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ABSTRACT

Design and construction of structures can be a challenge if swelling soils are present in the area where these
are to be  built.  When  these soils absorb moisture,  they expand or  swell.  As a  result  of  this, these soils exert
tremendous pressure on the foundations. Foundation soils which are expansive will heave and can cause lifting of
structures during periods of high moisture. Conversely during periods of falling soil moisture, expansive soil will
collapse and can result in foundation settlement. If the foundations are not properly designed and constructed, the
structures can be lifted, cracked and moved, and thus may become unusable. There may be huge losses as a result of
damage caused by swelling soil. The damages can be avoided if proper consideration of swelling soil is done at the
design and construction stage. 

INTRODUCTION

   Expansive soils are recognized as a worldwide problem. With the rapid development in infrastructure,
expansive  soil  problems have become  more  evident.  Hence,  there is a  need  to find solutions to the problems
associated with these soils. To solve expansive soil problem, it is necessary to understand the soil mineralogy, soil
structure, soil modification, etc. Effective stress, soil suction and osmotic pressure are some of the parameters which
help us to understand the properties of swelling soils. It is also necessary to understand the field behavior of swelling
soils which depend on the design of structures and construction precautions taken at the site. While designing and
constructing structures on swelling soils, the purpose should always be to avoid damaging foundation movement. 

Swelling soils are also known as expansive soils that are found to be present in the arid and semi-arid
regions of the world. High swell–shrink potentials [1] in these soils are caused by the presence of montmorillonite
clay.  Nearly 20% of the landmass in India is covered by expansive soils and they have been found in Deccan
Plateau, Western Madhya Pradesh, parts of Gujarat, Andhra Pradesh, Uttar Pradesh, Karanataka, and Maharashtra
[2]. The swelling soils are commonly known by the name of black cotton soils in India. When water content in
swelling soils increases, the soil swells. On the other  hand, if water  content in swelling soils decrease, the soil
shrinks. 

 This paper presents salient features of swelling soils, classification of swelling soils according to potential
expansiveness, methods to evaluate potential expansion, basic expansive soil properties, soil foundation movement,
foundation movement prediction methods, etc. Foundation design considerations for swelling soils and suitable soil
treatment have also been discussed.

SALIENT FEATURES OF SWELLING SOILS

Expansive behavior of soil is governed by many factors namely change in water content, the amount and
type of clay size particles in the soil, type of soil (natural or filled up), magnitude of the surcharge pressure, and
amount  of  non-expansive  materials such  as gravel  or  cobble  size particles,  etc.  Potentially expansive  soils can
typically be recognized in the lab by their plastic properties. Inorganic clays of high plasticity, generally those with
liquid limits exceeding 50 percent  and plasticity index  over  30,  usually have high inherent swelling  capacity.
Expansion  of  soils  can  also be  measured  in  the lab  directly.  In  the field,  expansive  clay soils  can  be  easily
recognized in the dry season by the deep cracks, in roughly polygonal patterns in the ground surface. The zone of
seasonal moisture content fluctuation can extend from one to twelve meters deep. This creates cyclic shrink/swell
behavior in the upper portion of the soil column, and cracks can extend too much greater depths.
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FACTORS AFFECTING BEHAVIOUR OF SWELLING SOILS [3]

Water Content
Structures located in the dry area are damaged due to expansive soils. The near-surface clays are often in a

dry state. After a structure has been built on dry clay, water enters in to the soil, and the clay absorbs the water and
expands causing extensive damage. 

Amount and Type of Clay Size Particles
 As the amount of clay size particles of particular types such as montmorillonite, kaolinite, etc. of soil

increases, swelling of soil increases (all other  factors being the same). Clay size particles attract water  to their
particle faces due to the double  layer  effect.  Water  is also drawn into the soil  due to the negative  pore water
pressures associated with dried clay. Thus, as clay size particles in a dry soil increases, the need for water to be
drawn into the soil also increases and hence the higher the swell potential of the soil.

Expansiveness  of  a soil depends upon  the activity of  clay particles.  Activity is defined as the ratio of
plasticity index and clay fraction. Kaolinite clay particles (activity between 0.3 and 0.5) are less expansive than
montmorillonite clay particles (activity between 4 and 7). Since Montmorillonite is a much smaller and more active
clay mineral than kaolinite, this attracts more water per unit dry mass of clay particles. The need for more water
results in attraction of a greater amount of water and hence higher swell potential of the soil.

Density and Water Content
With increase in dry density and decrease in water content, expansion potential increases. The soil having

high dry density and low moisture content will be under most expansive condition. During summer season, this
often occurs when near-surface clays become dry. 

CLASSIFICATION OF SWELLING SOILS

Swelling soils are classified according to their degree of potential expansiveness. The most commonly used
system is to classify soils as having either a low, medium, high, or very high expansion potential. Swelling pressure
is a very useful index of potential expansiveness of an expansive soil. This pressure is the maximum force per unit
area that needs to be applied over a swelling soil to prevent volume increase. The swell potential of a soil is the
magnitude of heave of a soil for a given final water content and loading condition. Specially designed oedometer
tests have been found quite useful to determine the magnitudes of parameters for expansive soils, e.g., free swell,
swell pressure, and magnitude of one dimensional swell or collapse of compacted cohesive soils [4]. Classification
of soils based on swelling potential is considered as an index test of possible expansiveness [5 – 6]. 

Classification of the relative expansivity of the swelling soils was done based on swelling potentials of
undisturbed specimen under 7 kPa pressure [7]. Another  classification was done based on  swelling potential of
remoulded specimens under 7 kPa pressure [8]; the specimens are compacted at their Standard Procter maximum
dry density and optimum moisture content level. The degree of expansivity of soils is also determined indirectly
from their  index properties.  As the plasticity index increases,  the greater  is the quantum of  water  that can  be
absorbed by the soil and hence the greater would be its swell potential. As the clay content (particle size < 2 µm)
increases, there is greater possibility of expansion. Table 1 gives classification of expansive soils proposed by the
different researchers [7 – 8].

Table 1: Classification of swelling soils

Degree of expansion

Classification based on
percentage swell Indirect classification [7]

[7] [8] Plasticity
Index (%)

Clay content
(%)

Low 0-10 0-1.5 <18 <15
Medium 10-20 1.5-5 15-28 13-23

High 20-35 5-25 25-41 20-31
Very high >35 >25 >35 >28
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SOIL FOUNDATION MOVEMENT IN SWELLING SOILS

When soils swell due to increase in moisture, uplift in soil causes cracks in footings and distress in floor
slabs.  The resultant uplift  will vary in different areas due to different building loads on different portions of  a
structure's foundation. 

Reasons of Foundation Movement
Damages due to expansive soils typically occur within the first two to three years after construction [9].

The influx of water is due to heavily irrigated landscaping. The influx of water may be due to other source as well.
The sudden influx of  water  beneath the edge of  the foundation causes the perimeter  of the foundation  to heave
upward, especially if the foundation was constructed on dry clay.

There are other factors which can trigger expansive soil movement many years after construction namely
water pipe leaks surrounding the building, heavy irrigation of new landscaping near to the foundation and effect of
trees etc. Although the soil may have reached an equilibrium state, pipe leaks can introduce large quantities of water
that  reactivates  expansive  soil  movement.  Installation  and heavy irrigation of  new landscaping adjacent  to the
foundation can trigger for expansive soil movement. Trees can cause expansive soil related movement at any time
after original construction.

Vegetation also affects the expansive character of the soil. One frequent cause of expansive soil damage is
heave of the foundation (center lift). Foundation movement can also be caused by the shrinkage of clay. Tree roots
can extract moisture from the ground, which can cause the near surface clay to shrink and the foundation to deform
downward.

In case of  expansive clays,  it is  important to consider  the possibility of  damage due to clay shrinkage
caused by the drying of wet clay around the perimeter of the foundation and due to extraction of moisture by tree
roots.  Shallow foundations,  such  as  slab-on-grade or  raised  wood  floor  foundations  having shallow perimeter
footings are especially vulnerable to damage due to clay shrinkage.

Types of Movement
There are two types of expansive soil movement when  a shallow foundation, such as a slab-on-grade, is

constructed on top of the clay: (i) cyclic heave and shrinkage around the perimeter of the foundation, and (ii) long
term progressive swelling beneath the center of the structure.

Cyclic Heave and Shrinkage
Clays are characterized by their sensitivity, they will expand when given access to water and shrink when

they are dried out. A soil classified as having a very high expansion potential will swell or shrink much more than a
soil classified as having a very low expansion potential (Table 1). For example, the perimeter of a slab-on-grade
foundation could heave during the rainy season and then deform downward during the dry season when the clay
dries out. This causes cycles of up and down movement, causing cracking and damage to the structure [3]. 

The amount of cyclic heave and shrinkage depends on the change in moisture content of the clays below
the perimeter  of  the foundation. The moisture change in turn depends on the severity of  the drought and rainy
seasons, the influence of drainage and irrigation, and the presence of live tree roots, which can extract moisture and
cause clays to shrink. The cyclic heave and shrinkage around the perimeter of a structure is generally described as a
seasonal or short-term condition.

Progressive Swelling beneath the Center of the Foundation (Center Lift)
There are several ways that moisture can accumulate underneath the center of a slab-on-grade. Foundation

barrier effect  is one of the ways.  Due to capillary action, moisture can move upward through soil,  where it will
evaporate at the ground surface.  But  when  a  slab-on-grade is constructed,  it acts as a  ground surface  barrier,
reducing or preventing the evaporation of moisture. Thus slowly with time water will tend to accumulate underneath
the center of the foundation, resulting in the swelling of the clay and uplift of the foundation and this process is
known as center lift [3].

Water  can also be  drawn into the soil due to suction pressures. Hence water  could also move laterally
through the soil by the action of soil suction and again accumulate beneath the center of the foundation resulting in
center lift [3].

Moisture migration to the center of a slab-on-grade can be due to thermal gradients also. Water at a higher
temperature than its surroundings will migrate in the soil towards the cooler area to equalize the thermal energy of

3



Transactions, SMiRT 21, 6-11 November, 2011, New Delhi, India Div-VI: Paper ID# 335

the two areas [1, 10 – 11]. Especially during the summer months, the temperature under the center of a foundation
tends to be much cooler than at the exterior ground surface.

FOUNDATION MOVEMENT PREDICTION METHODS

Swell Tests
Swell  tests measures free swell,  swell pressure, one dimensional swell of  compacted or  intact cohesive

soils. Free swell is the percent swell (increase in thickness) of soil specimen after absorption of water at the seating
pressure of 1 kPa [4]. Swell pressure is the minimum stress required to prevent swelling. Free swell  is used to
estimate  heave  or  settlement  for  a  confined  soil  subject  to  one  dimensional/stress  induced/wetting  induced
settlement. This test is also used to estimate the pressure to prevent swelling.  

Expansion Index
Another method for determining the expansion potential of a soil is to perform an expansion index test [5].

Expansion index test determines expansion potential of  compacted soils when inundated with distilled water. A
compacted specimen with 50% degree of saturation is placed in a consolidometer. A vertical confining pressure of
6.9 kPa is applied to the specimen and the specimen is then inundated with distilled water. The deformation of the
specimen is recorded for  24 h or  until the rate of  deformation becomes  less than 0.005 mm/h (0.0002 in. /h),
whichever  occurs  first.  Expansion  index  is  equal  to ratio of  change in  height  and initial height  of  specimen
multiplied by 1000 [5].

In Indian scenario, free swell index and swelling pressure can be determined as per IS standards [12 – 13].

DESIGN CONSIDERATONS FOR FOUNDATIONS IN SWELLING SOILS

Swelling of expansive foundation soils should be considered during the preliminary design phase, and the
level  of  structural cracking that will  be  acceptable  should be  determined at this time [14]. Foundation  loading
pressures should exceed the soil swell pressures, if practical, but should be sufficiently less than the bearing capacity
to maintain foundation displacements within tolerable limits. Present theoretical concepts and empirical correlations
permit reasonably reliable predictions of ultimate capacity, but not differential movement of the foundation. Factors
of safety (FS) are therefore applied to the ultimate bearing capacity to determine safe or allowable working loads
consistent with tolerable settlements.  An appropriate foundation should economically contribute to satisfying the
functional requirements of the structure and minimize differential movement of the various parts of the structure that
could cause damages. The foundation should be designed to transmit no more than the maximum tolerable distortion
to the superstructure. The amount of  distortion that can be tolerated depends on the design and purpose  of  the
structure. Some of the design considerations pertaining to shallow and deep foundations are discussed as follows.

Shallow Foundations
Structures supported by shallow individual or  continuous wall footings are susceptible to damages from

lateral and vertical movement of foundation soil, if provisions are not made to accommodate possible movement.
Substantial settlement may occur in clays, especially in initially wet  soil where a well-ventilated crawl space is
constructed under the floor. The crawl space prevents rainfall from entering the soil, but the evaporation of moisture
from the soil continues. Center heave or edge down warping can occur if the top layer of soil is permeable and site
drainage is poor [14]. Shallow footings may be used where expansive strata are sufficiently thin to allow location of
the footing in a non expansive or low-swelling stratum.

Deep Foundations
One possible foundation type for expansive soil is a deep foundation system, such as pier and grade beam

supports. The basic principle is to construct the piers such that they are below the depth of seasonal moisture change.
The piers can be belled at the bottom in order to increase their uplift resistance. Grade beams and structural floor
systems,  that are free  of  the ground,  are supported by the piers.  Hua  [1]  provides  several examples of  proper
construction details for pier and grade beam foundations.

SUITABLE SOIL TREATMENTS FOR SWELLING SOILS [3]

There are many different soil treatments or stabilization methods that are used in practice. Some of  the
more commonly used methods are discussed as follows:
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Removal and Replacement
During the execution of a project, it may be possible to remove the expansive soil and replace it with non

expansive or  less expansive  soil.  Non  expansive  soils,  e.g.,  murrum can be  compacted at higher densities than
expansive clay,  producing high bearing capacities. If granular fill  is  used, special precautions must be taken to
control drainage away from the fill, so water does not collect in the pervious material. Replacement can provide safe
construction. 

Remolding and Compaction
This method is commonly known as compaction control method [15].  Two compaction conditions were

considered, one at optimum moisture content and another at dry condition. It was observed that percentage swell in
first case was less than that in second case [7], [16]. Thus if soil is compacted at optimum moisture content, swelling
potential of the soil can be reduced. Care should be taken prior to construction of structure regarding compaction at
optimum moisture content in order to make soil less expansive [17]. 

This method is beneficial for soils having low potential for expansion, high dry density, low natural water
content, and in a  fractured condition.  Soils having a high swell  potential  may be  treated with  hydrated lime,
thoroughly broken up, and compacted— if they are lime reactive. If lime is not used, the bearing capacity of the
remolded soil is usually lower since the soil is generally compacted wet of optimum at a moderate density. Quality
control is essential. If the active zone is deep, drainage control is especially important. The specific moisture-density
conditions should be maintained until construction begins and checked prior to construction.

Surcharge Loading
In this method, sufficient pressure is applied to the expansive soil in order to reduce the amount of swell. A

layer of  non expansive soil  or  less expansive soil can be placed on top of the clay.  This soil cap increases the
pressure on the clay, the greater the surcharge pressure, the lower the percent swell.

Dead load of the structure is also used to provide the surcharge loading. Dead load is judiciously increased
so that it  provides  enough dead  load  to prevent  damaging uplift  and at  the same time,  there is  no excessive
settlement due to increase in dead load. After  the rainy season, the clay gets softened and it has more moisture
content. When the foundation is constructed on such soil, the heavy dead load can cause excessive settlement due to
consolidation of the clay.

If swell pressures are low and deformations are within tolerable limits, a surcharge load may be effective.
Soil  testing is  necessary to  determine the  depth  of  the active  zone  and the  maximum  swell  pressures  to be
counteracted.  Drainage control  is also paid attention  when  using a  surcharge.  Moisture migration  can  be  both
vertical and horizontal.

Soil Cementation
Many different compounds namely lime, cement, salt, fly ash and organic compounds etc can be added to

the expansive soil in order to cement the soil particles together or reduce the expansiveness of the soil.
In case of lime treatment, sustained temperature over 70°F for a minimum of 10 to 14 days is necessary for

the soil to gain strength. Higher temperatures over a longer time produce higher strength gains. Organics, sulfates,
and some iron compounds retard the pozzolanic action of lime. Fertilizers increase the soil’s lime requirements.
Calcareous and alkaline soils, poorly drained soils have good reactivity. Well-drained soils have less reactivity. Soil
should be tested for lime reactivity and percentage of lime needed. The mixing depth is usually limited to 12–18
inches, but in-place mixing up to 2 ft of soil can be done by large tractors with ripper blades. Lime can be applied
dry or in a slurry, but excess water is required to be present. Some gap between application and final mixing needs
to  be  maintained  to  improve  workability  and  compaction.  Quality  control  should  be  ascertained  during
pulverization, mixing, and compaction. Lime-treated soils should be protected from surface and groundwater. The
lime can be leached out and the soil can lose strength if saturated. Dispersion of the lime from drill holes becomes
very easy when the soil has an extensive network of fissures. Stress relief from drill holes reduces heave. Smaller-
diameter drill holes provide less surface area to contact the slurry. Penetration of pressure-injected lime is limited by
the slow diffusion rate of the lime, the amount of fracturing in the soil, and the small pore size of clay. Pressure
injection of lime may be useful to treat layers deeper than possible with the mixed-in-place technique. 

Portland cement treatment (4–6%) is reduces the potential for volume change. Shrinkage is less in this case
as compared to lime treatment. Method of application is similar to mix-in-place lime treatment, but there is less time
delay between application and final placement. Portland cement is more effective in treating soils that are not lime-
reactive. Lime treatment is more effective in treating highly plastic clays. Higher strength gains are achieved with
cement. Cement-stabilized material may be prone to cracking which should be evaluated prior to use.
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Use of salts is another way of treating the swelling soils. NaCl or CaCl2 is commonly used salt. Salts may
be leached easily. Permanent treatment is often required. A minimum relative humidity of 30% is to be maintained
before CaCl2 can be used. Calcium and sodium chloride can reduce frost heave by lowering the freeing point of
water. CaCl2 may be useful to stabilize soils having high sulfur content.

Fly ash can increase the pozzolanic reaction of silty soils. The gradation of granular soils can be improved.

Soil Cementation Barriers
Horizontal and vertical barriers can be constructed around the perimeter of the foundation to reduce the

potential for cyclic heave and shrinkage.
Horizontal barriers should extend far enough from the foundation to prevent horizontal moisture movement

into the foundation soils. Barriers should be securely attached to foundations, the joints should be sealed, and the
barriers should  be  sloped  down  and kept  away from  the structure.  Barrier  material  must  be  durable  and non
degradable.  Seams  and  joints  attaching  the  membrane to  a  structure  should  be  carefully  secured  and  made
waterproof. Vegetations and large plants should be planted well away from the barrier. Adequate slope should be
provided to direct surface drainage away from the edges of the membranes.

Vertical  barrier  should  extend  as  deep  as  possible,  but  the  depth  is  often  restricted  by  equipment
limitations.  A minimum of  half  of  the active  zone should  be  used.  Backfill  material  in  the  trench  should  be
impervious. Types of barriers that have provided control of moisture content are capillary barrier, lean concrete,
asphalt and ground-up tires, polyethylene, semi hardening slurries, etc. A trenching machine is more effective than a
backhoe for digging the trench.

In case of membrane-encapsulated soil layers, joints must be carefully sealed. Barrier material must  be
durable to withstand placement. Placement of the first layer  of soil over the bottom barrier must be controlled to
prevent barrier damage. 

CONSIDERATIONS FOR NUCLEAR SAFETY RELATED STRUCTURES ON SWELLING SOILS

Detailed  site  investigations  are  required  to  be  carried  out  for  construction  of  safety  related  nuclear
structures [18 – 20].  The presence of  potential  hazard in the form of  soil  shrinking and swelling needs to be
determined [19]. Site suitability needs  to be  assessed.  Potential problems due to presence of  swelling soil  and
location of swelling soil need to be investigated. Field observations should be carried out to examine the behavior
and condition of roadways, buildings near the site. Effects of rainfall and watering are required to be observed at the
site during field observations. Seasonal groundwater and rainfall or watering of trees causing heave or settlement
needs to be thoroughly investigated. Boring should be extended to a depth sufficient to define the site characteristics
and to sample the soil which may swell. Swelling soils may cause permanent ground displacement. The sites where
proper engineering design is difficult to achieve due to severity of swelling soils, it is advisable to abandon such
sites [19].  Determination of swelling pressure and free swell index is mandatory if swelling soils are encountered
[18]. 

CONCLUSIONS

Soil  swelling  is  the  result  of  the  infiltration  of  water  into  certain  clay  minerals,  most  notably
montmorillonite. Swelling will occur only if the moisture content of the soil changes. Expansive soils are most likely
to cause problems in areas where moisture content of the soil fluctuate during the year, which creates cycles of
shrinking and swelling. The potential heave at a given site is a function of the soil profile, variations in soil moisture,
overburden  loads,  and  superimposed  loads.  Various  test  methods  are  available  to  evaluate  the  degree  of
expansiveness which is required to be carried out. 

Care must  be  taken  to  avoid  structural  damage as  well  as  non-structural  damage.  Examples  to non-
structural damages are basement slabs, pathways. Floating floors are often designed in such situations in which the
floor is attached to the foundation walls and does not touch the expansive soils below. It must be ensured that that
the ground around the structure is carefully graded so that water  drains away below the foundation. Foundation
planting needs to be avoided which holds moisture close to the foundation. Proper maintenance is required where
structures are built on swelling soils. Special foundations e.g. caisson foundation is designed on swelling soils. As
far as possible the swelling soil should be avoided. If it is unavoidable, proper design considerations needs to be
done.    
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