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ABSTRACT 

Expansive soils contain clay minerals that undergo a 

change in bulk volume in response to variances in 

environmental conditions. The ability to predict the 

occurrence and geotechnical behavior of swelling soils with 

a known degree of certitude would allow engineers to take 

measures to limit the damage resulting from these 

metastable soils. 

Research was conducted to investigate the regional 

distribution, mineralogy, and engineering properties of 

expansive soils in the Tucson Basin. Mineralogic studies 

employed X-ray diffraction procedures for the identification 

of clay mineralogy. The compilation of expansion-related 

soil parameters, from the geotechnical job-files of a local 

engineering consulting firm, allowed the development of an 

engineering database. The application of geostatistical 

analysis for the cartographical representation of 

mineralogic and geotechnical data permitted a regional 

characterization of expansive clay soils. Clay mineralogy 

was found to be directly related to the volumetric stability 

displayed by native soils, as well as the geology of the 

Tucson Basin. 
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PH&FTER 1 

INTRODUCTION 

1.1 Background. 

All civil engineering projects are founded on 

either soil or rock. Because a majority of structures are 

supported by soil, the importance of soil as a foundation 

subgrade or a construction material is of the utmost 

significance. Unfortunately, due to the complexity of 

natural forces involved in the genesis of soil deposits, a 

limitless variation of physical and mechanical properties 

may be encountered within the soil profile. The role of the 

geotechnical engineer is to investigate and evaluate the 

behavior of soils, and apply the analytical results to the 

solution of practical engineering problems. 

When dealing with soils as foundation materials, 

the geotechnical engineer is often preoccupied with 

assessing the performance of soils under applied loads. One 

aspect of a soil's dimensional stability which engineers 

must address, is the phenomenon of shrink/swell. 

Shrink/swell behavior has been directly attributed to the 

presence of clay minerals, some of which are noted for their 

inherent capacity to undergo volumetric changes in response 

to subtle fluctuations in environmental conditions. 
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Swelling soils predominantly afflict pavements and light 

construction, but can disturb underground services and 

retaining structures as well. Damage arising from expansive 

soils can range from minor architectural nuisances (cracking 

or warping of walls and floors), to irreparable 

displacements of critical structural elements. Fortunately 

this damage can be reduced or eliminated, if a 

characterization of the foundation soil is available prior 

to design and construction. Once recognized, expansive 

soils may then be avoided, replaced, stabilized, or 

tolerated. 

1.2 Identification and Significance of the Problem. 

Every year expansive soils cause more damage to 

engineered structures and affect twice the number of 

Americans than the combined effects of all natural disasters 

(Krohn and Slosson, 1980). Although much less traumatic 

than damage resulting from an earthquake or tornado, the 

damage attributed to expansive soils exceeds nine billion 

dollars annually, while affecting an estimated 41 million 

Americans nationwide (Jones and Jones,1987; Holland and 

Lawerence,1980). The estimated average annual loss per 

single family dwelling founded on a moderately to highly 

expansive soli exceeds $90 (Krohn and Slosson,1980). 

However damage is not restricted to residential structures 
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alone. Figure 1.1 illustrates the relative monetary damage 

attributed to expansive soils, in relation to the nature of 

the engineered structure. 

Soils displaying expansive properties are common 

throughout much of the United States. However, they are 

more prevalent in the West, where the cummulative effects of 

geology and climate promote the formation of clay bearing 

soils displaying volumetric instability. Over the last 

decade, Tucson has experienced rapid growth common to most 

sunbelt communities. With projections for continued growth, 

the future development of rural portions of the Tucson Basin 

is assured. Because of a history of stability problems 

associated with soils of the Tucson Basin, geotechnical site 

investigations should be an essential preliminary step in 

the course of any engineering project. However for 

regionally extensive projects (roadways, pipelines, 

aquaducts, etc.) or small, low-budget structures, 

comprehensive geotechnical testing may not be economically 

practical. In these situations, a regional characterization 

of soils could identify specific areas where troublesome 

soil conditions exist, and more rigorous geotechnical 

testing is necessary. To date, no substantive engineering 

evaluations of expansive soils in the Tucson Basin have been 

undertaken. 
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HIGHWAYS & STREETS (51%) 

OTHER (4%) 
PAVEMENTS 

AIRPORTS (2%) 

(5%) OTHER 

(1%) SLOPE 
FAILURES 

UNDERGROUND 
(4%) SERVICES 

COMMERCIAL 
BUILDINGS (20%) 

RESIDENTIAL 
(13%) HOMES 

Figure 1.1 Relative monetary damage attributed to expansive 
soils. (Data from Chen,1975) 

1.3 Purpose and Scope of Research. 

This investigation was conducted to characterize 

the surflcial distribution and engineering behavior of 

potentially expansive soils within the Tucson Basin. The 

results of this research can assist regional planners and 

commercial developers, while at the same time stimulate 

public awareness with respect to formulating policies and 

practices concerned with mitigating future damage resulting 

from expansive soils. The scope of this investigation is 

to: 
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(1) Identify the clay mineralogy of natural soils 

vithin the greater Tucson area; 

(2) Review the job-files of a local geotechnical 

engineering consulting firm, with the intent of 

establishing a database related to the swelling 

characteristics of native soils; 

(3) Cartographically delimit the occurrence of clay 

minerals in surficial soils, and quantify the 

swelling potential of these soils on a regional 

basis; 

(4) Propose empirical predictive equations that 

correlate a soil's swelling potential to 

indicative geotechnical parameters; and 

(5) Relate soil mineralogy to volumetric stability 

and the regional geology of the Tucson Basin. 

1.4 Previous Studies. 

The Soil Conservation Service of the U.S. 

Department of Agriculture has mapped the entire Tucson Basin 

with the objective of pedologically classifying soils and 

issuing land-use recommendations. As part of this project, 

Richardson and Miller (1973) mapped and evaluated soils with 

respect to agricultural and engineering applications. Their 

research acknowledged the potential shrink/swell behavior of 

regional soil associations. However, this very generalized 
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study failed to present any information of engineering 

consequence. 

To fulfill the post-graduate requirements of the 

Department of Civil Engineering at the University of 

Arizona, many investigators have pursued topics concerning 

metastable soils. The collapse-susceptibility of soils in 

the greater Tucson area has been researched exhaustively. 

Investigations by Piatt (1963), Anderson (1968), Abdulatif 

(1969), Crossley (1969), Sabbagh (1982), and Alfi (1984) 

provide a thorough examination of the engineering 

properties, mineralogy, structural damage, and stabilization 

techniques of collapsing soils. As part of his Doctoral 

dissertation, Ali (1987) developed geotechnical maps 

displaying the distribution and severity of collapse-

susceptible soils in the Tucson Basin. All's mapwork was 

based on a probabilistic interpretation of collapse related 

parameters and criteria. All's style and methodology of 

cartographically displaying data will be adopted In this 

thesis for comparative purposes. 

The aforementioned studies provide the community 

with an Invaluable source of information, which is easily 

employed for the benefit of public welfare. It is the goal 

of this Investigation to complement these earlier works, and 

thereby provide a more complete engineering characterization 

of metastable soils in the Tucson Basin. 
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CHAPTER 1 

CLAY MINERALOGY 

2.1 Introduction. 

Soils consist of an accumulation of particles, in 

which the distribution of grain sizes can range from coarse 

granular materials ( >8cm ) to minute colloidal particles 

( <0.002mm). Soil constituents are typically divided into 

clay and non-clay minerals. The non-clay components 

generally comprise a greater proportion of the solid phase 

of most soils. However, clay constituents have the unique 

ability of controlling soil behavior to an extent far in 

excess of their relative abundance. Thus a basic knowledge 

of clay mineralogy is essential for a fundamental 

understanding of soil behavior. 

The term "clay" is often used indiscriminately, 

and conveys a different meaning to individuals of differing 

professional backgrounds. To a mineralogist, clay minerals 

represent crystalline geologic materials of hydrous alumina 

(magnesian) silicate composition, which form due to the 

alteration of primary rock forming minerals. Engineers 

define clay as that fraction of soil having a maximum 

effective diameter of 2 microns (0.002mm), and the ability 
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to impart properties of plasticity, cohesion, capillarity, 

and elasticity to a soil. The intent of this chapter is to 

explain the mineralogy and physico-chemical properties of 

clay minerals, as they relate to a clay soil's ability 

expand. 

2.2 The Basic Structures of Clay Minerals. 

Nearly all clay minerals are composed of simple 

combinations of two structural units. The two basic 

structures are the silica tetrahedral unit, and the alumina 

or magnesian octahedral unit. The silica tetrahedron 

consists of a silicon atom in tetrahedral coordination with 

four oxygens. The octahedral unit is composed of six 

hydroxyl ions that enclose an aluminum or magnesium atom to 

form a octahedron. The atomic configuration of these basic 

units is illustrated by Figure 2.1 . 

0= Oxygen © = Hydroxyl 

9 = Silicon 

(a) 

# = Aluminum or 
magnesium 

(b) 

Figure 2.1 Atomic configuration of (a) Silica tertrahedral 
unit, and (b) Octahedral unit.(After Grim,1953) 
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Polymerization of the individual structural units 

results in the formation of sheet structures. The silica 

sheet is formed when three of the four oxygens in each 

tetrahedral unit are shared with adjoining tetrahedrons. 

The result of this arrangement is an open, two-dimensional 

network, as ..illustrated in Figure 2.2 . The tetrahedral 

sheet yields a net composition of Si4010 . 

O = Oxygen 

® = Silicon 

Figure 2.2 Silica tetrahedral sheet structure. 
(After Grim,1953) 

O = Hydroxyl 
9 - Aluminum or magnesium 

Figure 2.3 Octahedral sheet structure. (After Grim,1953) 
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Figure 2.3 is a geometrical representation of the sheet 

structure formed by the octahedral units. The octahedral 

units are linked in such a way that each hydroxyl ion is 

shared by neighboring octahedrons. If the octahedrally 

coordinated cation is trivalent, the mineral is termed 

dloctahedral. The dioctahedral mineral gibbsite results 

when trivalent aluminum ions occupy only two-thirds of the 

available cationic sites, resulting in a net composition of 

A1(OH)3 . If the cation is divalent, all of the available 

cationic positions are occupied, and the resulting structure 

is trioctahedral. The trioctahedral mineral brucite is 

formed when divalent magnesium cations occupy all available 

cationic sites, yielding a composition of Mg(OH)2 . 

The clay minerals are classified on the basis of 

chemical composition, stacking configuration of sheet 

structures, and charge possessed by the crystal lattice. 

The general structural configuration of the clay minerals 

results through the combination of octahedral and 

tetrahedral sheets. The sheets are linked such that the 

apical oxygens of the tetrahedral sheet replace two-thirds 

of the hydroxyl ions in the bounding plane of the octahedral 

sheet. The remaining "free" hydroxyl ions are positioned 

over the center of the hexagonal ring formed by the silica 

sheet. The joining of one tetrahedral and one octahedral 

sheet in the described manner produces a 111 lattice 
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structure. Similarly/ a 2:1 lattice structure arises vhen a 

single octahedral sheet is sandwiched between two 

tetrahedral sheets. A slight dimensional difference in the 

lattice structure of the octahedral and tetrahedral sheets 

creates a defect in the layered structure. To insure a 

proper fit between adjoining sheets, the defect is corrected 

by isomorphous substitutions, rotation of tetrahedra, or 

change in the layer morphology (Gillot,1987). 

2.3 Physico-chemical Nature of Clay Minerals. 

Volume changes in granular (nonclay) soils arise from 

gravitational forces acting through interparticle contact 

points. In clay soils (i.e. a soil whose properties are 

dominated by the clay-size fraction), volumetric Instability 

is attributable to electrostatic and electrochemical 

interactions that induce attractive and/or repulsive forces. 

The forces of attraction include van der Waal's forces, 

Coulombic attractions, and hydrogen bonding. The repulsive 

forces are due primarily to ion and particle surface 

hydration, and osmotic forces generated between clay 

particles (Mitchell,1976). Vhen attractive forces dominate, 

shrinkage results; conversely, expansion occurs when 

repulsive forces dominate. Environmental conditions dictate 

whether attractive or repulsive forces dominate. The 

distinctive physico-chemical nature of clay minerals results 
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from the interrelated effects of particle surface area, 

isomorphous substitution, ion exchange phenomena, and the 

development of diffuse double layers by the clay particles. 

Clay minerals are characterized by an extremely small 

particle size and platy or fibrous morphology. The combined 

effects of size and shape result in a large specific surface 

(surface area per unit mass of clay). For the expanding 

clay mineral smectite, approximately 97% of the particle 

surface area is represented by the planar sheet surfaces 

(Gillot,1987). Generally the clay minerals with the larger 

specific surfaces have the greater adsorptive (swelling) 

capacities. 

Many of the active clay minerals possess a residual 

charge associated with the lattice elements. This charge 

deficiency is a consequence of isomorphous substitution; 

where cations of low valency proxy for higher valence 

cations within the sheet structures. Where aluminum 

substitutes isomorphously for silicon in the tetrahedral 

sheet, the clay lattice is often preferentially fractured. 

The broken lattice edge appears as an aluminate structure, 

and often acquires a positive charge in many soil 

environments (Gillot,1987). 

The unsatisfied charge displayed by some clay 

structures is partially compensated by the adsorption of 
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ions. Adsorbed cations occupy exchangeable positions at the 

clay particle surface, and may be replaced by cations of a 

greater preference. The electrical attraction of cations 

per unit mass of clay is defined as the cation exchange 

capacity. Cation exchange reactions have an affinity for 

cations of high valence, low hydration potential, and high 

bond energies. The exchangeable cation present in the clay 

system exerts a substantial influence on the amount of 

expansion that takes place upon hydration. 

During hydration, adsorbed cations (and anions) enter 

into an aqueous suspension in the vicinity of the negatively 

charged clay particle surface, as illustrated by Figure 2.4. 

Due to the electronegativity of the clay structure, the 

concentration of cations is greatest adjacent to the 

particle surface, and decreases outward with distance. This 

combination of the negatively charged particle and 

exponentially declining cation concentration constitutes the 

dl££use double layer. The interaction of diffuse double 

layers between two clay layers provides a mechanistic 

explanation for the swelling of clay minerals. The extent 

of the diffuse double layer exists in dynamic equilibrium 

with pore fluids. The diffuse double layer is nonexistent 

in desiccated clays, where interlayer cations are firmly 

bound to the clay particle surface. As the moisture content 

increases, the cations begin to diffuse outward from the 
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Cations 

Anions 

Distinct 

Distribution o£ ions adjacent to the clay 
surface according to the concept of the 
diffuse double layer. (Mitchell,1976) 

HYDRATION VOLUME CHANGES 
interparticle or intercrystalline 

NEAR DRY 
Reversible 

INTERPARTICLE 
Effective for all clay minerals 

WET 

Relict capillary water 

Single crystal 
Relict capillary water 

Strong bonds 
Single crystal 

INTRACRYS TALLIN E 
Effective for montmorillonite, including that which can 

be interlayered with other clay minerals 

BBwj 

- Single crystal 

^Intercrystalline water also 
present 

Single crystal 

Figure 2.5 Modes of swelling by hydration. (Popescu,1986) 
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clay particle surface, and repulsive forces begin to 

dominate the system. Expansion of the diffuse double layer 

results from osmotic forces generated in response to the 

ionic concentration gradient between the interlayer region 

and the external pore fluids. The extent to which the 

diffuse double layer expands is very sensitive to variations 

in the valency of the adsorbed cation, composition and pH of 

pore fluids, temperature, and clay mineralogy. Upon 

moisture removal the process is reversed until the diffuse 

double layer collapses to the extent that attractive forces 

dominate the system. 

The physico-chemical processes which promote swelling 

occur in two distinct modes, as illustrated by Figure 2.5. 

interparticle swelling occurs when water adsorption is 

restricted to external particle surfaces and void spaces. 

All clay minerals undergo some degree of interparticle 

swelling upon wetting. Intracrystalllne swelling refers 

to the internal imbibition of water between lattice 

structures, where the forces of hydration overwhelm any 

forces of attraction (i.e. where expansion of the diffuse 

double layer occurs). The clay minerals prone to 

intracrystalllne swelling are commonly referred to as 

"expanding lattice clays". Expanding lattice clays include 

the minerals smectite, vermiculite, halloysite, swelling 

chlorites, and some mixed-layer clays. 



28 

2.4 The Clay Minerals 

The majority of clay minerals belong to a family 

of silicate minerals known as the phyllosllicates; or more 

simply the "layer-silicates". The layer-silicate clay 

minerals found commonly in most soils may be broadly divided 

into four groups. The characteristics of the Kaolinite, 

Mica, Smectite, and Chlorite groups are summarized in 

Table 2.1 . 

The Kaolinite Group Minerals 

Clay minerals of the Kaolinite Group are 

phyllosilicates having an essentially pure hydrous 

aluminosilicate composition. The unit cell of this group 

consists of a gibbsite and silica sheet, united to form a 2-

layer (1:1) mineral approximately 7A thick, as represented 

by Figure 2.6 . Isomorphous substitution in the lattice 

structure is practically non-existent; consequently there 

is no unsatisfied charge to the crystal structure. The 

Individual layers are stacked successively, and linked by 

van der Waal's and hydrogen bonds. The strength of 

interlayer bonding generally prevents intracrystalline 

swelling. The common minerals of the group include 

kaolinite and halloysite. 



TYPE CLAY MINERAL CHARGE DENSITY 
(A/ion) 

CATION EXCHANGE 
(meq/lOOg) 

SPECIFIC SURFACE 
(m2/g) 

BASAL0SPACING 
(A) 

OCCURRENCE 
IN SOIL 

'Kaolinite 83 3 - 1 5  10 - 20 7.2 v. common 

1:1 Halloyslte 
(dehydrated) 

55 5 - 1 0  25 - 30 7.2 occas ional 

Halloy3lte 
(hydrated) 

55 5 - 4 0  35 - 70 10.1 occasional 

Illite 67 10 - 40 65 - 125 10.1 v. common 

2=1 

Vermiculite 45 100 - 150 40 - 80 
(inter) 
740 - 870 
(intra) 

10.2 - 14 common 

Smectites 133 80 - 150 50 - 120 
(Inter) 
700 - 840 
(intra) 

9 . 6 - oo v. common 

2:1:1 Chlorites 700 10 - 40 **** 14 + v. common 

Table 2.1 Characteristics o£ Major Clay Minerals. 
(Mitchell,1976 ; Gillot,1987) 
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Halloysite is the mineralogical oddity of the Kaolinite 

Group. Halloysite is dimorphous, having a tubular hydrated 

form and a tabular dehydrated form. The hydrated form has a 

unit cell approximately 10.1A in thickness, and will 

irreversibly dehydrate at temperatures in excess of 60°C to 

a unit cell approximately 7.2A thick. The dimensional 

difference between the hydrated and dehydrated form is about 

2.9A, which corresponds to the approximate thickness of a 

single molecular layer of water. Upon dehydration the tube 

structure will collapse, split, and/or unroll (Grim,1953). 

0= Oxygen © = Silicon 

O = Hydroxy1 # = Aluminum 

Figure 2.6 Kaolinite lattice structure. (After Grim,1953) 
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The Mica Group Minerals 

The most persistent micaceous mineral in soil and rock 

is muscovite. Dioctahedral muscovite and the trioctahedral 

relative, biotite, are major precursor sources for many clay 

minerals. The Mica Group minerals consist of a 3-layer 

(2:1) structure having a unit cell approximately 10& in 

thickness. There is a considerable degree of isomorphous 

substitution of silicon by aluminum in the tetrahedral 

sheet. As a result, a large residual negative charge is 

situated in the tetrahedral sheet. This charge deficiency 

is balanced by the presence of non-exchangeable interlayer 

potassium cations positioned in the "holes" between 

successive layers, as illustrated by Figure 2.7 . The 

interlayer potassium cations act to bind the layers 

together, thus preventing intracrystalline swelling. Illite 

and vermicullte are the two major clay minerals displaying 

Mica Group characteristics. 

Illite is compositionally very similar to muscovite, 

and is often referred to as hydromuscovite or degraded mica. 

Illite contains less interlayer potassium, a lesser degree 

of isomorphous substitution, and more water than common 

mica. 

Vermicullte is characterized by a mica structure where 

interlayer cationic positions are occupied commonly by 

magnesium ions (rather than potassium), and a minor quantity 
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of water. Isomorphous substitution is generally prevalent 

in both the octahedral and tetrahedral sheets. Vermiculite 

is characterized by an expanding lattice structure; however 

expansion is restricted to a maximum of 4.98A, which 

corresponds to the approximate thickness of two molecular 

layers of water (Grim, 1953)". 

= Potassium O = Oxygen 

• = Silicon 0 =  Hydroxyl 

# = Aluminum or magnesium 

Figure 2.7 Mica Lattice Structure. (After Grim,1953) 
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The Smectite Group Minerals 

The clay minerals in vhich 2:1 layers are not rigidly 

bound by potassium (illite) or magnesium (vermiculite) ions, 

but rather contain exchangeable ions and water between the 

clay layers are grouped together as the smectites. As a 

result of extensive isomorphous substitution, the smectite 

structure is electronegative. The charge deficiency is 

situated in the centrally located octahedral sheet; thus 

interlayer bonding is comparatively weak. However the 

charge is sufficient in strength to attract exchangeable 

ions and polar molecules between clay layers. Depending on 

the valence of the exchangeable cations and the quantity of 

water available, the smectite structure has the unique 

ability of undergoing extreme intracrystalline expansion. 

The smectite clays are of considerable interest to 

engineers, and more commonly referred to as montmorillonite 

or bentonite. A great diversity in chemical composition 

exists between the individual smectite mineral species; 

moreover, evidence suggests that an incomplete range of 

solid solution occurs among group members (Gillot,1987). 

Despite the compositional diversity, the basic structure 

displayed amongst group members is identical (see Figure 

2 . 8 ) .  



nl^O and Exchangeable Cations 

0= Oxygen 

O = Hydroxy! 

= Silicon 

= Aluminum 

Figure 2.8 Smectite lattice structure. (After Grim,1953) 
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The Chlorite Group Minerals 

Minerals of the Chlorite Group consist of a 4-layer 

(2:1:1) structure, in which 2:1 mica layers alternate 

repetitively with brucite sheet structures to produce a unit 

cell approximately 14A in thickness. The positively charged 

brucite sheet is analogous to the potassium cations in the 

mica structure, in that both tend to bind together 

successive 2:1 layers. Some chlorites display a variable 

lattice spacing similar to smectite clays, and are termed 

"swelling chlorites". 

The Mixed-layer Clay Minerals 

Mixed-layer clay minerals consist of an agglomeration 

of structures characteristic to other clay minerals. The 

intimate interstratification o£ clay structures occurs on a 

regular or irregular interval. The nature of the intergrown 

layers will dictate whether the complete structure has the 

ability to expand. The mixed-layer minerals are common in 

most soils, and typically represent metastable minerals that 

easily degrade to more simplified clay structures 

(Gillot,1987). 
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2.5 The Formation of Clay Minerals. 

Clays form through the processes of mechanical 

disintegration and chemical alteration of geologic 

materials. Clay deposits are generally classified as 

detrital or residual. Detrital accumulations of clay result 

from the transportation and selective deposition of clay 

minerals suspended In water, and to a lesser extent air. 

Residual clays result from the in-situ weathering or 

hydrothermal alteration of intact materials. 

Clay mineralogy is influenced by the composition of 

parent rock materials and the geochemical environment of 

weathering. Igneous and metamorphic rocks rich in feldspar 

and ferromagnesian minerals, or volcanic extrusive rocks are 

the primary source materials of most clay minerals. The 

expanding lattice clays are generally a by-product of an 

environment of formation characterized by alkaline 

conditions (restricted leaching) with strong hydration. 

This environment is generally characteristic of arid 

climates or poor drainage conditions that prevent the 

solution removal of critical chemical components. By 

comparison, most inactive clay minerals form in acidic 

leaching environments common to tropical regions, or 
/ 

argillized hydrothermal zones of fractured rock 

(GiHot, 1987) . 
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CHAPTER 3 

FACTORS INFLUENCING THE VOLUMETRIC STABILITY OF CLAYS 

3.1 Introduction. 

Whereas the mineralogy and quantity of clay are 

properties that dictate a soil's potential for expansion, 

many interrelated factors such as in-situ density, soil 

structure, soil moisture conditions, and degree of 

confinement control the extent and rate of volume change. 

The terms "density" and "unit weight" will be used 

interchangeably in this chapter. 

3.2 Effect of Density and Soi1 Structure 

The density of swelling soil has a considerable 

influence on the amount of expansion realized. This is 

logical, considering that dense clay soils are characterized 

by more closely packed particles. Consequently, the 

cummulative expansion per unit volume is greater than that 

of lower density soils. Active clay soils with dry 

densities in excess of 110 pcf, or standard penetration 

resistance (SPT - N) greater than 10 blows per foot 

typically exhibit some degree of swelling (Chen,1975). In 

most instances, especially for fine grained soils, density 
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is more appreciably influenced by particle arrangement 

(fabric) than by actual particle size. 

The engineering properties of soils are affected 

significantly by the relative spatial arrangement of 

particles and void spaces. Soil fabric results from primary 

depositional processes and secondary physico-chemical 

particle interactions. In undisturbed soils, swelling 

fabrics are generally characterized either by grains of 

feldspar, quartz, etc. which are connected by intergranular 

clay braces, or by a dense clay matrix enclosing the 

granular components. Non-swelling fabrics are characterized 

by clean granular particles, where loose flocculated 

agglomerations of clay exist in the intergranular void 

spaces (Bruyn et al,1957). 

Seed and Chan (1959) noted that soil structure plays a 

significant role in the behavior of compacted clays. 

Compaction procedures which develop flocculated particle 

arrangements promote the swelling of remolded clay soils. 

By contrast, earthwork favoring the dispersion of particles 

reduces the swelling capacity of expansive clays. Since 

both flocculated and dispersed soil structures are 

predominantly a function of compaction mode and molding 

moisture content, precautions can be taken during soil 

placement to reduce the potential swelling of reworked 

soils. 
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3.3 Soil Moisture Conditions. 

Fluctuations of the soil moisture content are a primary 

factor responsible for the dimensional instability of active 

clay soils. The introduction of moisture to desiccated 

expansive clays results in a volume increase until a 

equilibrium void ratio is achieved. Conversely, a reduction 

of soil moisture is accompanied by shrinkage. The initial 

moisture content of an expansive soil will control the 

extent of volume change. Critical conditions exist when 

soils have moisture levels less than 15% . At these 

conditions, expansive soils are capable of adsorbing water 

in excess of 35% . However, subtle moisture variations on 

the order of a couple of percent are sufficient to induce 

detrimental swelling. Significant expansion is unlikely in 

soils with moisture contents in excess of 30% , since the 

majority of swell has already occurred (Chen,1975). 

Climate tends to have a most profound impact on soil 

moisture conditions. In regions where a shallow water table 

is absent, soil moisture is controlled by precipitation, 

evaporation, and transpiration. Seasonal climatic 

variations in soil moisture conditions are most extreme in 

semi-arid climates, where extended dry periods are followed 

by pronounced cycles of precipitation. The depth over which 

seasonal moisture variations occur in the soil profile is 
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termed the active depth. The active depth may extend to 20 

feet or deeper. By comparison, controlled irrigation or 

sporadic rainfall events typically affect soil moisture 

conditions only in the upper 4 to 6 feet of the soil profile 

(Gromko,1974). Transpirative water loss is a significant 

contributor to subsurface desiccation. Trees often affect a 

depth equal their height and radial distances of one and a 

half times their height. In arid regions, deep rooted 

phreatophytes may influence soil moisture conditions in 

excess of 60 feet (I.C.E.,1984). 

Soil moisture migration may arise from internal 

gradients generated by variations in temperature and degree 

of saturation. Most engineering projects disrupt natural 

gradients, thereby altering the ambient moisture regime of 

foundation soils. After completion of a structure, the 

moisture content of subgrade soils usually increases due to 

curtailed evapotranspiration, and hydrogenesis (convective 

moisture transfer induced by subsurface thermal gradients) . 

Considering that clay soils have hydraulic conductivities on 

the order of 0.1 to 10 feet per year, moisture transmission 

within expansive clays may take several years (Chen,1975; 

Jones and Jones,1987). 
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3.4 Confinement. 

Figure 3.1 illustrates the volumetric response of an 

expansive soil to conditions of applied stress. The 

relationship reveals that if sufficient external loads are 

applied to counteract internal swelling pressures, 

volumetric expansion may be restricted. The figure also 

suggests that unloading (by excavation) will permit swelling 

to occur, until a new equilibrium is reached. 
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Figure 3.1 Typical stress-deformation response of expansive 
clays. (After Gillot,1987) 
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CHAPTER 4 

ENGINEERING DETERMINATION OP SWELLING PROPERTIES 

4.1 Introduction. 

The engineering properties of a soil depend on the 

interacting effects of composition and environment. A 

knowledge of clay mineralogy is useful to qualify probable 

ranges of geotechnical behavior, as veil as explain the 

variability and sensitivity of measured engineering 

properties to changes in environmental conditions. However, 

quantification of soil behavior in terms of compositional 

and environmental factors is virtually impossible at this 

time. 

Successful treatment of most engineering problems 

requires a quantitative analysis of soil behavior in terms 

of geotechnical parameters. A soil's swelling properties 

may be evaluated in terms of geotechnical indices, and other 

physical measurements derived from laboratory examinations. 

These measurements can contribute to developing a reliable 

means of predicting the potential expansion of soils 

encountered in everyday investigations. This chapter 

provides a brief discussion of the more useful geotechnical 

indices and methods employed for the assessment of expansive 
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soli behavior. Many concepts presented in this chapter will 

be utilized for engineering analyses performed in Chapter 8. 

4.2 Casagrande's Plasticity Chart. 

One of the most fundamental methods, of identifying 

potentially expansive soils relies on the Casagrande (1948) 

plasticity chart, as shown in Figure 4.1 . Swelling soils 

plotted on this chart occupy the region above the "A-line", 

liquid limit greater than 30%, and plasticity index greater 

than 12% (Katney and Brink,1952). Soils in this region of 

the chart are classified by the United Soil Classification 

System (USCS) as "clays of high plasticity (CH)" or "clays 

of low plasticity (CL)". While defining the trends of 

consistency and granulometry of potentially expansive soils, 

the plasticity chart is unable to predict any degree of 

expansion quantitatively. 

4.3 Activity Index 

During laboratory studies of English clays, A. W. 

Skempton (1953) observed that as the clay content of a given 

soil increases, the plasticity index increases 

proportionately. Skempton found that when the plasticity 

index is plotted against the clay-size fraction, a linear 

relationship passing through the origin of the intersecting 



For clossif icotion of fine-groined soils 
ond fine-qroined froction of coarse-qraiiiid 
soils. J 

Equation of "A"-line S 
Horizontol ot PI-4 to LL"25.5, / 

then PI-0.73 (LL-20) / "v 

Equotion of "u"-line J , "* 
Vertical at LL = 16 to ' 
then PI = 0.9(LL-8) / / 

LIQUID LIMIT (LL) 

Figure 4.1 Casagrande Plasticity Chart. 



axes is established. Skempton defined the ratio of the 

plasticity index to the percent clay-size fraction as the 

activity index, which is mathematically expressed by the 

equation: 

A • PI / C (4.1) 

where A = activity index, 

PI = plasticity index, and 

C = percent clay (%<0.002mm). 

Skempton classified clays on the basis of activity as 

follows: 

CLAY DESCRIPTION 

Active 

Normal 

Inactive 

ACTIVITY 

> 1.25 

0.75 - 1.25 

< 0.75 

A method for relating Skempton's definition of activity 

to a soil's swelling capacity was proposed by D. H. van der 

Merwe (1964). As illustrated by Figure 4.2, van der Merwe 

divided Skempton's activity chart into zones of low, medium, 

high, and very high expansion potential. These zones were 

then correlated to surface heave as follows: 
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DEGREE OF EXPANSION 

Low 

Medium 

High 

Very high 

SURFACE HEAVE 
(inches/foot) 

0 

0.25 

0.50 

1.00 

c 40 very 
high 
expansion y 

H 30 
high 1 

expansion 
a 

• mec'ium 
lexpunsion 

low expansion 

— clay content (%-= 2 ti) 

Figure 4.2 Classification of expansion as proposed by 
van der Merwe. (From Popescu,1986) 
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Other investigators have confirmed Skempton's straight-

line relationship, but noted that the lines of activity in 

many instances deviated from intersecting the origin. This 

deviation may be attributable to physical differences 

between British and U.S. liquid limit devices (Seed et 

al,1962). Thus Skempton's definition of activity was 

redefined as the change in plasticity index per unit change 

in clay content; or more simply the slope of the activity 

line. 

Seed et al (1962,1964) incorporated the deviation of 

the activity line from the origin into their modified 

definition of activity. The equation: 

A = PI / (C-n) (4.2) 

accounts for this deviation by introducing the positive 

constant n, which represents the intercept value of the 

clay-size fraction axis, as illustrated by Figure 4.3 . The 

value of n is equal to 10 for artificial soil mixtures, and 

approximately 5 for natural soils. This suggests that 

activity, as well as plasticity, is not displayed by soils 

having clay contents less than n. Seed et al (1962) found 

that a family of curves representing the swelling potential 

of a clay soil could be established in terms of activity and 

clay content, as plotted in Figure 4.4 . These curves 

correspond to the swelling potential as follows: 
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Relationship reported by Skempton 
based on determinations using 
British liquid limit device 

Activity * 

Corresponding relationship 
anticipated far data obtained 
using U.S. liquid limit device. 

PI where nxs5 
C - n  Activity ' 

Percent Cloy Sizes (finer than 0.002mm)- C 

Figure 4.3 Relation between plasticity index and clay-size 
fraction. (Seed et al., 1962) 

5 

4 

3 

2 

Very High 
High 

.Medium 

Low 
Smiling Potential = 25% 

Swelling Potential = 5% 
Swelling Potential = 1.5% 

0 
20 50 60 100 0 

Percent Clay Size* (finer than 0.002mm) 

Figure 4.4 Classification chart for swelling potential. 
(Seed et al,1962) 



DEGREE OF SWELLING PERCENT VERTICAL SWELL 
(1 psi surcharge) 

Low < 1.5 

Medium 1.5 - 5.0 

High 5.0 - 25 

Very high > 2 5  

(Seed et al,1962) . 

El Sohby et al (1985) attributed the deviation (n) of 

the activity line to the presence of coarse grained soil 

components. They defined activity as: 

The value of n decreases from a positive to a negative value 

as the percentage of granular material (sand and silt) 

decreases. For example, n is equal to approximately +16 for 

sandy-clay soils, and -34 for silty-clay soils. This 

definition of activity was found more responsive to 

mineralogic variations of the clay fraction, and thus a more 

reliable predictor of a soil's potential for swelling. 

A  =  PIC (100+n) / (100(C+n)) (4.3) 

where PIC = plasticity index of clay fraction, and 

n = +/- abscissa intercept of the activity line. 
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4.4 Laboratory Measurement of Swell. 

The Free Swell Test 

Free swell testing was the first laboratory procedure 

developed to assess the swelling capacity of clay soils 

directly. The free swell test involves placing a known 

volume of dry soil into a graduated cylinder filled with 

distilled water. The soil is allowed to settle from 

suspension, and the final volume is measured. The percent 

free swell is expressed as: 

PS • (Vt- V,) 100 (4.4) 
Vi 

where FS = percent free swell, 

Vf = final volume, and 

Vj = initial volume. 

Soils exhibiting free swell values in excess of 100% have 

the capacity to disturb structures severely. Commercial 

grade bentonite typically has a free swell of 1200% to 2000% 

(Chen,1975). The free swell test provides a very crude 

measurement of swell, and therefore is performed only when 

laboratory equipment (consolidometer/oedometer) required to 

perform a more reliable one-dimensional swell test is 

unavailable, or as an approximate method of comparing the 

relative degree of swell between two soils. 
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The One - Dimensional Swell Test 

The one-dimensional swell test is the most common 

laboratory procedure employed for the determination of a 

soil's susceptibility to expansion. The procedure involves 

the use of a consolidometer (oedometer) to measure the 

vertical swell of a laterally confined soil sample. Soil 

samples tested in this manner should have a minimum 

thickness of one inch, and a diameter to thickness ratio of 

2.5 . Some Investigators test thinner specimens to expedite 

swelling and lessen the influence of wall friction on volume 

change (Carothers,1965). The sample is placed in a 

consolidation ring with porous stones at both ends. The 

sample is then loaded in the consolidometer to a prescribed 

surcharge pressure, which attempts to duplicate anticipated 

loading conditions in the field. A surcharge in the range 

of 1 to 10 psi is practical for most investigations. After 

the surcharge pressure is applied for a minimum of half an 

hour, the sample is then given free access to water and 

permitted to expand until swelling ceases. Generally 95% of 

the potential expansion occurs within 24 hours after 

wetting. The percent vertical swell is easily calculated by 

the equation: 

S = (Hf/H( - 1) 100 (4.5) 



where H, = final sample thickness, and 

Hj = initial sample thickness. 

In most instances the expansion measured by the one-

dimensional swell test overestimates in-situ swell. This 

phenomenon is attributed to the testing procedure's 

inability to simulate variations in soil moisture and stress 

path conditions (Chen,1975; Gillot/1987). 

Seed et al (1962,1964) defined the swelling potential 

as the percent vertical swell of a laterally confined soil 

sample, soaked under a 1 psi surcharge pressure, after being 

compacted to maximum density and optimum moisture content in 

accordance with AASHTO compaction standards (T99). Seed et 

al categorized the swelling potential and the percent 

volumetric expansion in terms of the degree of expansion (at 

1 psi), as follows: 

DEGREE OF 
EXPANSION 

Low 

Medium 

High 

Very high 

PERCENT SWELLING 
POTENTIAL 

< 1.5 

1.5 - 5 

5 - 2 5  

> 25 

PERCENT VOLUMETRIC 
EXPANSION 

<10 

10 - 20 

20 - 35 

> 35 

(Seed et al,1962) . 



Measurement of Swell Pressures 

The swelling pressure is typically determined by using 

the same apparatus and similar procedures as required for 

the determination of vertical expansion. The one-

dimensional swell test may be extended to measure the 

swelling pressure of soils. The pressure required to 

compress the expanded sample to the original void ratio 

(initial sample thickness) is equal to the swelling 

pressure. The swell pressure may also be measured 

independently, by preventing a soil sample from expanding 

after inundation with water. The applied pressure required 

to insure constant volume is equivalent to the swell 

pressure (Johnson and Snethen,1978). 

In an attempt to standardize the method of measuring 

swell pressure, T. W. Lambe (1960) developed the Potential 

Volume Change (P.V.C.) classification scheme at the request 

of the Federal Housing Administration. In Lambe"s testing 

procedure the swelling pressure developed by a remolded soil 

(compactive effort of 55,000 ft-lb/cu.ft) within two hours 

after exposure to water is measured. The swelling pressures 

were categorized as follows: 
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DEGREE OF SWELLING SWELL PRESSURES (PSF) 

Non-critical < 2700 

Marginal 2700 - 3200 

Critical 3200 - 4700 

Very critical > 4700 

4.5 Methods for the Prediction of Swell. 

Simple empirical approaches have been developed to 

predict probable swelling capacities of expansive soils, in 

relation to properties determined by routine geotechnical 

testing. Empirical relationships yield reasonable results 

when applied to the particular soils from which the relation 

was devised. However most empirical relationships lack the 

generality to be applicable over a broad range of soil 

conditions, while retaining reasonable predictive abilities. 

Empirical methods are not intended as an absolute method of 

predicting expansion characteristics, but rather are 

designed to identify soils that require more rigorous 

geotechnical analysis. 

Classification Schemes 

Established classification schemes provide a simple and 

quick means of qualifying the degree of expansion from 

indicative soil parameters. Among the first criteria 
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proposed for the recognition o£ expansive soils vere the 

Atterberg Limits and clay content. More conventional 

schemes have incorporated geotechnical parameters related to 

dry-density and pore water tension. The reliability of 

classification schemes is generally poor, since the 

consideration of multiple parameters may provide a wide 

variation in the estimate of potential expansion. However, 

a brief description of some of the more commonly used 

schemes follows. 

Altmeyer Classification Scheme; W. T. Altmeyer (1955) 

demonstrated that the shrinkage properties of a clay soil 

could serve as a preliminary indicator of the degree of 

expansion, as shown by Table 4.1. 

Laboratory Measurement 

Degree of 
Expansion 

Shrinkage Limit 
(%) 

Linear Shrinkage 
(%) 

Degree of 
Expansion 

< 10 > 8 Critical 

10 - 12 5 - 8  Marginal 

> 12 < 5 Non-Crit. 

TABLE 4.1. Altmeyer Classification Scheme. 
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U.S.B.R. Classification Scheme: Under the auspices of the 

United States Bureau of Reclamation/ Holtz and Gibbs (1954) 

formulated one of the more widely accepted classification 

schemes. As shown in Table 4.2, the U.S.B.R. method 

provides an estimate of a soil's volumetric expansion (air 

dry to saturation) under a 1 psi surcharge, based on the 

simultaneous consideration of the three indicator values of 

colloid content (percent finer than 0.001mm), plasticity 

index, and shrinkage limit. The classification scheme was 

developed from expansion tests performed on 45 soils, some 

of which were remolded and others undisturbed (Holtz,1959). 

Laboratory Measurements Percent 
Volume 
Change 
(@lpsi) 

Degree 
of 

Swell Colloid 
Content 
(%< lp) 

Plasticity 
Index 
(%) 

Shrinkage 
Limit 
(%) 

Percent 
Volume 
Change 
(@lpsi) 

Degree 
of 

Swell 

> 28 > 35 < 11 > 30 V.High 

20-31 25-41 7-12 20-30 High 

13-23 15-28 10-16 10-20 Medium 

< 15 <18 >15 < 10 Low 

TABLE 4.2. U.S.B.R. Classification Scheme. 
(After Holtz,1959) 
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Chen Classification Scheme; Utilizing geotechnical test 

data from hundreds of soil samples gathered throughout the 

Rocky Mountain region, Chen (1975) developed a 

classification scheme that expresses swelling properties in 

relation to more convienent geotechnical properties, as 

shown by Table 4.3. 

Laboratory/Field Measurements Percent 
Volume 
Change 

(@lksf) 

Swell 
Pressure 

(ksf) 

Degree 
of 

Swell Minus 
# 200 
Sieve 
(%) 

Liquid 
Limit 

(%) 

Standard 
Penetration 
Resistance 
(blows/ft.) 

Percent 
Volume 
Change 

(@lksf) 

Swell 
Pressure 

(ksf) 

Degree 
of 

Swell 

>95 >60 >30 >10 >20 V.High 

60-95 40-60 20-30 3-10 5-20 High 

30-60 30-40 10-20 1-5 3-5 Medium 

<30 <30 <10 <1 <3 Low 

TABLE 4.3. Chen Classification Scheme. 

U.S.A.E.W.E.S. Classification Scheme: In addition to 

consistency limits, the United States Army Engineering 

Waterways Experiment Station classification scheme considers 

the initial in-situ soil suction as a measure of potential 

expansion, as shown by Table 4.4. Since the pore water 

state is a variable property, this classification scheme is 



58 

sensitive to the environmental condition at the time of 

field measurements. 

Laboratory/Field Measurements Percent 
Vertical 
Swell 

(@ltsf) 

Degree 
of 

Swell Liquid 
Limit 
<%) 

Plasticity 
Index 
<%) 

In-situ 
Suction 
(tsf) 

Percent 
Vertical 
Swell 

(@ltsf) 

Degree 
of 

Swell 

> 60 > 35 > 4 > 1.5 High 

50-60 25-35 1.5-4 0.5-1.5 Medium 

< 50 < 25 < 1.5 < 0.5 Low 

TABLE 4.4. U.S.A.E.ff.E.S. Classification Scheme 
(After O'Neill and Poormoayed,1980) 

Empirical Predictive Equations 

Empirically derived predictive equations have been 

developed to evaluate swelling potential and swell 

pressures in terms of measureable geotechnical parameters. 

Many investigators have observed that the liquid limit and 

plasticity index are the single-most predictive input 

parameters for the determination of svell; whereas the 

shrinkage properties have shown the lowest degree of 

correlation. Table 4.5 contains some of the more noteworthy 

equations developed from statistical analyses of 

experimental results. 



INVESTIGATOR EQN# EQUATION TERMS COMMENTS 

Seed, Woodward, 
and Lundgren. 

(1962) 

1 S = K C3*4 K=152E-5 (smectite) 
K=3.47E-5 (llllte) 
K=0.28E-5 (kaolin) 
C= % < 2p 

-artificial soils 

-23 mixtures 
tested 

-AASHTO T99 
standards 

-clay contents of 
8% - 65% only 

-Eqn.#3: error of 
estimate = 

±33% (natural) 
±20% (artific.) 

Seed, Woodward, 
and Lundgren. 

(1962) 

2 S = K A"4C3M K=3.6E-5 
A=activity index 
C= % < 2p 

-artificial soils 

-23 mixtures 
tested 

-AASHTO T99 
standards 

-clay contents of 
8% - 65% only 

-Eqn.#3: error of 
estimate = 

±33% (natural) 
±20% (artific.) 

Seed, Woodward, 
and Lundgren. 

(1962) 

3 S = M K PIJ" K=3.6E-5 
natural soils: M=60 
artif. soils: M=100 
PI=plasticity index 

-artificial soils 

-23 mixtures 
tested 

-AASHTO T99 
standards 

-clay contents of 
8% - 65% only 

-Eqn.#3: error of 
estimate = 

±33% (natural) 
±20% (artific.) 

Ranganatham and 
Satyanarayan 

(1965) 

4 S = M Si"7 M=41.13 
SI=Liquid limit -

shrinkage limit 

-natural soils 
-undisturbed 
-error= ± 34% 

Nayak and 
Chtlstensen 

(1971) 

5 S = 0.0229 PIM5C/W +6.38 PI=plasticity index 
C= % < 2p 
W=molding moisture 
P=swell pressure (psi) 

-artificial soils 
-18 soils tested 
-maximum density 
-optimum moisture 

Nayak and 
Chtlstensen 

(1971) 
6 P = 0.0358 PI,1JC2/W7+ 3.79 

PI=plasticity index 
C= % < 2p 
W=molding moisture 
P=swell pressure (psi) 

-artificial soils 
-18 soils tested 
-maximum density 
-optimum moisture 

Table 4.5 Summary of Predictive Equations for the Determination of Percent Svell 

Note: (1) All index values expressed in units of percent. 
(2) S = Percent vertical expansion under 1 psi or 

otherwise specified surcharge. 



INVESTIGATOR EQNI EQUATION TERMS COMMENTS 

VI jayverglya 
and Ghazzaly 

(1973) 

7 Log S = Log P = 

1/12 (0.4 LL - W + 5.5) = 

1/19.5(X+ 0.65LL - 130.5) 

LL=liquld limit 
W=water content 
"yd=dry unit wt.(pcf) 
P=swell pressure(tsf) 
S=% swell at 0.1 tsf 

surcharge 

-undisturbed soil 
-270 soils tested 
-coef.correlation 

r=0.7 

Chen (1975) 8 S = B eA|PI> A=0.0838 
B=0.2558 
PI=plasticity index 

-undisturbed soil 
-321 soils tested 

Brackley 
(1980) 

9 S = (PI-10) Loq (U/P) 
10 

PI=plasticity index 
U=soll suction (kPa) 
P=surcharge (kPa) 

-undisturbed and 
remolded soils 

Weston (1980) 10 S = 4.11E-04 WL4" P0386 W5J3 

where: 
WL = LL (%<#40sieve)/lf>0 

LL=liquid limit 
WL=weighted LL 
P=surcharge (kPa) 
W=water content 

-41 soils tested 

Table 4.5 — continued. 
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4 .6 Prediction of Surface Heave 

The results of one-dimensional consolidometer testing 

may be employed to express total potential vertical 

expansion in relation to the change of effective stress 

conditions. Prediction of surface heave is commonly 

approached using the classical equations developed for the 

prediction of foundation settlement. The total deformation 

of an expansive foundation soil is divided into the 

components of primary and secondary swell. 

Primary expansion is the increase in volume resulting 

from anticipated changes in the equilibrium moisture regime, 

and loading conditions of foundation soils. Computation of 

primary vertical expansion is facilitated by the expression: 

A«e - H f  C e \  log (0= /O^ ) (4.6) 

V1 + V 

where AHe = Increase in layer thickness due to primary 
expansion (inches), 

H = layer thickness (inches), 

Ce = primary expansion index, 

e = original void ratio, 

07 = initial effective vertical stress, or swell 
pressure, and 

0"t = final effective vertical stress 



61 

Typically, primary expansion need only be calculated 

incrementally over the active depth. By inverting the 

effective stress ratio in Equation 4.6 , an estimation of 

the vertical shrinkage due to desiccation results 

(Carothers,1965; Johnson and Snethen,1978). 

The primary expansion index (Ce) is measured while 

unloading a laboratory specimen from confined compression 

during consolidometer testing. The index is generally taken 

as the change in void ratio over the pressure decrement of 

l.Otsf to O.ltsf. The index is valid only for effective 

stresses less than 1.0 tsf, but may be used satisfactorily 

for a maximum effective stress of 3.0 tsf. In the latter 

case a reduction factor of up to 0.5 is commonly applied. 

Typically, the expansion index ranges from about 0.03 to 

0.06, and may be crudely approximated by the equation: 

Ce - 0.0009 (LL - 10) (4.7) 

where LL = Liquid Limit 

(Carothers,1965). 

The vertical effective stress depends upon the pre-

construction and post-construction loading and subgrade 

moisture conditions, as given by the equation: 

f»(T - u (4.8) 
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where O" = vertical effective stress, 

O" = vertical total stress, and 

u equilibrium pore water pressure (+), or 
suction (-). 

For computational purposes it is desirable to define the 

effective stress conditions with depth, as illustrated by 

Figure 4.5. Considering the most severe swelling condition 

possible, the initial effective stress corresponds to a 

condition of maximum desiccation (i.e. drought conditions), 

while the final effective stress is assessed at conditions 

of maximum wetting (i.e. monsoon conditions). Using this 

approach, Equation 4.6 yields an approximation of surface 

heave under the most unfavorable conditions. 

Secondary expansion is the additional component of 

vertical heave for each log cycle in time, after 90% primary 

expansion has occurred. The amount of secondary expansion 

is given by the expression: 

(4.9) 

where A Hs = increase in layer thickness due to 
secondary expansion (inches), 

H1 = layer thickness overwhich 3/4 of cummulative 
expansion occurs, and 

C8 = secondary expansion index 

(Carothers,1965). 
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EFFECTIVE STRESS 

MAXIMUM 
WETTING 

MAXIMUM 
DESICCATION 

Figure 4.5 Effective stress conditions with depth, in 
relation to soil moisture conditions. 
(Adapted from Carothers,1965) 
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The secondary expansion Index (Cs) Is the change in 

void ratio per log cycle of time, measured from 

consolidometer testing 5 to 7 days after the initial load 

application. For CH clays with liquid limits in excess of 

50%, the index value usually ranges from 0.002 to 0.007 . In 

most cases consideration of secondary expansion is omitted 

from engineering analyses (Carothers,1965). 

An alternative for predicting surface heave involves 

performing the following procedures: 

(1) Determine the "active depth" of foundation soils; 

(2) Retrieve undisturbed soil samples of the distinct 

soil units over the active depth; 

(3) Measure pore water pressure/suction at sampling 

intervals; 

(4) Perform one-dimensional swell tests on soil 

samples retrieved. Measure the percent vertical 

expansion under an applied surcharge pressure 

equivalent to that produced by the overburden and 

structural loads, plus an additional component 

equal to the measured pore water conditions; and 

(5) Plot the measured swell versus sampling depth and 

integrate the resulting curve over the active 

depth to estimate surface heave. 

(Kassif et al,1969). 
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4.7 Estimating the Time - Rate of Expansion. 

The time-rate of expansion is determined by an approach 

adapted from Terzaghi's one-dimensional consolidation 

theory. Numerous studies have confirmed that the 

coefficient of consolidation, and time factors can be 

successfully employed to estimate the rate of primary 

expansion. The time (t) required to achieve a given percent 

of primary expansion (U) is estimated from the equation: 

t - (H/N)2 T (4.10) 
Cv 

where t = time (days), 

N = number of drainage faces, 

T = time factor (see Table 4.6), and 

Cv = coefficient of consolidation (for expansion) 
(sq.in/day). 

The coefficient of consolidation is computed from the 

following equation, using Casagrande's logarithm of time 

curve-fitting method to determine the time for 50% primary 

expansion: 

Cv - 0.197 (H/H)2 (4.11) 

*50 

where N = 2 (standard consolidometer testing), and 

tso = time (days). 

0.197 = the value of the time constant (T) at 50% 
primary expansion. 



The value of Cv expansion varies from 0.2 to 2. 

sg.in./day, and averages 0.75 sg.in./day. By comparison, C 

for consolidation ranges from 0.6 to 5 sg.in./day, am 

averages 2.0 sg.in./day (Carothers,1965). 

u TIME FACTORS 
( % )  Edge Interior Footing 

25 0.05 0.11 0.013 

35 0.1 0.17 0.034 

50 0.197 0.3 0.095 

60 0.29 0.39 0.15 

70 0.4 0.49 0.27 

80 0.57 0.65 0.43 

90 0.85 0.93 0.75 

100 2.5 2.5 2.5 

Table 4.6 Expansion time factors. (Carothers,1965) 
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CHAPTIft 9 

THE REGION OF STUDY 

5.1 Introduction. 

Tucson is one of the longest continuously inhabitated 

communities in the United States. Today the Greater Tucson 

Area is home to over three-quarters of a million people. 

The region of study encompasses over 600 square miles, and 

includes both urban and outlying rural portions of the 

Tucson Basin. Figure 5.1 delimits the region over which 

this research was conducted. All mapwork presented herein 

conforms to the coordinate system and scale established by 

Ali (1987). The grid shown in Figure 5.1 utilizes Oracle 

Road/12th Avenue as the north-south axis, and Broadway 

Boulevard as the east-west axis. The scale of the grid was 

devised such that every 10 grid units correspond to 3 miles. 

A mylar transparency of Figure 5.1 is furnished with this 

thesis as an unbound insert located on the inside rear 

cover. This transparency, when superimposed over subsequent 

cartograms, will allow the reader to geographically assess 

the results of the research. 
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Figure 5.1 The region of study. (Adapted from All,1987) 
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5.3 Climate. 

The Tucson Basin is located in the Sonoran Desert, and 

is characterized by a semi-arid climate. Annual 

precipitation averages 10 to 12 inches, approximately half 

of vhich falls in late summer, and the remaining half occurs 

during winter months. Annual evapotranspiration averages 10 

to 13 inches (Hendricks,1985). 

5.2 Geology and Physiography of the Tucson Basin. 

The Tucson Basin is a fault-controlled basin, 

originating from the Basin and Range Orogeny some 15 million 

years ago. The Rincon and Santa Catalina Mountains, vhich 

define the basin's northern-most and eastern-most extent, 

attain elevations in excess of 8000 feet. These mountain 

ranges make-up part of the Rlncon-Catalina-Tortolita 

metamorphlc core complex; the largest such geologic feature 

in the Basin and Range Province (Chronic,1983). The 
« 

petrology of the core complex Is Laramide In age (early 

Tertiary), and is composed of an intrusive granitic core 

encased in a metamorphlc carapace. With elevations slightly 

greater than 4000 feet, the Tucson Mountains flank the basin 

to the vest. The Tucson Mountains consist of a faulted, 
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eastward dipping wedge of Mesozoic sandstones, limestones, 

and shales. The eastern slope of the mountain range is 

faced with a veneir of Tertiary and Qauternary volcanic 

flows, dikes, and tuffs. The Sierrita, Santa Rita, and 

Empire mountains are located within 20 miles of the region 

of study, and define the basin's southern-most extent. 

These mountain ranges are composed predominantly of 

Paleozoic and Mesozoic sedimentary rocks, as well as 

Mesozoic and Cenozoic volcanic extrusive and granitic 

intrusive lithologies. 

In arid regions, tectonic basins of high relief give 

rise to thick accumulations of detrital sediment. This is 

the case with the Tucson Basin, where thousands of feet of 

sediment have filled the basin floor. The nature of the 

valley fill materials is diverse due to the complex geology 

and depositional environments of the basin. The dominant 

sedimentologic process active in the basin is 

alluvial/fluvial in nature. The Santa Cruz River and it's 

associated tributaries drain the basin to the northwest. 

The visible geomorphic features of the basin include 

coalescing alluvial fans, terraced alluvial deposits, and an 

interior valley plane. The elevation of the basin interior 

ranges between 2300 and 3000 feet. 
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5.4 Pedology of the Tucson Basin. 

Of the ten pedologic orders which comprise the U.s.D.A. 

Soil Conservation Service's taxonomic soil classification 

system, two soil orders exist in the Tucson Basin. 

Aridisols and Entisols. These two orders are divisible into 

six regional soil associations existing in the study area. 

Table 5.1 describes the pertinent aspects of the six 

regional soil associations. Figure 5.2 displays the 

surficlal distribution of the soil associations in the study 

area. 

Aridisols are the dominant soil order present in the 

Tucson Basin. As implied by the name, Aridisols form in 

arid to semi-arid environments. They are characterized by 

light-colored surface horizons, lack of soil organics, high 

concentration of mineral salts, and a soil profile which is 

naturally dry three-quarters of a year. Aridisols are 

further subdivided into the suborders argid and orthid. 

Argids are the dominant suborder in the basin, and are 

characterized by detrital argillic layers consisting 

primarily of 2:1 clay minerals, and an exchange complex 

dominated by divalent cations. The suborder orthid is 

distinguished by calcareous horizons, known locally as 

"caliche" (Gillot,1987; Hendricks,1985). Aridisols of the 

Tuscon Basin generally comprise soils of old terrace 

deposits, alluvial fans, and valley deposits. 



SOIL ASSOCIATION MAP SYMBOL ORDER/SUBORDER PERCENT CLAY SHRINK/SWELL 

Pinaleno Ar idisol/argid 11 - 27 low 
Nickel PNP Aridisol/orthid 7 - 1 9  low 
Palos Verdes Ar idisol/argid 7 - 3 2  moderate 

Rlllino Ar idisol/argid 17 - 29 low 
Latene RLC Ar idisol/argid * * * * *  low 
Cave Ar idisol/orthid 7 - 1 1  low 

Mohave Aridisol/argid 25 - 33 moderate 
Tres Hermanos MTA Ar idisol/argid 12 - 28 moderate 
Anway Aridisol/argid * * * * *  moderate 

Continental Aridisol/argid 10 - 36 moderate 
Sonoita CST Aridisol/argid 7 - 1 4  low 
Tubac Aridisol/orthid 11 - 52 high 

Grabe Entisol/fluvent 8 - 1 7  low 
Gila GGP Entisol/fluvent * * * * *  low 
Pima Entisol/fluvent 23 - 38 moderate 

Lampshire LC Molllsol/ustoll 15 low 
Cellar Entisol/orthent 8 - 9  low 

Table 5.1 Pedologic Characteristics of Soils of the Tucson 
Basin.(Data from Richardson and Miller,1973 ; 
Hendricks,1985). 
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Figure 5.2 Pedology of the Tucson Basin. 
(Adapted from Richardson and Miller,1973) 



74 

Soils of the order Entisol are known as "recent soils" 

due to their relative lack of weathering and poorly 

developed surface horizons. Entisols of the Tuscon Basin 

tend to represent relatively young and shallow alluvial fan 

deposits (fluvents), fluvial sediments occupying the Santa 

Cruz and Rillito flood plains (fluvents), and shallow soils 

occupying mountain slopes with grades of 15-50% (orthents) 

(Hendricks,1985). 

Mollisols of the suboirder ustoll occur in the Tucson 

Mountains. Ustolls are shallow, well drained soils that 

occupy steep hillslopes with gradients in excess of 50% 

(Hendricks,1985). 



METHODOLOGY FOR 

CHAPTER 6 

THE DETERMINATION OP SOIL MINERALOGY 

6.1 Introduction. 

The laboratory techniques that may be employed for the 

determination of clay mineralogy include chemical and 

physical analyses, optical identification by petrographic 

microscope, electron microscopy, X-ray diffractometry, 

differential thermal analysis, and infrared spectroscopy. 

Of all these methods, only X-ray diffraction provides the 

most definitive means of identifying clay minerals, as well 

as a semiquantitative measure of clay content. A knowledge 

of clay mineralogy and colloidal content of a soil can 

permit a relative estimate of potential expansion. 

Unfortunately, very few geotechnical engineering firms 

possess the in-house capability (equipment and/or expertise) 

required to conduct X-ray diffraction examinations and 

interpret the results. 
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6.2 Theory of X-Ray Diffraction. 

Among the many laboratory procedures for studying clay 

mineralogy, X-ray diffraction is the most widely employed 

method for the identification and structural analysis of 

clay minerals. X-ray diffraction is based on the knowledge 

that every crystalline substance has a unique and repetitive 

atomic structure. The crystal lattice structure is 

analogous to a mirror, in the sense that incident X-ray 

radiation is "reflected" from successive atomic planes. 

However diffraction differs from simple reflection, in that 

diffraction occurs only at specific combinations of 

diffraction angle, radiation wavelength, and crystal lattice 

spacing (d-spacing). As illustrated by Figure 6.1(a), the 

distance A-B-C represents the path length difference between 

two diffracted x-rays, Ray 1 and Ray 2. The path length 

difference between the two rays is given by: 

A-B-C • AB + BC • BD 8in © + BD 8in 6 

• 2 d sin 6 (6.1) 
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CRYSTAL 

RAY 1 

RAY 2 

INCIDENT RAY 

DIFFRACTED RAY 

GONIOMETER 
STAGE 

XRAY 

TUBE 

COUNTER 

DIRECTION OF SCAN 

Figure 6.1 Illustration of X-ray diffraction: (a) geometry 
of Bragg's Law, (b) schematic arrangement of the 
X-ray diffractometer. 
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Thus a variation of the diffraction angle (0) results in a 

change of the path length. When the path length difference 

is an integral number of wavelengths, Ray 1 and Ray 2 are 

considered "in-phase", and enhancement or the diffracted 

rays results. If the path length is not an integral number 

of wavelengths the emergent rays are "out of phase" and 

interference results, causing the diminishment of the 

diffracted rays. Therefore Bragg's Law of diffraction is 

established by the equation: 

I X  " 2 d  s i n  0  ( 6 . 2 )  

where i = integral order of diffraction, 

X = X-ray radiation wavelength (A), 

d  = lattice spacing between planes (A), and 

0 = angle of diffraction (degrees). 

When d  is given as the distance between corresponding 

crystal planes as designated by the Miller Index notation 

system, the equation simplifies to: 

X s  2  d ( h k l )  s i n  0 (6.3) 

(Brown,1961; Gillot,1987). From this equation. X-ray 

diffraction analysis permits the identification of d(hkl) 

from known values of Xand 0 • In roost conventional 

diffractometers the radiation wavelength is held constant, 

while the angle of incidence is varied until Bragg's Law is 

satisfied and enhancement of the diffracted ray occurs. 
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6•3 X-ray Diffraction Equipment and Operation. 

A General Electric XRD-5 X-ray diffractometer was 

utilized for the diffraction study. A schematic of the 

diffraction equipment is illustrated in Figure 6.1(b). 

Diffraction analyses employed a X-ray beam generated at 35 

kVP and 23 mA. The X-ray beam, of CU-kQ; radiation of 

wavelength equalling 1.5404A, was modified by a beam slit of 

1° defining size. Diffracted radiation passed through a 

medium resolution collimator, a detector slit of 0.1° 

resolving width, and a nickel filter before reaching the 

SPG-6 proportional counter tube. Counts were relayed to a 

SPG detector/recorder for direct output on a strip chart 

recorder. A goniometer scan rate of 2"of 20 per minute 

provides a fair degree of reflection resolution. 

Satisfactory measurements resulted when the 

detector/recorder was set at a count rate of 1000 cps (full-

scale) and a time constant of 2, with a chart drive rate of 

one inch per 5° 20. 

Operation of the X-ray diffractometer and peripheral 

systems was performed in accordance with instructions 

derived from the manufacturers instruction manual, and in 

compliance with safety requirements specified by the Arizona 

Radiation Regulatory Agency. 
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6.4 Sample Preparation and Analysis. 

The intent of this section is to summarize the basic 

laboratory procedures involved with the X-ray diffraction 

analysis of soil constituents. A more descriptive 

explanation of sample preparation and analysis procedures is 

available in published references such as Carroll (1970) and 

Brown (1961). 

X-ray diffraction studies generally require the 

preparation of two types of specimen mounts: (1) randomly 

oriented powder mount, and (2) oriented evaporation mounts. 

Both procedures require the disaggregation of a 

representative soil sample by mortar and pestle, and its 

subsequent sieving. About 5 grams of the minus #200 sieve 

(0.074mm) fraction is recovered to prepare specimens for the 

analyses. 

(1) Random Powder Mount 

The randomly oriented powder mount permits a 

representative overview of both clay and non-clay 

mineralogy. A powder mount is prepared by lightly packing 

minus #200 sieve material into the sample well of a 

plexiglass mount. The specimen is placed in the goniometer 



stage and scanned from 3° 26 to 60° 26 . This scan range 

encompasses the primary (basal) and secondary reflections 

produced by most major soil forming minerals. Powder mount 

analysis also allows the investigator to distinguish 

dioctahedral from trioctahedral clay minerals, based on the 

d(060) lattice reflections at high 26 values. 

(2) Oriented Evaporation Mount. 

Evaporation mounts produce a preferential orientation 

of clay minerals, enhancing the intensity of d(001) basal 

reflections, while supressing d(hkO) reflections. The 

process of sedimentation and decantation permits the 

fractionation of colloidal clay-sized materials from coarser 

gradations of the minus #200 sieve fraction. The 

supernatant aqueous suspension of clay-size material is 

deposited on a glass slide, and concentrated as a thin 

oriented film by air drying. The mount is typically scanned 

over a 26 range of 3° to 60° for preliminary identification 

of clay mineralogies. Uncertainties in identifying 

particular mineral groups are usually resolved by one or 

more of the following supplemental procedures. 
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(a) Glycolation: 

Some clay species are susceptible to 

expansion of the lattice structure by the introduction 

of polar organic fluids, such as ethylene glycol. 

Treating evaporation mounts with ethylene glycol will 

result in the diagnostic expansion of specific 

expandable clay minerals. In the case of smectite 

clays, the basal spacing will increase from 

approximately 14A to 17A upon glycolation. For CU-KQ-

radiation, a 20 scan range from 3° to 15° is sufficient 

to record any indicative changes in lattice spacing. 

(b) Thermal Reactions: 

Thermal transformations are diagnostic of 

some clay types. Heat treatments of 300°C and 500° C 

are commonly employed for identification procedures. 

At elevated temperatures adsorbed interlayer water is 

driven-off, thereby collapsing the lattice structure, 

while intensifying observed diffraction peaks. Heat 

treating may also destroy the crystalline nature of 

some clay minerals. These thermal reactions may be 

employed to differentiate clay minerals of the 7A, 10A, 

and 14A groups. 
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6.5 Identification of Clay Minerals. 

The two parameters recorded during X-ray diffraction 

procedures are the lattice spacings (d(hkl)) and reflection 

intensity. Mineral identification relies on comparing 

recorded data with published dimensional and intensity 

values. Tabulated identification schemes published by Brown 

(1961), Warshaw and Roy (1961), and Carroll (1970) were 

consulted for the identification of clay mineralogies in 

this study. Table 6.1 provides a generalized scheme of the 

methods performed for the identification of soil 

constituents. Identification of non-clay minerals was aided 

by tabulated dimensional standards, by Smith et al (1968). 
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TECHNIQUE INFORMATION DERIVED 

Randomly oriented 
povder mount 

(a) Non-clay minerals 

(b) Clay minerals 

(1) Dioctahedral 060 = 1.48A 

(2) Trioctahedral 060 = 1.54A 

Oriented evaporation 
mount 

(air dry) 

(1) Smectites 
(2) Chlorites 

(a) 14-15& (3) Vermiculite 
(4) Mixed-layered 

(b) 10A (1) Mica/illite 
(2) H20 Halloysite 

(c) 7A (1) Kaolinite 
(2) Halloysite 

Oriented evaporation 
mount 

(ethylene glycol) 

(a) > 17A (1) Smectites 

Oriented evaporation 
mount 

(heated at 300°C) 

(a) 10A (1) H20 Halloysite 
degrades 
to 7A 

(b) 14A (1) Smectites 
degrades (2) Vermiculites 
to 10A 

Oriented evaporation 
mount 

(heated at 500°C) 

(a) 7A reflections vanish 

(b) 14A (1) Chlorites 
enhanced 

Table 6.1 Generalized Scheme for the Diffraction Analysis 
of Clay Minerals. 
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CHAPTER 7 

RESULTS AND ANALYSIS OF MINBRALOQIC INVESTIGATIONS 

7.1 Introduction. 

Mineralogic analyses were performed on 90 soil samples. 

Twelve samples were obtained from local consulting 

engineering firms, and 78 samples were collected personally. 

The majority of samples analyzed were retrieved from depths 

not in excess of 10 feet, and special care was taken to 

avoid the sampling of imported fill materials. An 

additional 39 data points from previous mineralogic studies 

performed by Sabbagh (1982), supplemented the results of 

this research. The geographic distribution of the 129 

sampling localities used for this research are shown In 

Figure 7.1 . 

7.2 Results of Mineralogic Analyses. 

The three major clay minerals identified by X-ray 

diffraction procedures belong to the Kaolinite, Mica, and 

Smectite Groups. Mica/illite is the most prevalent clay 

mineral identified, with detectable quantities observed in 

92% of all samples tested. Smectite and kaolinite clays 
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were present in detectable quantities in 74% and 34% of the 

soils sampled, respectively. 

X-Ray diffraction analysis of povder mount specimens 

allowed the identification of non-clay mineralogies. 

Although not central to the assessment of expansive clay 

soils, a knowledge of the non-clay mineralogy provides an 

indication of the geochemical environment and potential clay 

parent minerals. The predominant minerals identified were 

quartz, plagioclase and potash feldspars, and calcite; in 

that relative order of decreasing relative abundance. 

7.3 Evaluation of Mlneraloqic Data. 

A means of assessing the mineralogic results 

quantitatively was necessary to establish the regional 

distribution of clay minerals. The intensity of the 

diagnostic diffraction peaks was chosen as the quantitative 

parameter with which to characterize mineralogic data. 

Diffraction intensity tends to be a function of (1) the 

quantity of a clay mineral present, (2) the quality of 

crystallinity displayed by the clay structure, and (3) the 

methodology of preparing and testing diffraction mounts. 

Since all diffraction mounts were prepared and analyzed 

under identical laboratory procedures, factor (3) may be 

assumed "consant" for all samples tested. Thus factors (1) 

and (2) control the relative intensity of measured 



diffraction peaks. Factors (1) and (2) have a considerable 

influence on the swelling characteristics of clays; 

consequently the diffraction intensity may be interpreted as 

an indirect measure of swelling capacity. 

The primary diagnostic diffraction peaks were measured 

for intensity values. For each of the clay minerals 

identified, these peaks are as follows: 

MINERAL d lk) MILLER IHPICE 

Kaolinite 7.2 (001) 

Mica/illite 10.1 (001) 

Smectite 14.7 (001) 

As illustrated by Figure 7.2, the magnitude o£ the 

diffraction peak was measured from a baseline level to the 

maximum recorded peak height. Intensity was measured in 

tenths of an inch (the unit grid spacing on chart paper). 

To provide a relative measure of Intensity, the recorded 

peak height was divided by the maximum observed peak height, 

for a given clay mineral. The maximum observed peaks for 

kaolinite, mica/illite, and smectite were 7, 16, and 35 

tenths of an inch, respectively. Measured intensity values 

are tabulated for future reference as part of the 

mineralogic database in Appendix I . 



Figure 7.2 Measurement of diffraction intensity. 
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7.4 Cartographical Representation of Mlneralogic Data. 

Contour plots of the relative diffraction peak 

intensity were produced for each of the clay minerals 

identified. A geostatistical analysis (kriging) of the 

irregularly spaced data points shown in Figure 7.1, was 

performed using Golden Software's - GRID (Version 3.1) 

software package. Contour plots were generated from the 

"gridded" data set using Golden Softwares - TOPO (Version 

3.1) software package. Figures 7.3/ 7.4, and 7.5 represent 

the contour plots of the relative diffraction peak intensity 

for smectite, mica/illite, and kaolinite, respectively. 
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Figure 7.3 Regional Smectite Peak Intensity. 
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Figure 7.4 Regional mica/illite peak intensity. 
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Figure 7.5 Regional kaolinite peak intensity. 
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CHAPTER 8 

COLLECTION AND REDUCTION OF ENGINEERING DATA 

8.1 Introduction. 

The second phase of research involved the establishment 

of a data base concerned with the engineering properties of 

expansive soils. Western Technologies Incorporated of 

Tucson was very cooperative in providing access to 

engineering job-files, from which relevant geotechnical 

information was obtained. Review of files for the years 

1987 through 1988 provided much of the information used for 

the geotechnical analyses. 

A total of 105 swell potential measurements were 

recorded for soils retrieved from locations shown in Figure 

8.1 . The swell potential measurements correspond to the 

total vertical expansion under a lOOpsf surcharge, of soils 

remolded to 95% of the ASTM D698 specifications, and molding 

moisture contents 3% below optimum. For each swell 

potential measurement recorded, any other data regarding the 

Atterberg limits, granulometry, and uses designation was 

also recorded. These data are tabulated in Appendix II. 
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Figure 8.1 Swell measurement locations. 
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8.2 Cartographical Representation of Swell Data. 

Cartograms displaying the swell potential of regional 

soils were developed using Oolden Software's - GRID and TOPO 

software packages, as described in the previous chapter. 

Figure 8.2 represents the contour plot generated from the 

consideration of all 105 swell potential measurements. The 

sampling depths of these data points range from 1 foot to 25 

feet, and the majority of measurements correspond to soil 

samples obtained over the interval of 2 feet to 10 feet. 

Upon review of the numeric data in relation to Figure 8.2, 

it was noted that several data points had unusually high 

swell values as compared to neighboring measurements. The 

majority of these anomalous measurements correspond to 

sampling depths in excess of 15 feet, where deposits of high 

plasticity clay were sampled. Thus a decision was made to 

contour separately those data points obtained from sampling 

intervals of less than 15 feet. The results of this 

analysis are shown in Figure 8.3 . 

8.3 Regional Distribution of Expansive Soi1 Types. 

A knowledge of the surficial distribution of native 

soil types can aid in a more complete characterization of 

expansive soil types. A USCS designation was provided for 

all soils tested for swelling potential. Data of this form 
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Fiaure 8.2 Swelling potential (at lOOpsf) of regional soils 
to depths of 25 feet. 
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Figure 8.3 Swelling potential (at lOOpsf) of regional soils 
to depths of 15 feet. 
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Figure 8.4 USCS designations of expansive soils in the 
study region. 
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does not lend Itself to geostatistical analysis, thus 

mapwork required the hand-drawing of soil type boundaries. 

Figure 8.4 reveals the general trends of soil composition in 

the Tucson Basin, as described by the six USCS categories of 

GC, SC, SM, ML, CL, and CH. Since soils of the Tucson Basin 

are predominantly alluvial in origin, a vide variation of 

soil properties can be expected, and indeed do exist in a 

given area. As a result, Figure 8.3 provides only a very 

generalized overview of soil composition. 

8.4 Development of Predictive Empirical Equations. 

As previously discussed in Chapter 4, past 

investigators have shown that a soil's swelling 

characteristics may be predicted in terms of consistency 

limits and granulometric parameters. To determine the 

applicability of this approach to local soils, measurements 

of swelling potential were correlated to indicative 

geotechnical properties. Of the 105 swell measurements 

recorded, only 24 measurements were accompanied by indicator 

parameters. 

The "best-fit" methods used for determining the trends 

in geotechnical measurements included linear, power, 

exponential, and logarithmic. Power functions were found to 

best portray the relationships between swell potential and 
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the intrinsic soil properties. These power functions may be 

expressed by an equation of the form: 

S = B XA (8.1) 

where S = swell potential at lOOpsf, 

X = indicative geotechnical parameter, and 

A and B = constants. 

By plotting the data in the form of log S versus log X, the 

values of A and B are readily determined from the resulting 

linear expression: 

log S = log B + A log X (8.2) 

The constant A is the slope of the line represented by 

Equation 8.2, and B equals the value of S at X = 1. Linear 

regression analysis allowed the numerical evaluation of the 

constants A and B for each equation proposed. 

Figures 8.5, 8.6, 8.7, and 8.8 graphically present the 

relationships of swell potential in terms of the independent 

variables of liquid limit (LL), plasticity index (PI), clay-

silt fraction (C) (percent finer than the #200 sieve), and a 

modified "activity" index (A) (plasticity index / clay-silt 

fraction); respectively. The figures also present the 

predictive equations represented by the graphed power 

curves, statistical coefficients, and error analysis. The 

coefficient of determination provides a measure of the 
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degree of error associated vlth the prediction o£ swell (the 

dependent variable) from the independent variable. The 

value o£ the coefficient ranges from zero to one. Low 

values of the coefficient indicate that the independent 

variable contributes very little information to the 

prediction of swell; whereas high values of the coefficient 

indicate that a definite predictive relationship exists 

between the independent variable and the value of swell. 
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Figure 8.5 Swell potential versus liquid limit. 
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Figure 8.6 Swell potential versus plasticity index. 
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Figure 8.7 Swell potential versus clay-silt fraction. 
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CHAPTER 9 

DISCUSSION AND INTERPRETATION OF RESULTS 

9.1 Mineralogy of the Tucson Basin. 

Mineralogic analyses identified mica/illite, smectite, 

and kaolinite as the major clay constituents of soils native 

to the Tucson Basin. Contour plots were generated to 

display the distribution and relative abundance of 

individual clay minerals. X-Ray diffraction intensity 

provides a direct measure of the quantity and "quality" of 

clay minerals, and an indirect means of assessing potential 

expansion characteristics of clay minerals. For purposes of 

discussion and comparison, the need arises to qualify 

intensity measurements. The relative intensity measurements 

are categorized as follows: 

DEOREE OF INTENSITY RELATIVE INTENSITY 

Very High > 0.75 

High 0.75 - 0.5 

Medium 0.5 - 0.25 

Low < 0.25 
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The subdivisions of this categorization scheme were chosen 

as to best portray the occurence of clay minerals in 

relation to anticipated levels of swelling. Figures 9.1, 

9.2, and 9.3 display the degree of intensity for 

mica/illite, smectite, and kaolinite; respectively. 

Mica/illite was observed in detectable quantities in 

92% of the soil samples analyzed. Figure 9.1 reveals that 

mica/illite is broadly distributed in the soils of the 

Tucson Basin at medium to high concentrations. The 

persistence of mica/illite in the soil environment is not 

suprising, considering that muscovite is one of the most 

stable silicate minerals outside of quartz. 

Smectite clays are fairly common in the Tucson Basin, 

being detected in 72% of the samples analyzed. The 

occurrences of smectite clays are primarily restricted to 

the eastern slope of the Tucson Mountains, west of the Santa 

Cruz River, and the catalina foothills, north of Rillito 

Creek. From Figure 9.2, it is interesting to observe that 

the occurrences of smectite in the foothills north of Tucson 
• t 

are lobate in expression, and tend to define the alluvial 

fan deposits eminating from the Catalina Mountains. The 

smectite clays present in the alluvial fan sediments are 

Inevitably the result of the physical disintegration, and 

chemical alteration of feldspathic and micaceous minerals 
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that constitute the Catalina Gneiss. Residual smectite 

clays sampled in the vicinity of Sentinal Peak indicate 

that the volcanic extrusive rocks, vhich comprise portions 

of the Tucson Mountains, are probable parent materials. 

As expected, Kaolinite clays are very minor soil 

constituents in the Tucson area. Only 34% of the samples 

mlneralogically analyzed showed detectable quantities of 

kaolinite. The presence of kaolinite is most apparent as 

isolated occurrences in portions of the Pantano, Rillito, 

and Santa Cruz drainages. Other moderate concentrations of 

kaolinite include the northwestern foothills, and the 

southwestern grid quadrant. The moderate to very high 

concentrations of kaolin minerals in the river drainages may 

suggest that kaolinite is hydraulically imported into the 

basin from distant external sources. Probable sources of 

kaolinite include the weathering of hydrothermally altered 

rock, and the weathering of sedimentary strata rich in 

kaolin. Significant occurrences of kaolinite (along with 

smectite minerals) have been reported in the Pima mining 

district (Twin Buttes Mine) south of Tucson (Anthony et al, 

1976). This area may provide a detrital source of 

kaolintite to the Santa Cruz drainage. 
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Figure 9.1 Qualitative zonatlon of mica/illite intensity. 
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Figure 9.3 Qualitative zonation of kaolinite intensity. 
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Some Interesting trends are evident in the clay mineral 

assemblages of the Tucson Basin. Kaolinite and mica/illite 

appear as notable detrital components common to the 

drainages o£ the Tucson Basin, and specifically in the 

Pantano Wash. Perhaps the most interesting mineralogical 

relationship exists between mica/illite and smectite clays. 

Moderate to high concentrations of smectite correspond low 

concentrations of mica/illite, and visa versa. This 

phenomenon may suggest that smectite clays form at the 

expense of micaceous minerals during weathering. 

9.2 Expansion Characteristics of Regional Soils, 

Geotechnical maps expressing the degree of swelling 

potential of regional soils were developed in accordance 

with limits established by Seed et al (1962). The 

geotechnical maps displayed in Figures 9.4 and 9.5 delimit 

generalized zones of swelling potential. The qualification 

of these zones is likely to be slightly conservative, 

considering that surcharge pressures and compaction 

variables utilized for the research data, differ from those 

prescribed by Seed et al. Nonetheless, the overall range of 

swelling potential encountered in the Tucson Basin varies 

from low to high. 

Because the majority of soils in the Tucson Basin 

resulted from alluvial/fluvial deposition, a wide variation 
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of composition and engineering behavior may be expected over 

the soil profile. Most surficial soils with depths less 

than 15 feet are predominantly of low to medium expansion 

potential, as shown in Figure 9.4. Shallower soils are 

more likely to pose a threat to pavements, slab-on-grade 

construction, and shallow foundations. Figure 9.5 

illustrates the swelling potential of soils to depths of 25 

feet. The distinction between Figures 9.4 and 9.5 was 

necessary to account for swell measurements associated with 

deep isolated deposits of high plasticity clays, located in 

the south-central basin interior (see Figure 8.4). 

Consultation of Figure 9.5 will assist in evaluating deep 

soils that may pose a hazard to deep foundations and 

underground utilities. 

Climatic conditions of the Tucson Basin are ideal for 

promoting the volumetric instability of expansive clay 

soils. Swelling soils identified by this research may 

induce structural damage to engineered structures, using a 

large data-base of residential foundation failures in Texas 

and California, Krohn and Slosson (1980) have related the 

anticipated levels of residential damage to a soil's degree 

of swelling. The approximate average annual per capitia 

monetary loss, associated with residential structures 

founded on expansive soils is delineated in Table 9.1 . 
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Figure 9.4 Qualitative zonation of swelling potential for 
depths less than 15 feet. 
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Figure 9.5 Qualitative zonation of swelling potential for 
depths less than 25 feet. 
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EXPANSIVE SOIL RATING $ LOSS/CAPITIA/YEAR 
(1979 dollars) 

High 

Moderate 

Low 

$ 47 

$ 13 

$ 2 - 3 

Table 9.1 Annual per capitla monetary loss as related to 
the degree of swelling. (Krohn and Slosson,1980) 

Assuming that soils in the Greater Tucson Area are of a 

moderate to low expansion rating, it is easy to comprehend 

that the annual damage to residential structures in the 

region of study may exceed a million dollars. Moreover, 

knowing that residential foundation failures account for 

only approximately 13% of the total monetary damage arising 

from expansive soils, the total yearly damage resulting from 

expansive soil conditions in the Tucson Basin could easily 

exceed 10 million dollars ! 

9.3 Relationship Between Soil Mineralogy and Expansion. 

Both the mineralogy and the quantity of clay in a soil 

dictate the potential for volumetric expansion. By 

superimposing the contour plots of swell potential (use the 

Mylar transparency insert) and clay mineral intensity 
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(Figures 9.1, 9.2, and 9.3), any relationship between these 

two parameters is visible. Since the majority of samples 

retrieved for mineralogic analyses were obtained from 

sampling depths not in excess of 10 feet, it is only 

practical to consider the swell potential for depths less 

than 15 feet. The regions of moderate to high swell 

potential displayed by Figure 9.4 correlate fairly well with 

zones of moderate to very high smectite peak intensity. The 

only exception to this trend is observed in the south-

central basin interior, where a moderate degree of swelling 

corresponds to low smectite intensity measurements. This 

situation is a possible result of an insufficient number of 

mineralogic assay samples retrieved from the vicinity of 

Davis - Monthan AFB and Tucson International Airport. 

Because the presence of mica/illite is notably absent from 

regions of high to moderate smectite concentrations, it 

would appear that an inverse relation exists between 

mica/illite concentration and swelling potential. However 

outside the zones of high to moderate smectite intensity, 

there is no well defined trend between the presence of 

mica/illite and swelling potential. No visible correlation 

between the the occurrence of kaolinite and swell potential 

is observed. 
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9.4 Empirical Equations for the Prediction of Swell. 

Table 4.5 contains many of the noteworthy equations 

that permit the prediction of swelling behavior in terms of 

various geotechnical properties. Many investigators have 

acknowledged that empirical equations suffer from the 

inability of being applicable over a wide range of soil 

conditions, and are best suited for predicting swell in 

soils from which they were derived. Equations relating the 

percent swell potential (at a 100 psf surcharge) to the 

properties of liquid limit/ plasticity index, clay-silt 

fraction, and the ratio of plasticity index to the clay-silt 

fraction were proposed by this research for use in the 

Tucson Basin. For all geotechnical properties evaluated, a 

power curve function was found to best portray the 

relationship between the swelling potential and indicator 

properties. It is reassuring to note that over half of the 

predictive equations presented in Table 4.5 are also of the 

power curve form. 

The investigation confirmed that the plasticity index 

is the best predictive parameter for the assessment of 

swell. Figure 9.6 provides a comparison of the predictive 

relationship developed for soils of the Tucson Basin, with 

those generalized relationships proposed by Seed et al 

(1962) and Chen (1975) (see Table 4.5, equations #3 and #8). 
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Figure 9.6 Comparison of predictive equations utilizing the 
plasticity index as the independent variable. 



121 

The predictive abilities of empirical equations 

utilizing granulometric parameters and "activity index" for 

the prediction of swelling potential, could be improved 

significantly through the use of the clay-size fraction. 

However measurements of the clay-size fraction were 

unavailable for this research, and the minus #200 sieve 

fraction was used as a crude approximation for the clay-size 

fraction. 
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CHAPTER 10 

CONCLUSIONS AND RECOMMENDATIONS 

10.1 Conclusions. 

Mineralogic assays utilizing X-ray diffractometry were 

employed to assess the clay mineralogy and occurrence of 

clay bearing soils in the Tucson Basin. Existing 

documentation regarding the engineering properties of 

expansive soils in the greater Tucson area was reviewed, and 

the relevant data was recorded, reduced, and interpreted. 

The results of mineralogic analyses were employed in 

conjunction with the established engineering data-base, to 

assess the severity and distribution of expansive clay soils 

in the region of study. Contour plot cartograms and 

predictive equations for the determination of swelling 

potential were developed to familiarize engineers and the 

general public with the nature and extent of expansive 

soils. Based on the results of this research the 

following conclusions may be drawn: 

(1) Mica, Smectite, and Kaolinite Group clay minerals 

exist in the Tucson Basin. Their occurrence and 

abundance is significantly influenced by geologic 

and physiographic factors. 
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(2) The expansion potential of regional soils is 

directly related to the presence of smectite clay 

minerals. 

(3) The X-ray diffraction intensity is a very useful 

parameter in qualifying the quantity and degree of 

crystallinity of individual clay minerals. 

Diffraction intensity may be employed to evaluate 

indirectly the probable degree of swell for soil 

containing smectite minerals. 

(4) Soils of the Tucson Basin are characterized by low 

to high degrees of potential . expansion. The 

degree of swelling was found to vary both in the 

surficial extent and vertical profile. 

(5) Geostatistical analyses provide a valuable tool 

for characterizing the spatial variability of 

mineralogic and geotechnical properties. 

(6) Power curve functions best describe the 

relationship between swell potential and various 

indicative geotechnical properties. Power curve 

functions utilizing the plasticity index as the 

independent variable, best predict the anticipated 

level of swelling. 
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(7) Damage afflicted upon engineered structures in the 

Tucson Basin could possibly be measured in the 

millions of dollars each year. 

(8) The data-base created as a result o£ this 

investigation can provide information for further 

research into soil mineralogy and its influence on 

soil metastability. 

10.2 Recommendations for Future Research. 

This research represents one of the first comprehensive 

assessments of expansive soils in the Tucson Basin. 

Investigations of this nature often produce many avenues 

from which future research may be approached. Indeed, a 

secondary goal of this research project was the 

establishment of a data-base which future investigations may 

utilize. Prospective research topics include: 

(1) The detailed geotechnical analysis of localized 

occurrences of highly swelling soils, as defined 

by this research. 

(2) A more thorough regional analysis of expansive 

soils with depth in the soil profile. 
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(3) The correlation between regional occurrences of 

expansive soils and damage of pavements, 

buildings, and underground utilities. 

(4) Refinement of predictive empirical equations by 

increasing the size of the data-base from which 

equations were derived. 

(5) Past investigators have shown that the existence 

of some clay minerals may also contribute to a 

soils collapse- susceptibility. The mineralogic 

data-base created by this project may be employed 

to assess the influence of clay mineralogy, on the 

collapse-susceptibility of regional soils in a 

similar manner. 
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APPENDIX I 

DATA-BASE FOR THE MINERALOGIC PROPERTIES 

OF EXPANSIVE SOILS 



ILLITE PEAK INTENSITY [QF:INILLITE.DTQ] 

LOC-X LOC-Y PK. HT. PERCENT 

- 2 9  - 1 4  1 0  0 . 6 2 5  
- 2 6  3 4  7  0 . 4 3 7 5  
- 2 6  4 8  1 1  0 . 6 8 7 5  
- 2 5  - 2 1  7  0 . 4 3 7 5  
- 2 5  2 7  7  0 . 4 3 7 5  
- 2 5  3 0  7  0 . 4 3 7 5  
- 2 4  2 8  1 5  0 . 9 3 7 5  
- 2 2  2 7  7  0 . 4 3 7 5  
- 2 2  2 9  7  0 . 4 3 7 5  
- 2 2  3 2  7  0 . 4 3 7 5  
- 2 1  2 0  8  0 . 5  
- 1 9  2 3  0  0  
- 1 8  - 2 1  6  0 . 3 7 5  
- 1 8  - 1 1  8  0 . 5  
- 1 8  2 2  9  0 . 5 6 2 5  
- 1 8  3 0  9  0 . 5 6 2 5  
- 1 7  2 3  9  0 . 5 6 2 5  
- 1 7  2 7  8  0 . 5  
- 1 6  8  6  0 . 3 7 5  
- 1 6  2 5  8  0 . 5  
- 1 6  2 8  8  0 . 5  
- 1 5  3  4  0 . 2 5  
- 1 5  1 7  0  0  
- 1 5  2 1  8  0 . 5  
- 1 5  2 7  1 6  1  
- 1 4  1 1  5  0 . 3 1 2 5  
- 1 4  2 3  8  0 . 5  
- 1 4  2 7  7  0 . 4 3 7 5  
- 1 4  4 2  7  0 . 4 3 7 5  
- 1 3  1 4  7  0 . 4 3 7 5  
- 1 3  4 8  1 0  0 . 6 2 5  
- 1 2  1 4  4  0 . 2 5  
- 1 1  1 7  7  0 . 4 3 7 5  
- 1 0  1 3  7  0 . 4 3 7 5  
- 1 0  2 4  8  0 . 5  
- 1 0  2 7  8  0 . 5  
- 1 0  3 1  8  0 . 5  

- 9  - 2 0  5  0 . 3 1 2 5  
- 9  3 0  8  0 . 5  
- 8  - 8  0  0  
- 8  - 4  0  0  
- 8  1 0  7  0 . 4 3 7 5  
- 8  1 1  7  0 . 4 3 7 5  
- 8  1 4  7  0 . 4 3 7 5  
- 8  1 5  8  0 . 5  
- 8  2 7  • 5  0 . 3 1 2 5  



ILLITE PEAK INTENSITY [QF:INILLITE.DTQ] 

-X LOC-Y PK. HT. PERCENT 

-8 36 10 0.625 
-7 -21 7 0.4375 
-7 -17 7 0.4375 

24 8 0.5 
-7 28 6 0.375 
-7 34 8 0.5 
-6 2 0 0 
-6 7 0 0 
-6 20 8 0.5 
-6 30 7 0.4375 
-5 -13 4 0.25 
-5 -9 6 0.375 
-5 3 4 0.25 
-5 28 7 0.4375 
-5 42 5 0.3125 
-4 -21 7 0.4375 
-4 -6 7 0.4375 
-4 6 7 0.4375 
-4 31 0 0 
-2 -14 7 0. 4375 
-2 -10 8 0.5 
-1 8 8 0.5 
0 -1 4 0.25 
1 -1 5 0.3125 
1 6 7 0.4375 
1 18 9 0.5625 
1 31 14 0.875 
2 -10 7 0.4375 
3 -22 8 0.5 
3 -17 8 0.5 
3 22 10 0.625 
4 42 5 0.3125 
4 48 0 0 
5 -31 7 0.4375 
5 25 5 0.3125 
5 32 9 0.5625 
6 2 0 0 
6 3 4 0.25 
6 16 5 0.3125 
9 28 4 0.25 
10 25 0 0 
12 -6 6 0.375 
12 10 7 0.4375 
13 0 4 0.25 
14 -25 9 0.5625 
14 6 6 0. 375 



ILLITE PEAK INTENSITY [QFrlNILLITE.DTQ] 

LOC-X LOC-Y PK. HT. PERCENT 

16 13 
16 14 
16 23 
17 7 
18 9 
19 3 
20 20 
22 -8 
24 6 
24 12 
25 -23 
25 -3 
26 -10 
27 1 
27 20 
30 0 
30 7 
32 -29 
32 -14 
32 18 
33 -7 
36 -4 
36 4 
36 17 
37 7 
38 0 
40 -21 
40 -14 
40 3 
40 12 
40 18 
43 -7 
43 0 
44 -24 
46 -10 
46 10 
46 17 

9 0.5625 
4 0.25 
3 0.1875 
5 0.3125 
4 0.25 
4 0.25 
6 0.375 
5 0.3125 
12 0. 75 
10 0.625 
4 0.25 
5 0.3125 
3 0.1875 
9 0.5625 
5 0.3125 
9 0.5625 
3 0.1875 
4 0.25 
6 0.375 
8 0.5 
13 0.8125 
4 0. 25 
7 0.4375 
4 0.25 
5 0.3125 
0 0 
4 0.25 
4 0.25 
7 0. 4375 
3 0.1875 

16 1 
4 0.25 
3 0.1875 
7 0.4375 
10 0.625 
5 0.3125 
4 0.25 



SMECTITE PEAK INTENSITY [QP:INSMECTITE.DTQ] 

IC-X LOC-Y PK. HT. PERCENT 

-29 -14 4 0.114286 
-26 34 8 0.228571 
-26 48 4 0.114286 
-25 -21 0 0 
-25 27 4 0.114286 
-25 30 0 0 
-24 28 0 0 
-22 27 0 0 
-22 29 0 0 
-22 32 8 0.228571 
-21 20 0 0 
-19 23 4 0.114286 
-18 -21 8 0.228571 
-18 -11 0 0 
-18 22 4 0.114286 
-18 30 0 0 
-17 23 4 0.114286 
-17 27 0 0 
-16 8 9 0.257143 
-16 25 5 0.142857 
-16 28 3 0.085714 
-15 3 4 0.114286 
-15 17 25 0.714286 
-15 21 3 0.085714 
-15 27 8 0.228571 
-14 11 18 0.514286 
-14 23 0 0 
-14 27 15 0.428571 
-14 42 0 0 
-13 14 6 0.171429 
-13 48 0 0 
-12 14 8 0.228571 
-11 17 7 0.2 
-10 13 4 0.114286 
-10 24 6 0.171429 
-10 27 0 0 
-10 31 3 0.085714 
-9 -20 9 0.257143 
-9 30 0 0 
-8 -8 26 0.742857 
-8 -4 35 1 
-8 10 8 0.228571 
-8 11 10 0.285714 
-8 14 8 0.228571 
-8 15 19 0.542857 
-8 27 0 0 



SMECTITE PEAK INTENSITY [QF:INSMECTITE.DTQ] 

-X LOC-Y PK. HT. PERCENT 

-8 36 7 0.2 
-7 -21 11 0.314286 
-7 -17 11 0.314286 
-7 24 0 0 
-7 28 4 0.114286 
-7 34 5 0.142857 
-6 2 4 0.114286 
-6 7 9 0.257143 
-6 20 10 0.285714 
-6 30 0 0 
-5 -13 10 0.285714 
-5 -9 9 0.257143 
-5 3 4 0.114286 
-5 28 0 0 
-5 42 35 1 
-4 -21 10 0.285714 
-4 -6 7 0.2 
-4 6 7 0.2 
-4 31 4. 0.114286 
-2 -14 7 0.2 
-2 -10 12 0.342857 
-1 8 0 0 
0 -1 13 0.371429 
1 -1 0 0 
1 6 0 0 
1 18 5 0.142857 
1 31 5 0.142857 
2 -10 0 0 
3 -22 0 0 
3 -17 0 0 
3 22 9 0.257143 
4 42 32 0.914286 
4 48 12 0.342857 
5 -31 0 0 
5 25 10 0. 285714 
5 32 6 0.171429 
6 2 3 0.085714 
6 3 0 0 
6 16 30 0.857143 
9 28 28 0.8 
10 25 20 0.571429 
12 -6 3 0.085714 
12 10 3 0.085714 
13 0 0 0 
14 -25 0 0 
14 6 0 0 



SMECTITE PEAK INTENSITY [QF:INSMECTITE.DTQ] 

X LOC-Y PK. HT. PERCENT 

16 13 6 0.171429 
16 14 20 0.571429 
16 23 6 0.171429 
17 7 4 0.114286 
18 9 0 0 
19 3 4 0.114286 
20 20 7 0.2 
22 -8 0 0 
24 6 4 0.114286 
24 12 5 0.142857 
25 -23 4 0.114286 
25 -3 3 0.085714 
26 -10 3 0.085714 
27 1 5 0.142857 
27 20 23 0.657143 
30 0 10 0.285714 
30 7 0 0 
32 -29 4 0.114286 
32 -14 4 0.114286 
32 18 26 0.742857 
33 -7 6 0.171429 
36 -4 8 0.228571 
36 4 3 0.085714 
36 17 4 0.114286 
37 7 13 0.371429 
38 0 13 0.371429 
40 -21 5 0.142857 
40 -14 5 0.142857 
40 3 0 0 
40 12 5 0.142857 
40 18 3 0.085714 
43 -7 6 0.171429 
43 0 13 0.371429 
44 -24 5 0.142857 
46 -10 6 0.171429 
46 10 8 0.228571 
46 17 0 0 



KAOLINITE PEAK INTENSITY [QFrlNKAOLIN.DTQ] 

:-x LOC-Y PK. HT. PERCENT 

-29 -14 3 0.428571 
-26 34 0 0 
-26 48 0 0 
-25 -21 4 0.571429 
-25 27 7 1 
-25 30 0 0 
-24 28 3 0.428571 
-22 27 0 0 
-22 29 0 0 
-22 32 4 0.571429 
-21 20 4 0.571429 
-19 23 0 0 
-18 -21 4 0.571429 
-18 -11 3 0.428571 
-18 22 0 0 
-18 30 3 0.428571 
-17 23 3 0.428571 
-17 27 0 0 
-16 8 0 0 
-16 25 7 1 
-16 28 0 0 
-15 3 0 0 
-15 17 0 0 
-15 21 3 0.428571 
-15 27 3 0.428571 
-14 11 0 0 
-14 23 0 0 
-14 27 0 0 
-14 42 0 0 
-13 14 3 0.428571 
-13 48 3 0.428571 
-12 14 0 0 
-11 17 0 0 
-10 13 0 0 
-10 24 0 0 
-10 27 0 0 
-10 31 0 0 
-9 -20 7 1 
-9 30 0 0 
-8 -8 0 0 
-8 -4 0 0 
-8 10 7 1 
-8 11 7 1 
-8 14 4 0.571429 
-8 15 5 0.714286 
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KAOLINITE PEAK INTENSITY [QF:INKAOLIN.DTQ) 

X LOC-Y PK. HT. PERCENT 

-8 27 0 0 
-8 36 3 0.428571 
-7 -21 0 0 
-7 -17 3 0.428571 
-7 24 0 0 
-7 28 0 0 
-7 34 3 0. 428571 
-6 2 0 0 
-6 7 0 0 
-6 20 0 0 
-6 30 0 0 
-5 -13 7 1 
-5 -9 0 0 
-5 3 4 0.571429 
-5 28 0 0 
-5 42 0 0 
-4 -21 7 1 
-4 -6 0 0 
-4 6 5 0.714286 
-4 31 0 0 
-2 -14 0 0 
-2 -10 7 1 
-1 8 0 0 
0 -1 0 0 
1 -1 0 0 
1 6 3 0.428571 
1 18 0 0 
1 31 3 0.428571 
2 -10 0 0 
3 -22 0 0 
3 -17 4 0.571429 
3 22 0 0 
4 42 0 0 
4 48 0 0 
5 -31 0 0 
5 25 0 0 
5 32 2 0.285714 
6 2 0 0 
6 3 0 0 
6 16 0 0 
9 28 4 0.571429 
10 25 0 0 
12 -6 0 0 
12 10 3 0.428571 
13 0 0 0 
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KAOLINITE PEAK INTENSITY [QF:INKAOLIN.DTQ] 

•X LOC-Y PK. HT. PERCENT 

14 -25 4 0.571429 
14 6 0 0 
16 13 6 0.857143 
16 14 0 0 
16 23 2 0.285714 
17 7 0 0 
18 9 0 0 
19 3 0 0 
20 20 0 0 
22 -8 0 0 
24 6 3 0.428571 
24 12 3 0.428571 
25 -23 0 0 
25 -3 0 0 
26 -10 0 0 
27 1 3 0.428571 
27 20 0 0 
30 0 6 0.857143 
30 7 0 0 
32 -29 3 0.428571 
32 -14 0 0 
32 18 0 0 
33 -7 4 0.571429 
36 -4 0 0 
36 4 0 0 
36 17 0 0 
37 7 0 0 
38 0 0 0 
40 -21 0 0 
40 -14 0 0 
40 3 2 0.285714 
40 12 3 0.428571 
40 18 3 0.428571 
43 -7 0 0 
43 0 0 0 
44 -24 0 0 
46 -10 0 0 
46 10 0 0 
46 17 0 0 
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APPENDIX II 

DATA-BASE FOR THE ENGINEERING PROPERTIES 

OF EXPANSIVE SOILS 



SWELL POTENTIAL DATA AT lOOPSF [QF:HEAVE.DTQ} 

LOC-X LOC-Y SWELL(%) 

-30 -20 0.1 
-30 0 1.1 
-20 -8 2.3 
-17 27 2.2 
-16 10 0.3 
-15 27 0.01 
-15 28 0.3 
-14 10 3.1 
-14 27 0.3 
-14 34 0.2 
-14 37 2.7 
-12 17 1 
-11 5 1.6 
-10 -20 0.04 
-10 7 5.7 
-10 28 1.59 
-10 32 2.1 
-7 -12 4 . 4 
-7 7 1. 75 
-7 20 0.5 
-6 17 3.2 
-5 -20 0.1 
-5 -15 3.4 
-5 17 0.6 
-1 -18 3.4 
-1 3 1.01 
-1 8 1 
0 -20 2.4 
0 -12 0.7 
0 2 2.7 
0 17 2 
0 22 1.3 
0 25 1.1 
0 27 0.2 
1 0 1.1 
1 2 1.1 
1 2 0.1 
1 27 0.6 
2 -10 0.3 
2 5 1 
3 -25 1.1 
3 -10 1.3 
3 -1 0.4 
4 -13 0.1 
4 -10 1.3 
4 -1 2.5 



SWELL POTENTIAL DATA AT lOOPSF [QP:HEAVE.DTQ} 

LOC-X LOC-Y SWELL(%) 

4 3 7 
4 45 1.6 
5 -23 0.4 
5 -23 0.4 
5 -7 0.8 
5 0 1.5 
6 -2 0.1 
6 7 1.3 
7 -2 1.3 
7 9 0.9 
8 -23 0.3 
8 -18 0.6 
8 -6 1.7 
8 -4 1.1 
8 45 1.6 
9 -11 0.9 
9 48 1.3 
9 50 0.9 
10 26 2.1 
12 -6 0.4 
12 -2 0.1 
12 5 1.3 
12 7 0.5 
13 -21 1.8 
13 -17 0.5 
13 -14 0.8 
13 -9 0.1 
13 -4 0.2 
13 0 0.9 
13 4 0.9 
13 7 0.2 
13 10 0.4 
13 13 1.3 
14 8 2.4 
14 35 0.8 
16 5 1.8 
16 7 1.4 
17 -10 0.4 
18 -10 3.2 
19 -25 6.7 
20 -7 3.75 
20 -7 1.13 
20 23 0.8 
23 3 6.2 
23 5 2 
27 -7 1.3 
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SWELL POTENTIAL DATA AT lOOPSF [QF:HEAVE.DTQ} 

LOC-X LOC-Y SWELL(%) 

29 16 0.5 
29 16 1.2 
30 -4 3.8 
30 0 0.6 
30 19 2.4 
31 -5 1.3 
34 9 1 
34 9 0.7 
35 8 3 
36 3 0.5 
40 -31 1.1 
43 5 0.8 
43 5 0.3 
46 0 0.8 



LIQUID LIMIT EOF:LL.REG] 

log LL S log 5 
19 1 .278753 0.000001 -6 
22 1 .342422 0.3 -0.52287 
23 1 .361727 1.4 0.146128 
24 1 .380211 0.1 -1 
25 1 .397940 1 0 
25 1 .397940 0.5 -0.30102 
27 1 .431363 0.5 -0.30102 
27 1 .431363 0.7 -0.15490 
27 1 .431363 1.59 0.201397 
28 1 .447158 1.1 0.041392 
30 1 .477121 1 0 
30 1 .477121 0.9 -0.04575 
30 1 .477121 1.3 0.113943 
31 1 .491361 0.7 -0.15490 
31 1 .491361 1.01 0.004321 
32 1 .505149 0.4 -0.39794 
34 1 .531478 2.2 0.342422 
37 1 .568201 0.8 -0.09691 
37 1 .568201 1.7 0.230440 
37 1 .568201 5.8 0.763427 
41 1 .612783 3.75 0.574031 
42 1 .623249 2.6 0.414973 
47 1 .672097 1.35 0.130333 
52 1 .716003 6.7 0.826074 

Regression Output: 
Constant -5.95042 
Std Err of Y Est 1.26791 
R Squared 0.589361 
No. of Observations 24 
Degrees of Freedom 22 

X Coefficient(s) 3.968372 
Std Err of Coef. 0.104407 

5-calc error 
0.133090 0.133089 
0.238126 0.061873 
0.284065 1.115934 
0.336331 0.236331 
0.395477 0.604522 
0.395477 0.104522 
0.536734 0.036734 
0.536734 0.163265 
0.536734 1.053265 
0.620064 0.479935 
0.815346 0.184653 
0.815346 0.084653 
0.815346 0.484653 
0.928653 0.228653 
0.928653 0.081346 
1.053344 0.653344 
1.339841 0.860158 
1.874058 1.074058 
1.874058 0.174058 
1.874058 3.925941 
2.816446 0.933553 
3.099076 0.499076 
4.842632 3.492632 
7.232936 0.532936 

sum 12.67454 
avg. 0.603549 



PLRSTICITY INDEX [QFzPI.REGl 

PI log PI S 

0.01 -2 
4 0. 602059 
5 0. 698970 
7 0. 845098 
7 0. 845098 
9 0. 954242 
10 1 
10 1 
12 1. 079181 
12 1. 079191 
12 1. 079181 
13 1. 113943 
14 1. 146128 
14 1. 146128 
15 1. 176G91 
15 1. 176091 
15 1. 176091 
15 1. 176091 
17 1. 230448 
20 1. 301029 
20 1. 301029 
23 1. 361727 
24 1. 380211 
34 1. 531478 

log 5 

0.000001 -6 
0.3 -0.52287 
0.5 -0.30102 

1 0 
1.4 0.146128 
0.5 -0.30102 
0.7 -0.15490 
1 0 

1.59 0.201397 
0.9 -0.04575 
0.1 -1 
1.1 0.041392 
1.7 0.230448 
1.35 0.130333 
1.3 0.113943 
1.01 0.004321 
0.7 -0.15490 
0.4 -0.39794 
2.2 0.342422 
5.8 0.763427 
0.8 -0.09691 
2.6 0.414973 
3.75 0.574031 
6.7 0.826074 

Regression Output: 
Constant —2.03430 
Std Err of Y Est 0.359911 
R Squared 0.926137 
No. of Observations 24 
Degrees of Freedom 22 

X Coefficients 1.864863 

S calc error 

0.000001 0.000000 
0.122589 0.177410 
0.185856 0.314143 
0.348086 0.651913 
0.348086 1.051913 
0.556194 0.056194 
0.676952 0.023047 
0.676952 0.323047 
0.951087 0.638912 
0.951087 0.051087 
0.951087 0.851087 
1.104198 0.004198 
1.267848 0.432151 
1.267848 0.082151 
1.441931 0.141931 
1.441931 0.431931 
1.441931 0.741931 
1.441931 1.041931 
1.821017 0.378982 
2.465688 3.334311 
2.465688 1.665688 
3.199862 0.599862 
3.464179 0.285820 
6.632753 0.067246 

sum 10.72827 
avg 0.510870 



CLRY-SILT FRACTION CQF:C.REG3 

<200mm log C S log 5 

12 1 .079181 0.000001 -6 
18 1 .255272 0.1 -1 
20 1 .301029 0.5 -0.30102 
22 1 .342422 0.3 -0.52287 
23 1 .361727 1.35 0.130333 
23 1 .361727 0.7 -0.15490 
25 1 .397940 0.5 -0.30102 
25 1 .397940 1.59 0.201397 
29 1 .462397 1 0 
31 1 .491361 1.3 0.113943 
32 1 .505149 0.9 -0.04575 
33 1 .518513 1,1 0.041392 
38 1 .579783 2.6 0.414973 
39 1 .591064 3.75 0.574031 
40 1 .602059 2.2 0.342422 
41 1 .612783 0.8 -0.09691 
42 1 .623249 1.4 0.146128 
43 1 .633468 0.7 -0.15490 
44 1 .643452 5.8 0.763427 
44 1 .643452 6.7 0.826074 
45 1 .653212 1.7 0.230448 
55 1 .740362 1 0 
63 1 .799340 1.01 0.004321 
68 1 .838849 0.4 -0.39794 

Regression Output: 
Constant -6.70843 
Std Err of Y Est 1.055032 
R Squared 0.365308 
No. of Observations 24 
Degrees of Freedom 22 

S calc error 

0. 007648 0. 007647 
0. 044248 0. 055751 
0. 069822 0. 430177 
0. 105484 0. 194515 
0. 127869 1. 222130 
0. 127869 0. 572130 
0. 183457 0. 316542 
0. 183457 1. 406542 
0. 348809 0. 651190 
0. 465561 0. 834438 
0. 534157 0. 365842 
0. 610274 0. 489725 
1. 124010 1. 475981 
1. 257799 2. 492200 
1. 403500 0. 796499 
1. 561846 0. 761846 
1. 733585 0. 333585 
1. 919490 1. 219490 
2, 120360 3. 679639 
2. 120360 4. 579639 
2. 337017 0. 637017 
5. 571248 4. 571248 
10.02950 9. 019504 
14.87030 14.47030 

sum 21 .88551 
avg. 1. 042167 

X Coefficient(s) 4.329157 
Std Err of Coef. 1.216588 



ACTIVITY INDEX EOF:H.REG] 

PI <200MM fl log H S log S S-calc error 
5 20 0.25 -0.60205 0.5 -0.30102 0.458539 0.041460 
20 41 0.487804 -0.31175 0.8 -0.09691 1.842662 1.042662 
24 39 0.615384 -0.21085 3.75 0.574031 2.988129 0.761870 
15 23 0.652173 -0.18563 0.7 -0.15490 3.371868 2.671868 
12 25 0.48 -0.31875 1.59 0.201397 1.781844 0.191844 
10 55 0.181818 -0.74036 1 0 0.236372 0.763627 
12 32 0.375 -0.42596 0.9 -0.04575 1.066074 0.166074 
7 29 0.241379 -0.61729 1 0 0.426250 0.573749 
15 63 0.238095 -0.62324 1.01 0.004321 0.414272 0.595727 
12 18 0.666666 -0.17609 0.1 -1 3.529656 3.429656 
20 44 0.454545 -0.34242 5.8 0.763427 1.590852 4.209147 
34 44 0.772727 -0.11197 6.7 0.826074 4.798971 1.901028 
15 69 0.217391 -0.66275 0.4 -0.39794 0.342828 0.057171 
4 22 0.181818 -0.74036 0.3 -0.52287 0.236372 0.063627 

0.01 12 0.000833 -3.07918 0.000001 -6 0.000003 0.000002 
7 42 0.166666 -0.77815 1.4 0.146128 0.197226 1.202773 
14 23 0.608695 -0.21559 1.35 0.130333 2.920943 1.570943 
10 43 0.232558 -0.63346 0.7 -0.15490 0.394477 0.305522 
14 45 0.311111 -0.50708 1.7 0.230448 0.722772 0.977227 
9 25 0.36 -0.44369 0.5 -0.30102 0.979258 0.479258 
15 31 0.483870 -0.31527 1.3 0.113943 1.811875 0.511875 
23 38 0.605263 -0.21805 2.6 0.414973 2.886773 0.286773 
17 40 0.425 -0.37161 2.2 0.342422 1.383231 0.816768 
13 33 0.393939-0.40457 1.10.041392 1.181170 0.081170 

Regression Output: sum 21.51711 
Constant 0.914143 avg 1.024624 
Std Err of Y Est 0.499391 
R Squared 0.857795 
No. of Observations 24 
Degrees of Freedom 22 

X Coefficients 2.080806 
Std Err of Coef. 0.180628 
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