
Modified Stabilization Design Incorporating Clay Mineralogy of Soil

Puppala, A.J. Chittoori, B.C.S.
Professor Faculty Associate-Res.

e-mail: anand@uta.edu e-mail sinu@uta.edu

Civil Engineering Department, The University of Texas, Arlington, Arlington

ABSTRACT

Stabilization of expansive soils using chemical additives such as cement and lime has been practiced for several

decades and these treatments provide stable treated subgrade foundation for supporting pavements, thereby offering

riding comforts to travellers. Many state Department of Transportation (DOT) agencies in the United States

reported certain subgrade failures even after stabilization with chemical additives due to a loss of stabilizer over

a time period, or a stabilizer being ineffective in soils while other soils with the same index properties respond

well to that stabilizer. These problems are attributed to the limitation of the current stabilizer design, which is the

lack of understanding of the complex interactions between the clay mineralogy of the soil and the additives used

for soil stabilization. Hence, in this research, an attempt is made to address these limitations in the soil stabilization

area. Incorporation of the clay mineralogy aspects of the soils into the stabilization design process was first

addressed, followed by durability studies to address the long-term effectiveness of the stabilization and leachate

studies. For this purpose a total of four soils having similar plasticity index values were selected and mineralogical

tests were performed to obtain the dominating clay mineral in the soils. Mix design was performed on these soils

as per the current stabilization procedures and durability studies including wetting/drying and leachate studies

were performed to assess the performance of the stabilizer in its design life. Based on the performance of the

treated soils, design modifications were suggested to current design methods to incorporate clay mineralogy into

the stabilizer design process.
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1. INTRODUCTION

Soil Stabilization

Soil stabilization is the process of improving engineering

behavior of a soil by changing one or more properties of

the soil (Sherwood, 1993).  In essence, it is the alteration

or preservation of one or more soil properties to improve

the engineering characteristics and performance of a soil.

Pavements are usually designed based on the assumption

that specified levels of quality will be achieved for each

soil layer in the pavement system.  Each layer must resist

shearing within the layer, avoid excessive elastic

deformations that would result in fatigue cracking within

the layer or in overlying layers, and prevent excessive

permanent deformation through densification (Huang,

2004). Generally, the soil quality improvements through

stabilization include; better soil gradation, reduction of

plasticity index or swelling potential and Increases in

durability and strength.

The two frequently used methods of stabilization are

mechanical compaction or chemical stabilization with

calcium additives (Hausmann, 1990). In stabilization by

compaction method, soil density is increased by the

application of short-term external mechanical forces,

including compaction of surface layers by static, vibratory,

or impact rollers and plate vibrators; and deep compaction

by heavy tamping at the surface or vibration at depth

(Moseley, 1993). Stabilization by chemical additives is

accomplished by mixing or blending soils with stabilizing

agents like lime and cement, usually in low amounts to

change both the physical and the chemical properties of

the stabilized soil (Sherwood, 1993).  This method is also

referred as ‘additive method’ and ‘chemical stabilization’

Lime can be used to treat soils to varying degrees,

depending upon the objective of the stabilization for a

specific project.  The least amount of treatment is used to

dry and temporarily modify soils.  Such treatment produces

a working platform for construction or temporary roads.

The highest amount can be used when it is being used to

improve the soil strength properties for supporting civil

structures (Sherwood, 1993).
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Cement has been found to be effective in stabilizing a

wide variety of soils, including granular materials, silts,

and clays; byproducts such as slag and fly ash; and waste

materials such as pulverized bituminous pavements and

crushed concrete.  These materials are used in pavement

base, subbase, and subgrade construction (Little et al.,

2000).  It is generally more effective and economical to use

it with granular soils due to the ease of pulverization and

mixing and the smaller quantities of cement required.  Fine-

grained soils of low to medium plasticity can also be

stabilized, but not as effectively as coarse-grained soils.  If

the PI exceeds about 30, cement becomes difficult to mix

with the soil. In these cases, lime can be added first to

reduce the PI and improve workability before adding the

cement (Hicks, 2002).  Cement stabilization develops from

the cementitious links between the calcium silicate and

aluminate hydration products and the soil particles (Croft,

1967).  Addition of cement to clay soil reduces the liquid

limit, plasticity index and swelling potential and increases

the shrinkage limit and shear strength (Nelson and Miller,

1992).

Puppala et al. (2004) studied the effectiveness of sulfate

resistant cement stabilizers Types I/II and V in providing

better treatment of sulfate rich soils.  Experiments were

designed and conducted on both control and cement treated

sulfate soils to investigate compaction relationships,

Atterberg limits, linear shrinkage and free swell strain

potentials, unconfined compressive strength (UCS), and

low strain shear modulus properties.  Sulfate resistant

cement stabilizers of Types I/II and V were used and

following tests were performed after curing: UCS (ASTM-

D 2166), resonant column tests (ASTM-D 4015-92), free

swell tests (ASTM-D 4546) with a little modification of

using low seating pressures, and linear shrinkage bar tests

(TEX-107-E).

Al-Rawas et al. (2005) evaluated the effect of lime,

cement, and combinations of lime and cement treatment

on the swelling potential of expansive soils.  The liquid

limit of all treated samples except for samples treated with

5% lime plus cement showed an initial increase at the

addition of 3% stabilizer, followed by gradual decrease.

On the other hand, the samples treated with combinations

of lime, cement exhibited an initial reduction at 3% lime +

3% cement, and 5% lime + 3% cement followed by a general

increase with further additions.  All stabilizers caused a

reduction in both swell pressure and swell percent.  With

the addition of 6% lime, both the swell percent and swell

pressure were reduced to zero.

Although chemical stabilization has proven successful

in increasing the strength of the natural expansive soils by

twenty to fifty times, and is widely used throughout Texas,

situations arise where above mentioned approaches cannot

be used.  For example, chemical stabilization cannot be

used when the temperature is below 40oF and in cases there

are not enough time for curing before traffic is routed back

(Hopkins et al., 2005).

Presently there are many stabilizers in the market, but

not all the stabilizers give the same effect on all soils.  A

particular stabilizer is good for a particular kind of soil.

Now, selecting the stabilizer is a deciding factor as, the

effect of the stabilization is a long-term issue and it is not

possible to check the correctness of the selection until there

is some problem in the future which might be after a year

or longer, and it is not always economical or sometimes

possible to re-stabilize using a different stabilizer.

Burroughs (2006) has investigated the influence of

stabilizers and soil properties on the strength of stabilized,

compacted earth.  219 tests were made on 104 different

soils varying the soil properties and the stabilizers.  The

results of the study stress the importance of selecting a soil

whose characteristics are favorably predisposed to

stabilization in order to attain satisfactory strengths of

compacted earth.

The main focus of this paper is to review the

stabilization design procedures and develop a framework

where stabilization design can be improved for soils with

less number of stabilized soil failures.

Review of Current Stabilization Procedures

A review of the literature has been carried out in order to

outline current state of practice and stabilization guidelines

followed by several agencies like Texas Department of

Transportation (TxDOT), the US Army and Air Force,

Portland Cement Association, National Lime Association,

ASTM Standards, and other relevant researches available,

either nationally or worldwide.  The most significant studies

found are summarized in the following sections. A good

summary from several highway agencies was found in a

technical note (TENSAR, 1998), including examination

of engineering properties, discussions of design,

construction and economics for lime, cement and fly-ash

stabilization, where soft subgrades are encountered in

construction.

Many variables are considered to obtain effective soil

stabilization, especially when the objective is to provide a

long-term effect on the treated materials.  They can be divided

into the following three steps: (1) Soil Exploration, Material

Sampling, Soil Classification and Acceptance Testing, (2)

Additive Selection, and (3) Mix Design.  The flowchart

shown in Figure 1 provides a simplified illustration of the

steps required for successful subgrade treatment TxDOT

stabilization guidelines provide a quick reference to the

selection of additives.  The selection of the appropriate

additives for subgrades is summarized in Figure 2.
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Obtain samples of each 
material on the project in 

accordance with Tex-100E

Perform Soil Classification (Tex-142-E), Sieve Analysis 
(Tex-110-E), Atterberg Limits (Tex-104, 105, 106 and 107-

E), and sulfate content (Tex-145-E and Tex-146-E)

Sulfate content 
greater than 
3000 ppm

Refer to Guidelines on 
Treatment of Sulfate Rich 

Soils

YES

Select initial additive(s) using additive selection 
criteria described in Step 2

Perform mix design to determine the improvement of 
engineering properties at varying concentrations of 

selected additive

NO

Evaluate the overall improvement and durability of 
the enhanced engineering and material properties. 

Proceed with construction

Do the improved 
properties meet 

minimum project 
requirements and 

goals?

NO

YES

STEP 1: 
Soil Exploration, 
Material Sampling 

and Classification

STEP 2: 
Additive(s) 
Selection

STEP 3: 
Mix Design

 
  

Fig. 1: Flowchart for Subgrade Soil Treatments (From TxDOT Guidelines)

Fig. 2: Additive Selection Criteria for Subgrade Material using Soil Classification (From TxDOT Guidelines)
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According to US Army and Air force stabilization

guides i.e. Army TM 5-822-14 and Air Force AFJMAN

32-1019 reports, the factors that must be considered for

the selection of a stabilizer are type of soil to be stabilized,

purpose for which the stabilized layer will be used, the

type of soil improvement desired, required strength and

durability, and cost and environmental conditions

(AFJMAN/Army TM, 1994).

The procedures to select the adequate percentage

necessary to stabilize base and subgrades are separated by

type of additive. For examples, Texas department of

transportation recommends Tex-120-E method for cement

treatment, Tex-121-E method for lime treatment and Tex-

127-E method for fly-ash stabilization. One limitation

shown in the flow chart is the stabilization of soil is

dependent on plasticity index or PI of the soil. Two soils of

different clay mineralogy can have same PI values and thus

they both will be treated with the same additive and its

dosage. Such approach can be problematic which will lead

to premature failure of one of the subsoils.

2. MATERIALS AND METHODS

Soils and Stabilizers

Four natural expansive clayey soils were sampled from

different locations in Texas based on their plasticity index

(PI) values. The soils were selected such that their PI values

lie between medium to high PI range in order to compare

stabilization performance on similar PI materials. The soils

namely Austin, Bryan, El Paso and Fort Worth are selected

for this purpose and are named after the region from which

they were obtained. X-ray diffraction studies and chemical

studies were conducted on all four soils to obtain their

mineralogical properties.  The classification tests along with

their mineral dominance are given in Table 1.

Table 1: Gradation and Atterberg Test Results Along with

Dominant Clay Mineral

Gradation, % 
Atterberg 

Limits 

Soil 

Name 

Dominant 

Mineral 

Gravel Sand Silt Clay LL PL  

Austin M 0 5 38 57 41 17  

Bryan K 0 13 40 47 45 14  

El 
Paso 

I 0 37 42 21 30 14  

Fort 

Worth 
M 0 11 37 52 61 32  

 M—Montmorillonite, K—Kaolinite, I—Illite

Hydrated lime (Ca(OH)
2
) was used to stabilize all the

soils based on the procedure outlined by TxDOT manual

(refer to Figure 2). This lime additive contained around

72% of CaO and 23% chemically mixed water (MSDS-

Hydrated Lime). Stabilization design for all four soils was

conducted as per the Texas Department of Transportation

(TxDOT) test procedure (TX 120-E). An initial

approximation of lime percent was obtained from Eades

and Grim’s test method and the final percent lime was

determined as per TxDOT’s pavement manual, which

recommends an unconfined compressive strength (UCS)

of 50 psi after treatment. Table 2 presents the % lime

selected for each of the soils along with its dominating

mineral. Stabilized soils were then subjected to leachate

studies and these results are presented in the next section.

Table 2: Type and Amount of Chemical Additive Selected

Along with Soil Classification and Dominating Clay Mineral

Soil Classification 

USCS 

Plasticity 

Index, % 

Type of 

Additive 

Amount 

of 

Additive 

Austin CH 34 Lime 6% 

Bryan CH 31 Lime 8% 

El 
Paso 

CL 16 Lime 8% 

Fort 
Worth 

CH 29 Lime 6% 

 Chemical Leachate Studies

A test protocol was developed by McCallister (1990) at the

University of Texas at Arlington, USA to address the

permanency of the chemical stabilization from moisture

flows during rainfall events, ground water flows and

moisture migration from suction and head differences. This

test utilizes a flexible wall mold housing the compacted

stabilized soil specimen.

Figure 3 shows a photograph of the test setup used in

this research. This setup is similar to the one used by

McCallister (1990) for leachate studies conducted at UTA

with the exception of a modification in the size of the soil

specimen (150 mm or 6 in. diameter instead of 200 mm or

8 in. diameter). An attempt was made to simulate the flow

scenario close to Texas conditions. Specimens of each soil/

additive combination were prepared at the optimum

moisture content and maximum dry density condition.

Lime-treated soil specimens were first mellowed for 24

hours and then cured for seven days in a 100% humidity

controlled moisture room prior to subjecting them to the

leachate process related test.

The cured and treated soil specimen was subjected to

moisture flow from a water tank at a constant pressure. A

few preliminary tests were conducted to finalize the

pressures that need to be applied to the water flow through

the soil specimens. These pressures varied from soil to soil

as the ultimate goal of completing one leaching cycle in

one day depends on the flow properties of the soil. One

leaching cycle is defined as the amount of leachate volume

collected and this is equivalent to the void volume of soil
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specimen. Specimen void volume is defined as the total

voids/pores (air voids + water voids) present in a compacted

soil specimen.

Fig. 3: Apparatus Used to Conduct Leachate Studies

Cured soil specimens were kept inside the sample

leachate cell and the top plate was fastened in place using

the fasteners. A confining pressure higher than the flow

pressure was then applied via the confining pressure inlet

as shown in Figure 3. The water was then allowed to pass

through the top of the specimen under a constant flow

pressure and the leachate was collected in twenty-liter

carboys as shown in the photograph of Figure 3.

Leachate tests were conducted on several identically

prepared and cured soil specimens. Leachate samples were

collected after 3, 5, 7, 11, and 14 cycles of leaching and

UCS tests were conducted on the soil specimens after 3, 7

and 14 cycles of leaching.  Leachate samples collected were

tested for amount of calcium after the corresponding

leachate cycles. Results were statistically analyzed to

address the loss of stabilizer due to leaching.

Wetting Drying Studies

Another important test to address the durability of chemical

treated soils in arid environments is by exposing the treated

soil specimens to various cycles of wetting and drying

processes. During these processes, both the volume change

and soil strength and stiffness can be determined. These

properties will provide insights into the effects of seasonal

moisture fluctuations on the soil property variations. ASTM

D 559 method is the standard method often used to perform

wet-dry cycles investigations.

The procedure outlined by ASTM D 559 method was

followed in this research to reflect both wet and dry cycle

conditions close to Texas conditions in a reasonably short

time period. According to this method, each wet-dry cycle

consisted of submerging the soil sample in water for 5 hours

and then placing them in a 70°C oven for 42 hours. During

each wetting and drying process, the vertical soil

movements were measured and the volumetric changes were

measured after each wetting and drying cycles.

The test was then continued until the completion of

twenty one (21) wet-dry cycles or the failure of soil specimen,

whichever is earlier. Details of test setup can be seen in Figure

4. During wetting and drying periods sample size changes

were measured in all the three dimensions. Vertical

movement was measured with the help of a dial gauge and

radial movement was measured using a “pi tape”. After 3, 7,

14 and 21 cycles, the samples were subjected to UCS tests.

     

                   (a)                                       (b)

Fig. 4: Apparatus used for the Wet/Dry Studies:

 (a) Wetting (b) Drying

3. RESULTS AND DISCUSSIONS

Leachate Studies Results

There was a decrease in the calcium ion concentration after

14 cycles of leaching in all soil samples, but the decrease

was not very high. The total amount of calcium ions leached

out after all the 14 cycles was converted into percentage of

lime leached out, using conversion charts. These charts

were prepared by adding known amounts of lime to distilled

water and then finding out the calcium in the solution.

Table 3 presents the percentage of lime leached out after

14 cycles of leaching from each of the soils.  The percent

of the lime leached out of the soil is small (less than 0.5%)

and therefore the strength drop was not considerable.

Unconfined compression strength tests were performed

on soil samples that underwent 3, 7 and 14 cycles of

leaching. The results are summarized in Table 1 in the

form of percent-retained strength, where percent-retained

strength could be defined as the fraction of strength the

sample could experience immediately after curing or before

the leaching process started. It can be observed from the

table that all the soil types have retained more than 85% of

their initial strength. Hence, it could be inferred that

leaching did not have much influence on the performance

of the chemical stabilizer as the percent lime additive

leached out was very little (less than 0.5%).

Table 3: Percentage Lime Loss and Retained Strength

After 14 Cycles of Leaching

Soil 

Name 

Dominating 

Mineral 

% Lime 

Leached out 

% Retained 

Strength 

Austin M 0.40 98.8 

Bryan K 0.40 88.9 

El Paso I 0.34 88.5 

Fort 
Worth 

M 
0.50 97.0 

 M—Montmorillonite, K—Kaolinite, I—Illite
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Wet/Dry Cycles Results

Wetting/Drying (W/D) related durability studies were

conducted on standard cured soil specimens following the

procedures outlined in the previous section. As expected

the untreated soil specimens failed after only one or two

W/D cycle, while the treated soil specimens lasted for more

cycles. Volumetric measurements were taken and UCS tests

performed after 3, 7, 14 and 21 cycles of W/D. The results

from these tests are summarized in Table 4. It can be

observed from the table that Fort Worth sample lasted

Loss of strength in clays rich with montmorillonite is

attributed to hydration of montmorillonite minerals leading

higher expansion. This opens up the clay matrix for more

volume changes and possible leaching out of the treated

soils. It should be noted that the leachate tests discussed

earlier were performed in specimens placed in confined

and enclosed conditions whereas durability studies does

allow volume changes in soil specimens due to swelling

and shrinking environment in unconfined conditions. As a

result, quick loss of lime with cycles might have taken place

and resulted in rapid loss of strength in montmorillonite

rich clays. It should be noted here that more testing is

needed to understand the influence of clay mineralogy on

strength variations in treated clays subjected to W/D cycles.

Hence, more soils with different clay mineralogies are

currently being researched.

This is an important finding as it shows the influence

of clay mineralogy on the durability of chemical

stabilization as soils with the same PI, but different clay

mineralogy will not experience similar treatment

effectiveness. Hence, the current approach of PI based

chemical stabilizer design has not provided sufficient

insights into the chemical stabilizers and their performance

for longer periods.

Table 4: Percentage Drop in Strength and the Cycles Survived

Along with the Dominant Clay Mineral

Soil 

Name 

Dominating 

Clay 

Mineral 

% M 

No. of Cycles 

Sample 

Survived 

% Loss 

in 

Strength 

Austin M 54 12 100 

Bryan K 22 21 11 

El Paso I 8 21 12 

Fort 

Worth 
M 60 11 100 

 M—Montmorillonite, K—Kaolinite, I—Illite

Proposed Design Chart

Figure 5 illustrates the flowchart for the proposed

accelerated design procedure.  In this study, it was found

that the selection of type and concentration of additives

based on soil gradation and plasticity may not be adequate.

For example, two subgrades with the same plasticity indices

(PIs) react differently to the same stabilizer and this

variation is attributed to the dominant clay type found in

the fines of the soil.  Hence, better and more reliable

strategies are needed for screening of clay mineralogy in a

soil for successful design and use of a stabilizer for a given

soil type.

4. SUMMARY AND CONCLUSIONS

Two series of moisture conditioning studies comprising of

leachate and durability studies were conducted on several

clayey soils to address the permanency and leachability of

the chemical treatments. The first method explored the

leaching problems associated with rainfall moisture

infiltration and the second method addressed the volumetric

and strength changes of the soils subjected to wetting and

drying cycles simulating seasonal changes. Effects of clay

mineralogy are included in the analyses of test results.

Leachate tests were conducted on soil specimens cured

for seven days. Leachate samples collected were tested for

‘pH’ and the presence of ‘calcium ions’. There is a

decrease in the calcium ion concentration after fourteen

cycles of leaching in all soil samples, but the decrease in

terms of percent loss of lime stabilizer is rather small. The

changes in pH were also small and insignificant. There

was no considerable strength loss in any of the soil

specimens tested after fourteen (14) cycles of leaching and

this low strength decrease was attributed to the low

number of leaching cycles (14) studied in this research,

which represents a shorter duration of leaching in the real

field conditions.

Nevertheless, leachate studies of this research

indicate that leaching in clay occurs, however the leach

rate is low and may not be problematic for initial time

periods following the chemical stabilization. Wetting/

Drying studies were conducted on 7-day cured soil

specimens. Results from the Paris clay soils show that

untreated soils lasted for one (1) W/D cycle while

treated soils lasted for seven (7) cycles. El Paso clay

results show that the untreated soils lasted for one W/D

cycle while treated soils lasted for all twenty one (21)

cycles. The main reason for this diverse behavior can be

attributed to the dominance of the clay mineral present

in the soils. The dominating clay mineral in Paris clay

is Montmorillonite and the same in El Paso clay is

Illite. Overall, it can be concluded that the stabilized

soils with montmorillonite as a dominant mineral are

more susceptible to durability problems in particular

when these soils are exposed to volume changes caused

by swell and shrink related volume changes.
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The current approach of PI based chemical stabilizer has

not provided any insights into the chemical stabilizer and

its permanency. This research showed the importance of clay

mineralogy in the effective treatment of soils in real field

conditions and hence recommends the inclusion of clay

mineralogy in the PI based stabilizer design. Such approach

will provide better answers to the permanency of the stabilizer

as well as its effectiveness for treatment of soils. A new design

chart is proposed in which the soils and their mineralogies

are considered in the design of stabilizers. The design chart

is based on tests conducted on a limited number of soils. More

number of soil types with different clay mineralogy and the

PI properties will further refine these methodologies and will

lead to better ground treatment.

Fig. 5: Modified TxDOT Design Chart for Stabilization of Subgrade Soils
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