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ABSTRACT
Sulfate rich soils, when stabilized with lime or cement for subgrade improvements, are known to form a crystalline mineral, ettringite.
This mineral exhibits significant swelling due to moisture hydration and crystal growth. This swell causes distress to highways, runways and other infrastructure built on lime or cement treated sulfate soils. Sulfate heave mechanisms in lime and cement treated soils
are still in hypothetical stages since it is often difficult to explain exact causes of sulfate heaving mechanisms, i.e. due to crystal
growth or ettringite hydration or both. Better understanding of these mechanisms can be explained by studying the soil chemistry
variations of various constituents during early phases of stabilizer reactions. This paper presents these results from a research study,
which was conducted to understand heaving mechanisms in lime and cement treated soils. Soluble sulfate, pH conditions, reactive
alumina measurements in all treated soils were made before and after moisture soaking. These results were used to understand sulfate
heave related ettringite mineral formation in both treated soils. Conditions that lead to excessive ettringite formation in the treated
soils are explained, which were supported by the larger swell strain results measured at those conditions.
RÉSUMÉ
Il est connu que les sols riches en sulfates forment des minéraux cristallins d’ettringites lorsque stabilisés à la chaux ou au ciment dans
le cadre d’amélioration des sols support. Ce minéral présente un comportement de gonflement significatif causé par l’hydratation et
par la croissance des cristaux. Ce gonflement cause des défauts aux autoroutes, pistes d’atterrissage et à d’autres infrastructures construites sur des sols sulfatés traités à la chaux ou au ciment. Il est difficile d’expliquer les causes exactes des mécanismes de gonflement des sulfates (à cause de croissance des cristaux ou d’hydratation d’ettringites ou les deux) puisque les études de ces mécanismes
dans les sols traités à la chaux et au ciment sont toujours au stade hypothétiques. Une meilleure compréhension des ces mécanismes
peut être expliquée en comprenant, pendant les phases initiales de réaction des stabilisant, la chimie des différents éléments constituants les sols. Ce rapport présente les résultats d’un projet de recherche visant à comprendre les mécanismes de gonflement dans les
sols traité à la chaux et au ciment. Des mesures de sulfates solubles, conditions de pH et d’alumines réactives ont été effectuées avant
et après une période de trempage en milieu humide pour tous les sols traités. Ces résultats ont été utilisés pour comprendre la formation de minéraux d’ettringites reliées au gonflement de sulfates dans les deux sols traités. Les conditions menant à la formation excessive d’ettringites dans les sols traités sont présentées et soutenues par des résultats de déformations par gonflements plus grandes mesurés dans ces conditions.
1 INTRODUCTION
Calcium based stabilizers such as lime and cement are commonly used methods to improve soil properties. Cement stabilizers enhance strength, durability and stiffness properties
whereas lime has been primarily used to improve plasticity and
volume change related properties of soils (Hausmann, 1990). In
the past two decades, a number of case studies have been reported in which calcium based stabilizers (lime and cement) resulted in an increase in soil heaving in sulfate rich soils due to
the formation of an expansive crystalline mineral, Ettringite
(Mitchell, 1986; Hunter, 1988; Perrin, 1992; Dermatas, 1992,
Tanyu, 1999). These heave failures have been shown to relate to
sulfate reactions that result in the formation of expansive crystalline material, ettringite.
In the case of lime and cement-stabilized soils, the calcium
component of cement stabilizer is known to react with clay
components and ground sulfates to form ettringite (Hunter,
1988). When water has access to a treated soil containing ettringite, swelling and softening of this mineral will take place,
which result in infrastructure distress (Perrin, 1992). Exact
mechanisms and conditions of ettringite formation in both cement and lime treated soils are still unknown since conditions
for this mineral formations are not the same in both treatment
methods.
A research study was conducted at the University of Texas at
Arlington to understand these mechanisms. Several variables
including moisture contents, dry density levels, soluble sulfate

levels, cement and lime contents were studied and addressed in
this research. An important aspect of this research was to perform chemical and mineralogical studies to understand the
chemical conditions that lead to this heaving at various stages of
chemical treatment. This paper covers the chemical constituents
and their magnitudes and how they contributed to ettringite
formation in the treated soils. Swell characteristics are also presented to explain the heaving from the ettringite formation in
these soils.
2 BACKGROUND
Sulfate-bearing soils of cohesive nature are found in several
states in the U.S. and in particular areas of the southwestern and
western states. When these soils are stabilized with calciumbased stabilizers such as lime or cement for foundation improvements, the sulfate minerals including Gypsum and sodium
sulfate present in these soils react with calcium component of
the stabilizer and alumina of soils to form expansive crystalline
mineral, ettringite (Sherwood, 1962; Mehta and Wong, 1982;
Mitchell, 1986; Hunter, 1988). Thaumasite mineral forms after
ettringite undergoes certain crystalline changes at certain temperature conditions (Hunter, 1988). Both sulfate minerals expand considerably when subjected to hydration process or due
to continuous crystal growth, which result in a significant
amount of heaving (Dermatas, 1992). Infrastructures including
building structures, embankments, runways and highway pave447

ments built on lime and cement treated sulfate-bearing soils
have been affected by this heave distress. Several sulfate heave
distressed case studies are already reported in the literature
(Mitchell, 1986; Perrin, 1992; Dermatas 1992; Hawkins, 1998).
The
chemical
structure
of
ettringite
crystals
(Ca6[Al(OH)6]2.(SO4)3.26H2O) appears as needle shaped often
in elongated form. They can have different shapes depending on
time and pH conditions during the formation (Kollman, 1978).
In order to form ettringite mineral, the free reactive alumina
from original clay mineral interstices should be first released.
Reactive alumina is defined as alumina released from amorphous and/or poorly crystalline Al-containing containing minerals including alumino silicates, alumino oxides and alumino hydroxides.
In the early period of the hydration process, of lime treatment which usually occurs at the pH conditions greater than
10.5, the reactive alumina is released from clay particles. In the
case of cement treatment, the reactive alumina is liberated from
pozzalonic compounds formed in cement treatment. At this
stage, the presence of soluble sulfates and calcium ions from
chemical stabilizers react with reactive alumina to form ettringite mineral. The last and an important factor is the presence of
water, which facilitates the chemical reactions that take place
for final formation of ettringite mineral. To verify these reactions, an attempt is made to monitor chemical constituents during cement and lime treatments of sulfate rich clays. Results of
this research attempt are covered in the following sections.

4 TEST RESULTS
A comprehensive summary of test results are presented here
which were used to address effects of stabilizers, soluble sulfates and compaction moisture conditions on sulfate induced
heaving.
4.1

Free vertical swell strain

In all tested soil specimens, the maximum swelling was recorded within 120 hours of soaking period. After 48 hours, the
‘rate of swell’ was small and close to zero after four to five
days. Hence, tests were terminated after 5 days. Swell strain results are reported in terms of percent vertical swell corresponding to the original height of the soil specimens. Table 2 presents
the free vertical swell strain results.
Table 1. Typical Soil Properties of Artificial Clay
Soil Properties

Results

Passing US No. 200 sieve (%)
Specific gravity
Liquid limit (%)
Plasticity Index (%)
pH
Soluble sulfate content (ppm)
USCS Classification

68
2.65
31
16
7.25
135
Lean Clay (CL)

3 EXPERIMENTAL PROGRAM
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AC (Control)
AC-C5%
AC-C10%
AC-L4%
AC-L8%

17.5
Dry Unit Weight (kN/m3)

An experimental program was designed and executed to study
the heaving mechanisms from continuous crystal growth and
hydration of ettringite in calcium based stabilizer treated sulfate
rich soils. Though four clays were investigated in the original
research, artificial clay (AC) containing both illite and silt test
results are covered here. However, all other clays showed similar trends, which can be found in Wattanasanthicharoen (2004).
It should be noted that all four selected clays did not contain
considerable amounts of montmorillonite (MM) mineral fraction. Such soil selection was necessary since MM minerals are
naturally expansive and hence mask the sulfate heaving formations.
The artificial clay (Illite 30% and Natural Silt 70%) was subjected to physical soil property tests. Table 1 describes these results. Standard Proctor compaction tests were also conducted to
study the relationships between moisture content and dry unit
weights. The same control soil was treated with two types of
calcium based stabilizers, lime (4% and 8% by dry weight of
soil) and type I Portland cement (5% and 10% by dry weight of
soil). Figure 1 presents these results. Two compaction moisture
conditions, optimum and wet of optimum (corresponding to
95% of optimum dry unit weight) conditions were considered
for the swell tests.
Sodium sulfate was selected as the sulfate source mineral
due to high solubility nature of this mineral. The amount of sulfates needed to add to each soil sample was determined based
on the residual sulfate contents in control soil and the targeted
sulfate levels as per the targeted sulfate levels, 1000, 2000, 5000
and 10000 ppm. These levels represent the range of sulfate levels that are known to cause heave distress (Puppala et al. 2002).
One-dimensional free swell tests were conducted on control
and treated soils to study true variations in volume change behaviors from calcium based stabilizers’ reactions with sulfates
in soils. Chemical tests such as pH measurements, soluble sulfate studies, and direct current plasma or DCP analyses were
conducted to assess and monitor the variations in the chemical
species such as reactive aluminum (Al) and soluble sulfates
(SO4) before and after stabilization. Test procedures and details
can be found in Wattanasanthicharoen (2004).
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Figure 1. Compaction tests of control, cement (C) and lime (L) treated
soils.
Table 2. Vertical Swell Strain (%) of Control and Treated Soils
Vertical Swell Strain (%)
Stabilizer

Control
C 5%
C 10%
L 4%
L 8%

Moisture
Content
Opt
Wet
Opt
Wet
Opt
Wet
Opt
Wet
Opt
Wet

Initial Soluble Sulfate Level (ppm)
1000

2000

5000

10000

8.8
5.6
12.1
7.0
14.0
9.2
0
0
4.0
0.2

9.0
6.0
14.9
9.0
15.8
9.9
0.6
0.1
3.6
2.5

9.1
6.3
15.1
13.8
18.1
13.6
1.7
0.9
6.5
3.9

9.4
6.1
24.5
15.2
18.9
14.3
4.5
2.1
8.9
6.8

The amount of soluble sulfate contents had a minor influence
on the free vertical swell strains of untreated soils. In treated
soils, however, an increase in soluble sulfate content resulted in

increasing the vertical swell strains. This increase is attributed
to the formation and expansion of ettringite crystals, which was
later verified by mineralogical studies. Slightly lower swell
strains were measured for soil specimens compacted at wet of
optimum moisture conditions. This slight decrease can be attributed to large voids at low compaction dry unit weights and
increase in saturations at wet of optimum moisture conditions,
which provides more space for crystal growth of this mineral.
Based on these variations noted in this research, crystal growth
is recognized as a major contributor to sulfate heaving.
Swell strains in cement treated soils were higher than those
in lime treated soils. Two possible reasons for this are the presence of high amounts of calcium and aluminum in cement to
form large amounts of ettringite and potential reduction in voids
in cement treated soils. It is well known that cement treated
soils undergo reductions in voids, which implies that heaving
due to ettringite formation will be considerable in cement
treated clays. Hence, higher swell strains were measured in cement treated soils.
An increase in lime stabilizer dosage resulted in further increase in sulfate heaving. An increase in cement dosage raised
total sulfate heave. Both observations confirm the crystal
growth as the main contributor to sulfate heaving in lime and
cement treated soils.
4.2

pH results

The pH of each soil specimen was recorded at two different
time periods, before and after the one dimensional vertical swell
strain tests. There is no major variation between both pH values
and hence the pH values of the soil specimens after 1-D vertical
swell strain tests were only presented. Table 3 shows the pH results of control and treated soil specimens after swell tests.
After cement treatment, the pH of soil mixtures was increased to 10.7 (± 0.5) within minutes after treatment. These pH
conditions were sufficient enough to release the reactive alumina from clay particles and cement stabilizers, resulting in
high amounts of reactive alumina in these soils. In the case of
lime treated soils, the pH values ranged from 10.6 to 11.5 after
adding lime to the soil specimens. These pH values were also
sufficient enough to disassociate reactive alumina from clay
particles. Reactive alumina measurements were used to support
the alumina release in treated soils.

were subjected to moisture soaking as a part of swell tests, the
soluble sulfate determination tests were conducted again to determine the percent loss in soluble sulfate contents due to ettringite formation.
In the case of reactive alumina loss results, direct current
plasma (DCP) analyses were conducted on the soil specimens
before and after soaking. These results are used to monitor
changes in the alumina content in control and treated soils. Figures 2 and 3 present the percent loss in soluble sulfates and free
reactive alumina versus initial soluble sulfate of both untreated
and treated soils.
The percent sulfate and free reactive alumina losses in control soil were smaller when compared to the same losses in
treated soils. Both soluble sulfates and reactive alumina participate in the ettringite formation, and hence their amounts will be
less after moisture soaking. In the control soil, initial soluble
sulfate levels and compaction moisture contents showed no to
moderate influence on the sulfate loss results, indicating no contribution of sulfates in the formation of ettringite.
An increase in the dosage levels of cement and lime stabilizers, however, resulted in an increase in the amount of soluble
sulfates and alumina losses. This may be attributed to the presence of more calcium and alumina amounts in stabilizer and
stabilized soil specimens, which react with the soluble sulfates
of the soil to form ettringite. In addition, the chemical species
losses in lime treated soils were lower than those of cement
treated soils. This explains the increased vertical swell strains of
cement treated soils when compared to lime treated soils.
Increase in initial soluble sulfate contents resulted in high
amount of soluble sulfate and free reactive alumina losses. This
is again attributed to availability of more sulfates to react with
free alumina minerals to form ettringite in the treated soil
specimens. Overall, these chemical species (alumina and sulfates) measurements in treated soils directly support the ettringite formation in sulfate rich soils. In cement treatments, the
treatments resulted in higher amounts of ettringite formations
and high swelling. Similar trends were noted in the case of lime
treated sulfate soils, with slightly lesser losses and hence lower
swell strains.
Percent Sulfate
100

Table 3. pH Results of Control and Treated Soils

Control
C 5%
C 10%
L 4%
L 8%

Moisture
Content
Opt
Wet
Opt
Wet
Opt
Wet
Opt
Wet
Opt
Wet

Initial Soluble Sulfate Level (ppm)
1000
2000
5000
10000
7.6
7.6
7.7
7.7
7.7
7.7
7.5
7.6
11.1
11.0
11.4
10.8
11.1
11.3
11.4
10.8
12.0
12.0
12.0
10.8
10.8
10.9
11.0
11.0
11.6
11.6
11.6
11.3
11.5
11.6
11.6
11.4
10.3
10.5
10.8
10.8
10.3
10.4
10.6
11.6

0.4

0.8

1.2
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pH
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AC-Wet
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AC-C5-Wet
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AC-L4-Wet
AC-L8-Opt
AC-L8-Wet
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Figure 2. Percent loss in soluble sulfate content.

4.3

Soluble sulfates and free reactive alumina measurements

The soluble sulfates of control and treated soils were measured
using the gravimetric method as described in Puppala et al.
(2002), both before and after moisture soaking. The initial soluble sulfate determination tests (immediately after mixing the
soil specimens with chemicals) were conducted to measure the
amounts of soluble sulfate contents of the soil specimens. These
measurements are used to confirm that the soil specimens meet
with the targeted soluble sulfate levels. After soil specimens

4.4

Mineralogical studies

X-Ray diffraction studies were conducted on both control and
treated soils. All treated soils showed the presence of ettringite
minerals as the basal spacings of peaks noted on present soil
XRD results matched with those of ettringite minerals (Wattanasanticharoen, 2004). Figure 4 shows a typical scanning electron microscope image of the needle shaped ettringite mineral in
449

the cement treated soil specimen. Both mineralogical studies using XRD and SEM techniques support the ettringite formation
in lime and cement treated soils. These studies are used here to
evaluate the ettringite formation in qualitative terms. Swell
trends and compaction conditions of test specimens are then
used to explain the heave mechanisms from mineral hydration
and mineral growth, which are explained in the earlier sections.
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increased vertical swell strains of cement treated soils than
in lime treated soils.
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Figure 4. Scanning electron microscope image of cement treated soil.
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5 SUMMARY AND CONCLUSIONS
Test results from the present experimental program were analyzed to understand chemical conditions that lead to ettringite
formation in both lime and cement treated soils. The following
conclusions are summarized from the present results:
1. The percent sulfate and free reactive alumina losses in control soil were smaller when compared to the same losses in
treated soils. Both soluble sulfates and reactive alumina
participate in the ettringite formation, and hence their
amounts will be less after moisture soaking.
2. At soluble sulfates less than 2000 ppm, lime treated soils
provided effective treatments by reducing swell strains of
control soils by 60 to 100%. On the other hand, cement
treated soils experienced higher vertical swell strains than
control soils.
3. At high sulfate levels, swell results of lime treated soils are
close to those of control soil. Swell strain properties of cement treated are considerably higher than those of control
soils. This explains the problems associated with sulfate
heaving in both treated soils.
4. When compared to each other, cement treated soils experienced higher swell properties than lime treated soils, possibly due to higher amounts of reactive alumina presence
in cement treated soils. This indicates that the ordinary
Portland cement treatment is more prone to sulfate induced
heaving than the lime treatment. However, it should be
noted here that the lime treatment is also ineffective at high
sulfate levels since the effectiveness in swell reductions
was mitigated by the higher sulfate reactions with soils.
5. An increase in the dosage levels of cement or lime stabilizer resulted in an increase in the amount of soluble sulfate and alumina losses. This is attributed to the presence
of more calcium and alumina amounts in stabilized soil
specimens for reacting with the soluble sulfates of the soil
specimens. In addition, the losses in lime treated soils were
lower than those of cement treated soils. This explains the
450
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