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Abstract
Stabilization of expansive soils using lime and cement additives have been used by practitioners over the years. However, 
recent heaving and premature pavement failures in lime and cement-treated subgrades containing sulfates led to questioning 
the use of calcium-based stabilization methods for these soils. Annually, millions of dollars are spent to repair pavements 
distressed by this Ettringite induced heaving. Based on the past studies, researchers and practitioners have proposed various 
methods to treat sulfate soils. Applicability of these methods is mostly limited to soils with sulfate levels below 8000 ppm. 
Soils with sulfate content above 8000 ppm are termed as “high sulfate” soils, and chemical treatment of such soils is currently 
not considered. A research study was designed to aid in understanding the heaving phenomenon in soils with sulfate contents 
above 8000 ppm and to develop practical techniques to stabilize such soils. High sulfate soils were sampled and treated with 
lime at varying mellowing periods and treated soils were then subjected to the engineering and chemical tests. Tests results 
were analyzed to understand the effectiveness of mellowing period on the heaving phenomenon of these soils. Treated soils 
at higher mellowing periods showed reduced sulfate-induced heaving when sulfate levels are lower than 30,000 ppm. Sul-
fate levels in excess of 30,000 ppm did not result in effective treatment of soils. It was also observed that compaction void 
ratios and soil clay mineralogy have a significant impact on the swell behavior of chemically treated high sulfate soils. An 
innovative method comprising of aerial technologies is used to monitor the pavement heaving. This keynote paper provides 
a comprehensive review of stabilization of high sulfate soils and methods studied to mitigate sulfate heaving.
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Introduction and background

Soils of expansive nature have been found around different 
regions of the world [4]. These soils undergo large volume 
changes comprising of shrink and swell with the moisture 
variations, leading to distress in the structures built above 
them [4, 21]. Calcium-based stabilizers such as lime and 
cement have been widely used to treat expansive soils [11] 
mainly for pavement subgrade stabilization applications. 

Soil stabilization with lime/cement elevates the system pH 
to 12.4 or above leading to the release of calcium and dis-
solution of clay alumina and silica and resulting formation 
of pozzolanic compounds. Formation of the pozzolanic 
compounds improves the volume stability, durability and 
stiffness characteristics of the expansive soils. Due to its 
availability and reasonable cost, lime has been used as the 
subgrade stabilizer in most of the transportation infrastruc-
ture projects.

In the last two decades, many cases of severe pavement 
heaving and distress were reported when the expansive 
soils containing sulfates were treated with traditional cal-
cium-based stabilizers [13, 20, 24, 28, 32]. Initially, it was 
assumed that the heave is a result of expansive soil swelling 
due to wetting. Later studies by researchers confirmed that 
the swell originated from the lime-/cement-treated subgrades 
[13, 14, 18, 23, 25]. Several pavements and infrastructure 
facilities with design service life of 20–30 years have expe-
rienced severe heaving issues shortly after construction. The 
heave and pavement distress were attributed to the complex 
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reactions occurring in a moist environment between the cal-
cium from the stabilizer, alumina, silica, and soil sulfates. 
This phenomenon is termed as “Sulfate-Induced Heave” in 
the literature.

When soils containing sulfate minerals (such as gyp-
sum, CaSO4.2H2O and sodium sulfate, Na2SO4) in natural 
formation are treated with calcium-based stabilizers, the 
system pH is elevated at which the calcium from the sta-
bilizer reacts with soil sulfates, alumina and silica to form 
the highly expansive mineral, “Ettringite” (Ca6.[Al(OH)6]2.
(SO4)3.26H2O). As the chemical composition indicates, 
the mineral Ettringite contains 26 molecules of water and 
is capable of swelling more than 137% of its volume [16]. 
Figure 1 depicts the mineral structure of Ettringite. At ideal 
temperature, humidity and elevated pH conditions mineral 
Ettringite expand in volume due to crystal growth and hydra-
tion [17, 22]. The formation and growth of Ettringite cause 
expansive stresses in the soils. These expansive stresses 

often exceed the existing overburden pressure resulting in 
heaving and pavement failures.

Figure 2 illustrates sulfate-induced pavement failure 
reported along US 67 near Midlothian, Texas, USA. When 
the temperature of the system falls below 15 °C and car-
bonates are present in the system, Ettringite is transformed 
into “Thaumasite” (Ca6.[Si(OH)6]2.(SO4).(CO3)2.24H2O) 
through a series of reactions. Both Ettringite and Thaumasite 
are highly expansive minerals. Thaumasite has been reported 
as the cause of severe heaving of pavements and parking lots 
in Las Vegas, Nevada [13]. Ettringite formation and subse-
quent heave are a complex phenomenon occurring in soils. 
It was reported that the formation of Ettringite is dependent 
on the availability of free alumina in soils, free access to 
temperature, humidity and site drainage conditions.

In addition to these factors, studies by Hunter [12] attrib-
uted the observed swell to an increase in void ratio from the 
initial compacted state due to the mineral growth. Similar 
observations of increased void ratio were made by recent 
studies conducted by Talluri et al. [36]. It is interesting to 
note that under similar chemistry and environmental condi-
tions, sulfate-induced heave is of greater concern in clays 
than in sands [26].

Based on the previous sulfate heave case studies, 
researchers recommended that when significant amounts of 
sulfates are present in the native soil, lime/cement treatment 
must either be carried out with caution or be completely 
avoided [20]. Based on the case histories and research 
conducted on the sulfate heave, there is a need to establish 
threshold sulfate level above which calcium-based stabiliza-
tion is not recommended due to the formation of expansive 
compounds and associated swelling. Studies conducted by 
Puppala et al. [28] confirmed that at sulfate levels around 
1000 ppm, lime stabilization plays an important role in 
reducing swelling of natural soils. At sulfate levels ranging Fig. 1   Schematic of the mineral structure of Ettringite

Fig. 2   Sulfate-induced pavement failure along US 67, Texas
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from 0 to 2500 ppm, the lime stabilization and sulfate reac-
tions occur simultaneously, but the magnitude and extent 
of heave depend on the lime concentration. At higher lime 
dosages, swell magnitudes were suppressed, indicating the 
dominance of stabilizing reactions.

Also, when the sulfate concentrations exceeded 
2500 ppm, the increase in lime dosage resulted in increased 
heaving due to increased amounts of Ettringite formed. Petry 
and Little [24] stated that if the soluble sulfate content in the 
native subgrade material is below 2000 ppm or 0.2%, the sul-
fate heave risk is minimal. Based on the studies conducted 
on Texas soils, Berger et al. [1] reported that soluble sulfates 
below 3000 ppm are of little concern, sulfates between 3000 
and 5000 ppm are moderate concern, 5000–8000 ppm are 
moderate to high risk and greater than 8000 ppm sulfate 
concentrations are of severe concern for stabilization using 
lime. Transportation agencies across the USA use lime in 
most of the subgrade stabilization projects due to its cost 
and availability compared to cement.

According to the guidelines developed by the Texas 
Department of Transportation (TxDOT), sulfate concen-
trations up to 3000 ppm can be stabilized by traditional 
lime with 1 day of mellowing [10]. Soils with sulfate con-
centrations up to 8000 ppm can be stabilized by providing 
additional moisture, along with other chemical treatments 
including combined lime and fly ash treatments. When sul-
fate concentrations exceed 8000 ppm, alternative treatment 
such as remove and replace or blend in non-plastic soils 
is recommended. Solutions such as remove and replace or 
blend in non-plastic soils are not preferred by the DOTs over 
the years due to economy as well as sustainability since the 
transportation of foreign materials involves increased fuel 
emissions and costs associated with transporting them.

Overall there had been no conclusive threshold sulfate 
levels that researchers agree. This can be attributed to sulfate 
levels varied for lime and cement treatments, depending on 
the source of sulfate and site conditions such as drainage 
around a project site. It is interesting to note that the sul-
fate levels at which heaving occurred varied from as low as 
320 ppm to as high as 43,500 ppm [26, 31]. The time for sul-
fate heaving appearance after chemical stabilization ranged 
from a few days to 18 months. Also, soils that experienced 
this sulfate heave included sands to silts and clays containing 
significant amounts of clay fraction.

Given the uncertainty over the sulfate levels and limited 
literature available, the guidelines developed so far have 
limited the threshold sulfate level for lime stabilization as 
8000 ppm. In addition to this, failures are particularly evi-
dent at sites where soil sulfates are at or above 8000 ppm 
level, which needs attention of the research community. 
Also, the soils with sulfate concentrations above 8000 ppm 
are called as “High Sulfate Soils” and are deemed ineffective 
for lime stabilization. To evaluate options to stabilize soils 

with sulfate levels above 8000 ppm, a research program was 
undertaken at the University of Texas at Arlington with the 
support of Texas Department of Transportation. Advent of 
the advanced sensor technologies that are compatible with 
aerial platforms such as unmanned aerial vehicle (UAV) 
systems has paved way for remotely collecting data using 
close-range photogrammetry (CRP). UAV–CRP technology 
has been used for monitoring various civil engineering assets 
like pavement, bridges, railways, and construction material 
stockpiles [33]. This innovative technology is used to moni-
tor heaving on the pavement overlain on sulfate-rich soils 
and the results are provided in the later sections of the paper. 
This is the primary objective of this research and the results 
from this study are presented in the following sections.

Testing program

The testing program consisted of two phases. Phase 1 com-
prised of engineering tests on treated high sulfate soil sam-
ples. Phase 2 comprised of chemical and mineralogical tests 
on the treated high sulfate soils to understand the clay min-
eralogy and composition. Six different soils from the state 
of Texas were chosen for this task. Selection of these soils 
was done based on the sulfate levels and PI values. Based on 
the measured sulfate contents, the soils were categorized as 
soils with sulfate contents greater than 8000 ppm, soils with 
sulfate contents less than 8000 ppm and soils with negligible 
sulfate contents. Among the six soils, three soils showed sul-
fate contents above 8000 ppm (Austin, Childress and Sher-
man). Two of the six soils have sulfate levels ranging from 
5200 to 7000 ppm (Dallas and US82). One of the six soils 
is a control soil with negligible sulfate contents (Riverside). 
Additional sulfate in the form of gypsum was added to the 
soils to be considered as high sulfate soils (> 8000 ppm). 
Based on the plasticity indices (PI), soils were categorized 
as soils with PI < 30, 30 < PI < 40, 40 < PI < 50 and PI > 50. 
Sulfate content and PI values for the test soils are presented 
in Table 1.

Table 1   Soil classification and sulfate content

*Sulfate content below 8000 ppm; additional sulfate added in form of 
Gypsum

Soil Atterberg limits USCS clas-
sification

Soluble 
sulfates 
(ppm)LL PL PI

Austin 76 25 51 CH 36,000
Childress 71 35 36 MH 44,000
Dallas 80 35 45 CH 7000*
Sherman 72 30 42 CH 24,000
Riverside 35 11 24 CL 200*
US-82 75 25 50 CH 5200*
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The aim of the current research program was to study 
heave mechanisms as well as develop techniques for sta-
bilization of “high sulfate” soils. The testing program was 
divided into Phase 1 (basic and engineering tests) and Phase 
2 (chemical and mineralogical tests). Basic tests include 
Atterberg limits, hydrometer, specific gravity and Proctor 
compaction tests. Engineering tests include 3-D volumetric 
swell/shrinkage, 1-D swell pressure and UCS tests. These 
tests were conducted on untreated and treated soil samples. 
Due to the limitation of space, only the 3-D volumetric swell 
and shrinkage results and the discussion are presented in the 
current publication.

Phase 2 tests included sulfate content (before and after 
treatment), lime dosage, reactive alumina and silica, cation-
exchange capacity (CEC), specific surface area (SSA) and 
total potassium (TP). Cation-exchange capacity, specific 
surface area and total potassium tests were conducted to 
determine the basic clay mineralogy as in the procedures 
outlined by Chittoori and Puppala [5]. The purpose of deter-
mining the clay mineralogy is that certain clay minerals 
release more alumina at elevated pH conditions compared 
to others, which is the critical component of both pozzo-
lanic and Ettringite formation reactions [6, 30]. Test soils 
were also subjected to reactive alumina and silica tests, using 
ICP-MS (inductively coupled plasma mass spectroscopy) 
to determine the amount of alumina and silica in the natu-
ral formation which upon chemical stabilization using lime 
leads to the formation of both pozzolanic and deleterious 
compounds.

In the current research study, lime was used as the sta-
bilizer with “Pre-compaction mellowing” technique. Two 

mellowing periods (0 and 3 days) were considered in the 
current study. Test soils were treated with lime and allowed 
to mellow in a moisture-controlled environment. Follow-
ing the mellowing, the samples were mixed thoroughly and 
compacted. Engineering tests were conducted on the com-
pacted soil samples. To study the effect of higher mellowing 
periods, an additional set of 3-D swell tests were conducted 
using a 7-day mellowing period. After the samples were 
subjected to swell tests, reactive alumina and silica meas-
urements were conducted to determine the loss of alumina 
and silica during stabilizing and sulfate reactions. Testing 
variables are presented in Table 2. Table 3 shows the Proctor 
compaction results for natural and 6% lime-treated soils at 
optimum moisture content.

Engineering tests on natural and treated soil 
samples

Three-dimensional volumetric (3-D) swell tests were con-
ducted in the current study using “double inundation” tech-
nique. Double inundation represents the worst possible sce-
nario in field where 100% saturation of the soil is achieved 
after a continuous rainfall event leading to maximum expan-
sive heave. Oven-dried soil samples were mixed with cor-
responding moisture content from the proctor tests and sta-
bilizer dosage and compacted by using Gyratory Compactor 
Machine at two moisture content levels (optimum and we 
of optimum moisture content). The compacted soil samples 
were placed in the water bath with moisture access from top 
and bottom, and the corresponding swell is measured over 
a period of 10 days. Final swell magnitudes for the natural 

Table 2   Testing variables for 
phase #1 and #2

Description Variable

Soils Six (Austin, Childress, Dallas, Sherman, Riverside, and US-82)
Sulfate contents Five (12,000 ppm; 20,000 ppm; 24,000 ppm; 36,000 ppm; and 

44,000 ppm)
Stabilizer One (lime)
Dosage One (6%)
Compaction moisture contents Two (Optimum, OMC and Wet of optimum, WOMC)
Mellowing periods Three (0, 3 and 7 days)

Table 3   Summary of proctor 
tests on natural and treated soils

Soil Soil classifi-
cation

Elevated sulfate 
content (ppm)

Untreated soil 6% lime-treated soil

wt% MDD (pcf) wt% MDD (pcf)

Austin CH 36,000 18 106 21 95
Childress MH 44,000 21 103 22 96
Dallas CH 12,000 28 92 29 87
Sherman CH 24,000 27 89 28 87
Riverside CL 20,000 20 99 21 98
US-82 CH 12,000 24 91 26 89
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and treated soil samples (at different mellowing periods) are 
presented in Figs. 3, 4 and 5.

Volumetric shrinkage tests were conducted to measure 
the decrease in the total volume of soil specimens due to 
loss of moisture content from predetermined initial mois-
ture content to a completely dry state. In the current study, 
3-D volumetric shrinkage tests were conducted on natural 
and treated soil samples as per the modified methodology 
developed by Puppala et al. [29]. Compared to the linear 
shrinkage bar test, this test offers several advantages such 
as reduced interference of boundary conditions on shrink-
age, larger amount of soil being tested, and simulation of 

compacted state. Table 4 summarizes the findings of the 
3-D shrinkage tests.

Chemical tests on natural and treated soil samples

Phase 2 testing comprised of various chemical tests to deter-
mine the optimum lime dosage, sulfate level (before and 
after 3-D swells), clay mineralogy determination and reac-
tive alumina and silica measurements. Lime content is deter-
mined as per the “Eades–Grim” test [7] in accordance with 
ASTM D 6276 standard. In this method, different dosages of 
lime are added to the soil and the soil pH is measured. The 

Fig. 3   3-D swell tests: natural and 6% lime; Austin and Childress soils

Fig. 4   3-D swell tests: natural and 6% lime; Dallas and Sherman soils
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minimum amount of lime dosage that ensures a sustained 
pH of 12.4 is considered as the optimal lime dosage. A sus-
tained pH of 12.4 ensures strength-producing lime–soil poz-
zolanic reactions in the treated soil samples. The optimum 
lime dosage is determined as 6% for the soils considered in 
the current study.

Soluble sulfate content for the soils was measured using 
modified UTA method [27]. Modified UTA method is a 
gravimetric sulfate measurement technique which provided 
consistent and accurate results irrespective of the sulfate 
source and dilution ratio considered as reported by Talluri 
et al. [35] and Freese et al. [9]. Sulfate measurements were 
conducted on natural soils as well as treated soils. For the 
treated soils, sulfate tests were conducted on the compacted 
samples monitored for 3-D volumetric swell after the swell 
monitoring period where some portion of the initial sulfate 
is consumed in the sulfate reactions. Table 5 represents the 
initial and final sulfate contents for the soils considered in 
the current study.

Clay mineralogy determination consisted of determining 
the cation-exchange capacity (CEC), specific surface area 
(SSA) and total potassium (TP) measurements. CEC of a 
soil can be defined as the capacity or the ability of the soil to 
exchange free cations that are available in the exchange loca-
tions. The method developed by [3] is the most commonly 

Fig. 5   3-D swell: natural and 6% lime; Riverside and US-82 soils

Table 4   3-D shrinkage tests 
on natural and 6% lime-treated 
soils

Soil Average volumetric shrinkage strain (%)

Natural 0-day mellowing 3-day mellowing

OMC WOMC OMC WOMC OMC WOMC

Austin − 8.8 − 11.3 − 4.8 − 8.6 − 5.4 − 9.7
Childress − 14.1 − 15.7 − 2.4 − 2.6 − 3.1 − 4.0
Dallas − 19.7 − 26.2 − 8.8 − 11.0 − 8.6 − 11.0
Sherman − 15.6 − 20.6 − 7.6 − 8.9 − 6.3 − 9.4
Riverside − 12.5 − 14.0 − 3.1 − 3.0 − 4.6 − 3.8
US− 82 − 13.7 − 20.2 − 7.1 − 8.5 − 9.8 − 10.4

Table 5   Measured initial and final sulfate contents

Soil Natural sulfate 
content (ppm)

Sulfate content (ppm)

3-day mellowing 7-day mellowing

OMC WOMC OMC WOMC

Austin 36,000 24,480 24,520 18,720 18,900
Childress 44,000 19,800 20,000 15,840 15,960
Dallas 12,000 9600 10,000 9000 9400
Sherman 24,000 17,280 17,500 12,000 12,400
Riverside 20,000 13,800 14,000 11,600 11,800
US-82 12,000 9480 9600 8520 8700
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used method in the field and is used in the current research. 
The method involves the addition of a saturating solution 
and then removal of the adsorbed cations, using an extract-
ing solution. Specific surface area or SSA of a soil sample 
is the total surface area contained in a unit mass of soil. The 
soils with high specific surface area have high water hold-
ing capacity and greater swell potential. SSA is determined 
in the current study using adsorption by ethylene glycol 
monoethyl ether (EGME) [2]. Potassium is the inter-layer 
cation in the clay mineral illite [19]. Hence, measuring the 
amount of potassium ion in the soil gives a direct indication 
of the presence of the mineral illite.

In the current study, the methodology formulated by [15] 
was followed for determining the specific surface area of 
the soils. Following determination of the CEC, SSA and 
TP, the clay mineralogy of the soils is obtained as per the 
procedure outlined by Chittoori and Puppala [5]. Table 6 
summarizes the mineralogical composition of the six soils 
considered in the current study. Reactive alumina and silica 
are the aluminum and silica present in amorphous or poorly 
crystalline Al/Si phases, including amorphous aluminosili-
cate, organically complex alumina and hydroxyl-Al poly-
mers present in montmorillonite inter-layers. Measurement 
of reactive alumina and silica is important as they constitute 
the composition of Ettringite and Thaumasite, respectively.

Reactive alumina and silica measurements were con-
ducted in the current study using inductively coupled plasma 
mass spectroscopy (ICP-MS) analysis as per the procedure 
outlined by Foster [8]. Table 7 presents the results of the 

reactive alumina and silica measurements at optimum mois-
ture content on natural and treated soils. In the following 
sections, analyses of the engineering and chemical tests are 
presented.

Analysis of the engineering and chemical 
tests

In this section, the authors tried to elucidate the behavior 
of chemically treated high sulfate soils (based on the engi-
neering and mineralogical tests conducted) as well as the 
applicability of pre-compaction mellowing (for a particular 
soil type) based on the swell and mineralogy studies con-
ducted. Figures 3, 4 and 5 present the 3-D volumetric swell 
for the high sulfate soils considered in the current study. It 
can be observed that in untreated condition, Austin, Dallas, 
Sherman and US-82 soils have high swelling potential with 
the volumetric swell in excess of 10% which characterizes 
them as expansive soils [4]. With 0-day mellowing, the high-
est swell magnitude was observed in the US-82 soil (26%), 
whereas Austin soil showed the lowest swell (8.8%). The 
volumetric swell increased due to lime treatment at 0-day 
mellowing in all the soils, except for the Austin soil, where 
the volumetric swell strain value reduced from 16.6% for 
natural soil to 8.8% after lime treatment.

In 3-day mellowed samples, the volumetric swell 
reduced below the natural level for four of the soils tested. 
Swell magnitudes in these soils were less than the natural 
swell, showing the effects of stabilization. All the four 
soils which responded positive to 3-day mellowing have 
sulfate contents below 30,000 ppm. The two soils which 
could not be stabilized by 3-day mellowing are Austin and 
Childress, both with sulfate levels higher than 30,000 ppm. 
With 7-day mellowing, further reduction in swell was 
observed in the Riverside, Dallas, US-82 and Sherman 
soils. The observed volumetric swells in these soils were 
below 10%, which is considered non-problematic and 
indicating that mellowing was effective in these soils. In 
Austin and Childress soils (sulfate contents greater than 
30,000 ppm), swell further increased beyond the natural 
swell with 7-day mellowing, showing the dominance of 

Table 6   Clay mineralogical distribution for the soils

Soil region Soil clas-
sification

%Illite %Kaolinite %Mont-
moril-
lonite

Austin CH 14.5 48.6 36.9
Childress MH 18.3 65.9 15.8
Dallas CH 15.2 34.6 50.2
Sherman CH 13.2 20.3 66.5
Riverside CL 21.2 58.7 20.1
US-82 CH 13.7 39.2 47.1

Table 7   Reactive alumina and 
silica measurements at OMC

Soil Natural 0-day mellowing 3-day mellowing

Al Si Al Si Al Si

Austin 58.9 15.4 22.8 6.1 18.9 5.1
Childress 75.8 12.6 28.1 5.9 32.2 7.2
Dallas 289.9 231.2 87.6 68.2 122.2 69.2
Sherman 279.2 137.3 115.9 47.1 131.9 50.3
Riverside 297 379.8 108.8 42.8 183.7 49.4
US-82 323.3 187.1 94.2 19.9 135.6 27.3
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sulfate reactions with increased mellowing periods. Fur-
ther discussion and analysis on ineffectiveness of mellow-
ing in two high sulfate soils (Austin and Childress soils) 
are presented below.

Three-dimensional volumetric shrinkage tests on lime-
treated high sulfate soils (at different periods of mellow-
ing) showed reduction in shrinkage behavior compared to 
those of natural soils. In four of the six soils, there was 
a slight increase in shrinkage strain with 3-day mellow-
ing compared to the 0-day mellowing. The reason for this 
behavior could be due to higher moisture provided. An 
additional 3% to cater for moisture loss during mellowing 
was added to the treated soils in the case of 3-day mel-
lowed soils. Overall, it can be concluded that the pres-
ence of sulfates does not have any impact on the shrinkage 
strain behavior of the treated high sulfate soils.

From Table  7, Austin and Childress soils have the 
lowest reactive alumina and silica contents among the 
six soils considered in the current study. It is reported 
in the literature that Ettringite formation depends on the 
amount of reactive alumina present in the system. Low 
alumina contents favor the trisulfate hydrate (Ettringite) 
formation, whereas high alumina contents lead to simul-
taneous formations of pozzolanic and Ettringite reactions. 
Low alumina contents coupled with high sulfate levels 
in Austin and Childress soils (sulfate levels in excess of 
30,000 ppm) resulted in the Ettringite formation/hydration 
reactions dominating the pozzolanic reactions which occur 
in chemically treated soils. This could be the reason for 
the increased swell volumes in both soils with mellowing.

From Table 6, one can observe that both Austin and 
Childress soils have mineral Kaolinite dominance. Der-
matas [6] reported that Kaolinite mineral releases more 
alumina during the hydration reactions compared to 
other clay minerals. Austin soil is high plasticity clay, 
whereas Childress soil is high plasticity silt, both with 
mineral Kaolinite dominance over other minerals. High 
sulfate content and readily available alumina from mineral 
Kaolinite could be the reason for ineffectiveness of mel-
lowing in Austin and Childress soils. In addition to the 
mineralogical composition of the soils, an attempt was 
made to study the effect of compaction void ratios on the 
swell behavior of soils. The void ratios of the test soils in 
compacted state were calculated using specific gravity and 
maximum dry density from proctor curve. The void ratios 
of the test soils at optimum moisture content (OMC) are 
presented in Table 8. One can observe that both Austin 
and Childress soils have low void ratios compared to other 
soils. Due to the low void ratio, the Ettringite formation 
and growth could not be accommodated in the dense soil 
matrix leading to more heaving. Also, Austin and Chil-
dress soils have sulfate contents above 30,000 ppm and 
the reactive alumina and silica contents in these soils were 

lower than 100 ppm. Combination of low void ratios, high 
sulfate contents and low reactive alumina and silica could 
be the reasons why mellowing was ineffective in mitigat-
ing heaving in these two soils.

Long‑term performance of pavement sections

Three test sections comprising of one control and two treated 
test sections were constructed on US 82 highway near Bells 
in Grayson County, Texas. These test sections aided in 
screening and evaluation of stabilizers for sulfate soil con-
ditions. Control Section (Test Section 3) consisted of a lime 
treatment subgrade section with a 3-day mellowing period, 
which is a commonly practiced stabilization technique by 
TxDOT. Test sections 1 and 2 are composed of lime–fly ash-
treated and lime-treated sections, respectively, with varying 
mellowing time durations. Layout of these test sections is 
presented in Fig. 6. Figure 7 presents swell strain test results 
from soil samples taken from three test sections. These 
results showed that the control soils experienced swelling, 
whereas soil samples taken from the present test sections 1 
and 2 experienced minimal heaving.

Pavement site inspection

Unmanned aerial vehicle monitoring

UAV–CRP technology has been used for various civil engi-
neering applications in the last decade. Visualization of the 
data obtained from a close-scale inspection of pavement by 
this technology can provide multiple attributes of the pave-
ment like distress information and geometric information 
[34]. If this technology can be utilized effectively, thousands 
of miles of pavements laid over these sulfate soils can be 
monitored efficiently and safely. This research had adopted 
the UAV–CRP technology by mounting a visible range 
camera on the UAV and collected the pavement profile data 
remotely by flying away from the pavement and inclined 
camera focusing on the pavement as shown in Fig. 8.

Table 8   Compaction void ratios of test soils

Soil type Sulfate content (ppm) Void ratio 
(e@OMC)

Austin 36,000 0.54
Childress 44,000 0.52
Dallas 12,000 0.84
Sherman 24,000 0.86
Riverside 20,000 0.61
US-82 12,000 0.82
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The collected images were processed to generate high 
quality three-dimensional dense point cloud model, con-
tour map, orthomosaic and digital elevation model (DEM). 
Heaving can be identified by continuous alternating colors 
indicating frequent change in elevation along with the 
stretch. Hence, the perception of the elevation profile of 
pavement and surroundings offered by the color-coded 
elevations in DEM helps in identifying heaving, as shown 
in Fig. 9. The DEM and corresponding orthomosaic shown 
in Figs. 9 and 10, respectively, do not indicate any abrupt 
change in the elevation of the pavement profile. DEM also 
indicates that the pavement profile is sloping downwards 
along the longitudinal direction, indicated by the black 

arrow pointing toward the vehicular movement direction 
in Figs. 9 and 10. The UAV–CRP data collected and pro-
cessed have indicated that there is no heaving.  

Summary and conclusions

The following conclusions were made from the study pre-
sented in this paper:

•	 The formation of expansive Ettringite mineral was attrib-
uted to the presence of calcium from lime, reactive alu-
mina from soil, soluble sulfates and moisture availability 
in the treated soils.

•	 Based on the tests conducted on lime-treated high sulfate 
soils, it was concluded that it is the swell behavior that is 
of importance than the shrinkage in chemically treated 
high sulfate soils.

•	 Sulfate content has a significant effect on the stabiliza-
tion of high sulfate soils. The purpose of mellowing is to 
solubilize the entire available sulfates during mellowing 
period so that no sulfate is available later to form Ettrin-
gite/Thaumasite. Two of the six soils in the current study 
have high sulfate contents and the entire sulfate could not 
be dissolved during mellowing period. These are some 
of the reasons that have resulted in mellowing not being 
effective on these two soils.

Fig. 6   Layout of three test sections

Fig. 7   Vertical swell strains of soils sampled from three test sections
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•	 Four of the six soils in the current study were success-
fully stabilized using “pre-compaction” mellowing tech-
nique. These soils have sulfate levels below 30,000 ppm.

•	 The current study confirmed past research findings that 
soils with Kaolinite mineral dominance are more prone 
to Ettringite induced heaving when compared to the soils 
with other mineral dominance provided all other factors 
(sulfate content, reactive alumina and silica contents) 
remain the same. Since reactive alumina and silica are 
major constituents of the strength related pozzolanic 

reactions, soils with low reactive alumina, silica and high 
sulfate contents showed dominance of Ettringite reac-
tions over the pozzolanic reactions which are manifested 
in the form of excessive heaving.

•	 The compaction void ratios also have significant influ-
ence on the Ettringite growth and subsequent heaving 
since soils with higher void ratios can accommodate 
the initial Ettringite growth. In the current study, it was 
observed that the two soils that could not be stabilized 
effectively with mellowing have lower void ratios that 

Fig. 8   UAV-CRP data collec-
tion on US-82 highway section

Fig. 9   Digital elevation model 
(DEM) of US-82 highway 
section
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could not possibly accommodate any Ettringite forma-
tion and growth leading to higher observed swells.

•	 Field sections were constructed using lime–fly ash-
treated soils and lime-treated soils, both with 3-day 
mellowing periods. Both laboratory tests on field sam-
ples and field data monitoring using UAVs showed 
minimal heaving indicating that both methods provided 
effective treatment of mitigating heaving in high sulfate 
soils.
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