminate in the solid ph

nditions

Chemicals used in reactions

Quick lime ~CaO!, gypsumsCaSO4.2H2Od, and aluminum
sulfatefAl2sSO4d3g
Aluminum sulfatefAl2sSO4d3g and calcium oxide~CaO!

Aluminum sulfatefAl2sSO4d3g and calcium hydroxide
fCasOHd2g
Calcium hydroxidefCasOHd2g, aluminum hydroxide
fAl sOHd3g, and sulfates
ory Co
~Shizong 1995!.
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Ettringite Formation from Filtered Solution and Filtered
Lime Residue
Ettringite formation was attempted by stirring quick lime in d
tilled water and then filtering the mixture to separate undisso
or excess quick lime~CaO!. Stirring and temperature conditio
were similar to those noted in the preliminary synthesis stu
section. A membrane filters0.1 mmd was used, which would re
tain undissolved lime particles in the dimension of 0.2mm. Then
both filtered solution and the filtered lime residue on the fi
paper were mixed with sodium sulfatesNa2SO4d and sodium alu
minate oxidesAl2O3Na2Od solutions and were stirred for 10 m
Both mixtures were filtered to get the precipitate. The X
analyses were conducted on both precipitates and these

Fig. 2. Mineralogical studies on precipitate formed in the ettring
image
were presented in Figs. 3~a and b!.
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From both figures, it can be mentioned that ettringite min
is formed regardless of whether dissolved lime or filtered
residue is used@Figs. 3~a and b!#, but with varying crystallinity
To summarize these results, the filtered lime residue pred
nantly formed calcium carbonatesCaCO3d with minor amount o
poorly crystallized ettringite, whereas, the filtered CaO ex
produced crystalline ettringite with CaCO3. This suggests th
excess of undissolved CaO reacts with atmospheric CO2 at ambi-
ent conditions to form CaCO3, which then acts as seeding
templating material favoring more calcite formation rather
ettringite formation. In synthesis, seeding is commonly use
speed the formation of desirable mineral, and improve min
crystallinity ~Vempati, U.S. Patent, 2002!. Overall, it can be sum

thesis:~a! x-ray diffraction pattern and~b! scanning electron microsco
marized that ettringite can be synthesized and formed through
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solution reactions simulating treated soil conditions. This
gests that when the soil pores are supersaturated with resp
ettringite bearing candidate ions, then its formation is likel
occur.

Heave Studies on Compacted Kaolinite

The kaolinite clay used in this research study is not reference

Fig. 3. X-ray diffraction patterns:~a! precipitate resulting f
and SEM images indicated the presence of frayed kaolinite edges
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due to weathering. Basic properties of the kaolinite used in
experiments, including optimum moisture content and dry
weights are presented in Table 4. The swelling behavio
ettringite was studied on three identical kaolinite specimens
pacted with 8% of synthesized ettringite~from final synthesis!
and three other specimens without ettringite. The 8% of ettri
material added to the soil specimens was based on dry wei
soil. Standard Proctor compaction method was followed in

olid lime residue and~b! precipitate from filtered lime solution
preparation of soil specimens. All soil specimens were compacted
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to optimum moisture content and maximum dry unit weight c
ditions, and were then subjected to one-dimensional free
tests. Fig. 4 presents both average and individual test resu
soil specimens with and without admixed ettringite. As seen in
figure, the free swell test results on identical soil specimens
close to each other with a low coefficient of variation~less than
7%!. Hence, the average swell strain results are used herea
the figures depicting swell strain behaviors.

Ettringite is perceived to swell by the adsorption of wate
suggested by several studies including Dermatas~1995!. On the
contrary, from Fig. 4, soil specimens compacted with synthes

Table 4. Physical Properties of Soils Used in the Experimental Stu

Property Kaolinite

Mixed soil
~30% kaolinite
and 70% sand! Sand

Passing No. 200~%! 100 30 0.70

Liquid limit ~LL, %! 46.7 16 16

Plastic index~PI, %! 13.0 2 Nonplastic

Optimum moisture
Content~%! at control,
4% lime and 8% lime
treatments

24.1 ~control! 17.5 15.4

25.8 ~4% lime! 13.5 11.9

28.2 ~8% lime! 13.2 10.0

Optimum dry unit
weight skN/m3d at
control, 4% lime
and 8%
lime treatments

15.0 ~control! 16.8 15.6

14.6 ~4% lime! 17.7 16.6

13.7 ~8% lime! 18.4 16.9

Specific gravity,Gs 2.65 2.78 2.71

Void ratio, e 0.73 ~control! 0.62 0.70

0.78 ~4% lime! 0.54 0.60

0.90 ~8% lime! 0.48 0.57

AASHTO
Classification

A-7-5 A-2-4 A-3

USCS Lean clay Silty sand Poorly grad
sand

Classification ~CL! ~SM! ~SP!

Fig. 4. Swell test results of kaolinite clay with 8% of synthesi
ettringite
JOURNAL OF GEOTECHNICAL AND G
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ettringite minerals inside experienced less swelling than
specimens prepared without ettringite minerals. This phenom
could be attributed to two reasons, which are described in
following paragraph.

The first possibility is that ettringite, being a fibrous or nee
shaped material of a high aspect ratio, is known to reinforce
particles by inducing interlocking attraction. This attraction
known to strengthen materials including soils~Kujala et al. 1983
Schoute 1999!. This strengthening phenomenon was observe
the present kaolinite clay specimens compacted with ettri
minerals. Compacted soil samples without ettringite disinteg
rapidly after swelling whereas those with ettringite were stiff
did not show any signs of disintegration after swelling. The
sorption of water by ettringite minerals did not cause any fu
swelling since the dispersive forces generated during the ad
tion of water are less than the interlocking and strengthe
forces between ettringite and soil particles. The second po
explanation, which requires experimental evaluation, is that w
might not have migrated into interlayers of “compacted” ettrin
minerals to induce moisture hydration-related swelling; he
low swell strains were recorded.

Swell Tests on Kaolinite with Induced Ettringite

The next step was to prepare soil specimens and create th
mation of the ettringite mineral in the soil by inducing chem
reactions inside the soil skeleton or pores. The amounts of so
sulfate added to each soil specimen were determined based
residual sulfate contents in the control soil, a procedure simi
the one used by Viyanant~2000! and Chomtid~2000!.

Vertical swell tests were performed on kaolinite clay sp
mens using three different conditions:~1! Specimen prepare
without lime ~Condition 1 or simply control soil!; ~2! specimen
prepared with lime additive at 8% in the presence of sod
sulfates in solid form~Condition 2!; and ~3! specimen with 8%
lime in the presence of sodium sulfates and sodium alumina
solution form ~Condition 3!. The sodium sulfate was first d
solved in distilled water to prepare sulfate-rich water, which
then used to mix and prepare soil samples to reach targeted
paction moisture contents. Additionally, dissolved sodium al
num oxide was added to the sulfate-rich solution to provide
tive alumina for the quick formation of ettringite. It should
noted that other forms of reactive alumina from clay minerals
also available for chemical reactions. All these steps were
formed prior to conducting swell tests.

Three swell tests were performed on triplicate identical sp
mens for each condition and the average results of each con
are presented in Fig. 5. It is interesting to note that the co
kaolinite ~Condition 1! exhibited an average swell strain of 24
High swelling was attributed to optimum compaction mois
content and low seating pressure applied in the swell tests
8% lime-treated kaolinite~Condition 2! exhibited a swell strain o
19%, which indicates that the lime treatment was somewha
fective on this soil even in the presence of sodium sulfates. O
other hand, the lime-, aluminate-, and sulfate-treated kao
clay ~Condition 3! experienced highest swelling of 29%, which
more than the control soil indicating the formation of ettrin
mineral and subsequent heaving in this soil.

To confirm the ettringite formation, XRD studies were c
ducted on all of three above conditioned soil samples and
results are presented in Figs. 6~a–c!. These figures indicate that
ettringite peaks were noticed in control soils~Condition 1! in Fig.

6~a!. The ettringite peaks of very low intensities were observed
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for soils prepared with lime and sulfates~Condition 2! in Fig.
6~b!. However, more pronounced ettringite peaks were obse
for soils with lime, sulfates, and sodium aluminate in solu
forms ~Condition 3! as presented in Fig. 6~c!. This substantiate
that in situ formation of ettringite due to the presence of AlsOHd4

−

and sulfate species in a lime-treated soil specimen and hyd
of this mineral resulted in soil heaving as noted in Fig. 5. Th
fore, for pronounced formation of ettringite in soil in addition
sulfate and calcium ions, a source of alumina is essential in
tion to high pH and hydrated environment.

Elemental composition of soil specimen of Condition 3
analyzed using EDAX. The EDAX test results on needle-sh
particles present in lime-treated kaolinite specimen are show
Fig. 7. This elemental analysis showed the presence of gold~Au!,
calcium~Ca!, sulfur ~S!, and aluminum~Al ! in the soil specimen
The specimen was gold coated for SEM studies in order to
vent charging. The presence of other chemicals, Ca, S, and
soils reconfirm that these are the main components for the fo
tion of ettringite mineral. Based on XRD, SEM, and EDAX st
ies, it can be concluded that the ettringite was formed in kao
clay under Condition 3.

Other Experimental Studies

Soil Compositional and Environmental Variables

Previous research studies~Chomtid 2000; Viyanant 2000! con-
cluded that the magnitude of swell is related to soil type, c
paction dry unit weight, moisture content, and lime and su
levels in soils. An experimental program was hence design
this research to determine the effects of a few important soil
ables on ettringite-induced swelling by inducing quick forma
of ettringite inside the soil specimens. The variables studied
are described in the following.

A total of three soil types were studied in this research. T
were: ~1! Kaolinite clay, ~2! mixed soil ~30% kaolinite clay an

Fig. 5. Swell strain test results of kaolinite clay subjected to th
different treatment conditions
70% sand!, and~3! pure sand. Physical properties of all three soils
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including optimum moisture contents are presented in Tab
Among chemical treatments, quick lime treatment was resea
here at three different dosage levels, 0, 4, and 8% by the
weight of soil. The present tests were conducted at opti
moisture content, which corresponds to maximum dry unit we
condition. Five different sulfate levels were used for kaoli
clay, including 0, 1,000, 2,500, 5,000, and 10,000 mg
sulfates/kg of soil or mg/kg or ppm. In the case of mixed clay
and pure sand, only high and low sulfate levels were consid
These sulfate levels were 0, 5,000 and 10,000 mg/kg fo
mixed soil and 0 and 10,000 mg/kg for the sand.

After the soil samples were mixed with the selected lime
sulfates, they were compacted close to targeted optimum mo
content and dry unit weight conditions. These samples were
subjected to free swell and mineralogical tests at room tem
ture conditions.

Discussion of Test Results

Swell tests were conducted on all three different soil type
study the effects of soil type and soil properties on sul
induced heave. Swell test results of kaolinite clay and mixed
sandy soils were presented in Table 5 and were used in th
lowing discussion and analysis.

Under natural conditions, kaolinite clay exhibited more sw
ing than mixed and sandy soil specimens. The amount of so
sulfates in untreated compacted soil specimens did not sho
appreciable effects on the swelling behavior of the same s
mens. Sandy soil test results showed low magnitudes of su
induced swell strains, which were around 1%. Reasons for
swell strains are explained in the next section.

Results in Table 5 confirm that both mixed and clayey soils
more susceptible to sulfate-induced heaving than the sandy
However, the occurrence of sulfate heaving phenomenon in
expansive sands should not be disregarded. The formati
ettringite is based on presence of the candidate ions incl
aluminum ions and optimum environmental conditions.

By fixing and isolating soil types and the amounts of l
stabilizer used, the effects of sulfates on heaving could be
understood. Fig. 8~a! presents swell test results of lime-trea
kaolinite clay at different sulfate levels. From Fig. 8~a!, it can be
mentioned that the amount of soluble sulfates had minor influ
on the swell magnitudes of untreated kaolinite clay. This is
cause of lack of formation of ettringite minerals in the soils s
these soils are not treated with calcium based lime stabilizer
8~b! of mixed soil shows similar trends.

In the case of lime-treated soil specimens, swell magnit
initially decreased when compared to the swell strains of co
soils at zero sulfate level and then increased as the do
of sulfates increased. At low soluble sulfate cont
s,2,500 mg/kgd, the 4% lime-treated kaolinite clay and mix
soil specimens had more swelling than the 8% lime-treated
samples. Additionally, the swell magnitudes of both 4 and
lime-treated soils are higher than those of control soils. This
plains that the detrimental reactions were caused by the pre
of sulfates and reactive alumina in lime-treated soils. Rea
alumina in treated soils was provided by alumina solution m
with the soaked water and alumina disassociated from clay
ticles at high pH conditions~between 10 and 13! resulting from
lime treatments. However, the rate of dissolution of alumina
clays will depend on clay mineralogy, crystallinity, and part
size.
At higher soluble sulfate levelss.2,500 mg/kgd, the 8% lime-
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treated soil samples exhibited more swelling than the 4% l
treated soil samples. This is because of the large amounts o
cium and reactive alumina ions@Al sOHd4

− predominant specie#
released at higher dosages of lime, which lead to incre
amounts of ettringite formation and heaving in these soils. O
all, the trends observed in Fig. 8 can be summarized in the
lowing observations:
1. At zero sulfate levels, lime stabilization mechanisms pl

Fig. 6. X-ray diffraction results on 8% lime-treated clay:~a! water
solution form~Condition 3!
dominant role in the lime-treated soils, and, hence these soils

JOURNAL OF GEOTECHNICAL AND G
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experience lower swelling than the control soil. Ettrin
was not formed in these soils due to lack of sulfates in
soils. Lime is known as an effective stabilizer to reduce s
potentials of kaolinite clay since it suppresses diffu
double water layers of clays and their plasticity and rel
swell potentials.

2. At sulfate levels ranging between 0 and 2,500 mg/kg,
stabilization reactions and sulfate heave generation rea

ition 1!, ~b! sulfates in solid form~Condition 2! and ~c! sulfates in
~Cond
occur at the same time due to the presence of lime, sulfates,
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and high pH conditions. In the present soils at these
sulfate ranges, the sulfate heave reactions might have d
nated the lime stabilization reactions. Hence, slightly hig
swells were noted for 4% lime-treated soils. However,
swell magnitudes were smaller at higher lime dosage~i.e.,
8%!, explaining the significance of high amounts of li
stabilization reactions at low sulfate levels. Also, a high l
dosage induces the formation of CaCO3 because of its rea
tion with atmospheric CO2.

3. At sulfate levels ranging above 2,500 mg/kg, sulfate h
reactions dominated the lime stabilization reactions. H
sulfate-induced swells were recorded at these sulfate le

Fig. 6.

Fig. 7. Energy dispersive analysis x ray of 8% lime-treated spec
at 10,000 mg/kg of sulfates
334 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINE
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The presence of lime and reactive alumina at these s
levels appeared to contribute more to ettringite forma
than stabilization reactions and hence large swells wer
corded at increased lime dosages. This observation,
with the previous observation, raises an important con
sion, i.e., critical or threshold amounts of calcium, reac
alumina and sulfates must be present in chemically tre
soils to form ettringite. Any variations in these amou
might not result in the formation of ettringite as noted in
case of 8% lime-treated soils with low amounts of sulfa
The on-going research is currently in the process of e
lishing these threshold levels.

4. The swell strains in kaolinite clay are higher than thos
mixed soil and this variation is attributed to amounts of
active alumina present in the treated soils. Large quantiti
reactive alumina in solution led to higher sulfate-indu
swelling in the kaolinite soils. This ettringite formation
sulted in high swell strains in the kaolinite specimens du
small size of voids in kaolinite. Therefore, the size of
voids is important, rather than the total volume of vo
Currently efforts are being made to develop a simple lab
tory testing technique for quantification of reactive alum
The writers believe this technique will lead to the deve
ment of a predictive model for ettringite formation in vario
soil compositional and environmental conditions.

Fig. 9 presents the same kaolinite and mixed soil test da
plotting swell strains versus lime dosage levels at different su
levels. Fig. 9~a! indicates that, at 0 mg/kg of soluble sulfa
lime was effective in reducing swell magnitudes of kaolinite c
At soluble sulfate content less than 2,500 mg/kg, swell ma
tudes at 4% lime treatment were the highest among the
dosages. At these moderate sulfate levels, the 8% lime trea

inued!.
~Cont
reduced swell strains of kaolinite. At high soluble sulfates
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s.2,500 mg/kgd, sulfate heaving was evident in all treated
olinite clays and is directly proportional to the amount of li
treatment used to stabilize kaolinite. Fig. 9~b! shows that mixe
soil results display similar trends with lower swell strain ma
tudes. Overall, these results indicate that the threshold pro
atic sulfate levels for inducing heaving in subgrade soils de
on soil type, including clay mineralogy, lime dosages, reac
alumina, pH conditions, sulfate amounts as well as the am
and size of voids present in the compacted soils.

Causes of Ettringite-Induced Heaving

The writers attribute the ettringite crystal formation and growt
one of the main contributors to the overall ettringite-indu
heaving in the present treated soils. Ettringite crystal grow
soils was first hypothesized by Dermatas~1995!. The ettringite
crystals are generally formed in the soil voids during initial re
tions. This formation is expected to occur within an hour a
soaking soil specimens in water. These crystals will then sta
accumulate with the continued reactions between candidate
at high pH conditions. When the existing pore void space of
could not accommodate any more ettringite crystals, the soi
start expanding. Another reason for the crystal growth hypot
here is due to the fact that even nonplastic-treated sandy
displayed low heaving, which was attributed to the large siz
voids and low amount of reactive alumina in sandy soils.
hypothesis needs further experimental verification by condu
ettringite formation studies in real-time scanning force mic
copy or atomic force microscopy under controlled environme
conditions using environment cell device~Vempati and Cock
1994!. Additional swell movements could be attributed to the
dration reactions of ettringite minerals formed inside the soil
trix. However, the present investigations showed that very
magnitudes of heaving were recorded due to hydration of alr
formed ettringite mineral in compacted soils~see Fig. 4!.

Future Research Needs

One of the important factors for ettringite formation is the p
ence of reactive alumina in soils. Very little is known about
presence of reactive alumina presence in soils, except fo
disassociation of alumina from clay minerals. Lindsay~1979!
noted that the amounts of this alumina disassociation from
crystallized clay minerals at pH.8 are insignificant. Hence, th
writers opine that the alumina in the present treated soils

Table 5. Swell Strain~%! Properties of Present Soils

Lime Soil type 0

Kaolinite clay 24.9

0% lime Mixed soil 3.5

Sand 0.00

Kaolinite clay 22.9

4% lime Mixed soil 2.7

Sand 0.0

Kaolinite clay 19.9

8% lime Mixed soil 2.3

Sand 0.0

Note: NT=Not tested.
have been contributed from other sources including those in the
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form of oxides, hydroxides, and amorphous aluminosilicate
cluding poorly crystalline colloidal size clay minerals. Curr
research is exploring the presence and causes of reactive a
in soils. Other important research aspects are focused o
evaluation studies on the pH conditions and organic matter,
cially of humic acid in soils and their impact on the ettring
formation. Future research should also address the effects o
paction dry unit weight or different void ratios of the same soi
the ettringite formation and related heaving.

Summary and Conclusions

It should be mentioned here that the observations noted in
paper are based on the majority of the trends noted in the
results. These conclusions are valid for soils similar to the
tested in this research. The following lists a few of the impor
conclusions arrived from this research:
1. Ettringite can be quickly synthesized in the laboratory

mixing quick lime ~CaO!, sodium sulfate, and sodium a
mina oxide in water and stirring it for 10 min at room te
perature conditions.

2. Mixing synthesized ettringite with compacted soils did
result in the simulation of ettringite induced heave in
same soils, possibly due to strengthening reactions o
ettringite to the soils and low moisture adsorption capac
of the compacted and hydrated ettringite minerals.

3. The formation of ettringite minerals inside the compa
soil voids was successful and this formation resulted in
fate heaving when subjected to engineering vertical s
tests. Time frame to induce this ettringite formation
again relatively short~less than an hour! and the heaving o
the mineral was recorded within two or three days.

4. In the presence of certain thresholds of chemical reac
and water, ettringite crystals continued to form and accu
late in the voids of soils in all directions. Ettringite-induc
heaving in the present soils was attributed to crystal gr
since the pore sizes in the test soils could not accomm
any more ettringite formation and hence exhibited swel
This observation was based on the test results and he
patterns noted in the present three test soils including s
and clays. The lower the void size in soil samples, the hi
the sulfate heaving in soils. Hence, sandy soils exhibited
amounts of heaving in this research, possibly due to

Soluble sulfate~mg/kg!

,000 2,500 5,000 10,00

23.4 24.1 22.9 24.

NT NT 3.2 4.3

NT NT NT 0.00

25.1 28.7 29.7 32.

NT NT 5.55 7.3

NT NT NT 0.7

23.7 27.4 31.1 39.

NT NT 4.9 9.4

NT NT NT 1.2
1

sizes of the voids present in the sands. Also, limited amount
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of clay or alumina fraction in sand did not facilitate conti
ous formation of ettringite mineral. Hydration of ettring
mineral did not cause any heaving in the kaolinite clay,
gesting low to moderate contribution of this heave me
nism to the overall ettringite induced heaving.

5. At low sulfate levelss,2,500 ppmd, an increase in lime st
bilization resulted in low magnitudes of sulfate-indu
heaving, possibly due to lime treatment reactions domina
ettringite formation reactions. At high sulfate levelss
.2,500 ppmd, an increase in lime stabilization resulted
higher heaving due to increased amounts of ettringite fo
tion at these sulfate conditions.

Fig. 8. Effects of soluble sulfates on free vertical swell test resul
~a! kaolinite clay and~b! mixed soil
6. Mineralogical XRD and SEM studies are powerful tools to
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identify ettringite presence in the treated soils. Based o
present mineralogical studies, it can be mentioned that
studies should be used in conjunction with XRD studie
particular when swell strains are measured in treated
but ettringite XRD peaks are obscured. Otherwise, poo
terpretations will be made regarding ettringite formation
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