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SECTION 1
INTRODUCTION

BACKGROUND

The pavements of airports (i.e., runways, taxiways, ramps, parking aprons,
etc.) constitute a vital part of the overall facility and therefore pavement
construction and maintenance costs are important in the planning and operation
of airports. Premature failure of these pavements (manifested as surface
roughness) effects operational limitations, accelerates aircraft fatigue, and
reduces safety; on the other hand, initial construction and material costs
prohibit deliberate overdesign of -hese pavements.

A major cause of premature pavemen‘ failure is underlying expansive soils
which by shrinking and swelling cause surface roughness. Although current
Federal Aviation Administration (FAA) design procedures (ref. 1) do not ade-
quately treat the design of pavements over expansive soils, recognition of ex-
pansive soils as a significant engineering problem took place many years ago.
A concentrated effort by the world engineering community to solve this problem
was begun in 1965 with the First International Conference and has continued
with the following national and international conferences:
(1) First International Research and Engineering Conference on
Expansive Clay Soils, August 30 - September 3, 1965, Texas
A&M University, College Station, Texas.
(2) Second International Research and Engineering Conference on
Expansive Clay Soils, 1969, Texas A&M University, College
Station, Texas.
(3) Third International Research and Engineering Conference on
Expansive Clay Soils, July 30 - August 1, 1973, Haifa, israel.
(4) Workshop on Expansive Clays and Shales in Highway Design and
Construction, sponsored by the Federal Highway Administration,
December 13 - 15, 1972, Denver, Colorado.
(5) University-Industry Workshop on Behavior of Expansive Earth
Materials, sponsured by the National Science Foundation,
October 1974, Denver, Colorado.



o e e

ez iR TRA TP AT oy

The proceedings of these conferences, specialty sessions in the meetings of
the International Conference on Soil Mechanics and Foundation Engineering
(ICSMFE), and several significant literature reviews form the basis of this
report.

OBJECTIVES

This investigation was initiated t. review the current engineering literature
and synthesize from it a design pr..cedure for stabilizing expansive soils be-
neath airport pavements. To do th s, the study was broken down into six spe-
cific areas:
(1) Methods of identifying a.d classifying the types of soil that
are considered expansive and cause early pavement distress
(2) Laboratory and/or field :est methods to determine the level
of expansion and shrinka:.e
(3) Selection of the type an. amount of stabilizing agent (1lime,
cement, asphalt, only)
(4) Test methods to determine the physical properties of sta-
bilized soil
(5) Test methods to determine the durability of stabilized soil
(6) Field construction criteria and procedures

SCOPE

This report addresses the above objectives and provides a summary of the cur-
rent literature pertaining to the subject. Conclusions and recommengations
were made based on the current literature, without laboratory verification.
Soil volume changes caused by other factors (e.g., frost heave, salt heave)
were not studied.
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SECTION 2
EXPANSIVE SOILS

ORIGIN AND DISTRIBUTION

Expansive soils are made up of clay particles that result from the alteration
of parent materials. Alteration takes place by several processes: weathering,
diagenesis, hydrothermal action, neoformation, and post depositional alteration
(ref. 2). Most clay minerals are transported by air or water to areas of ac-
cumulation. Once deposited, the materials are subjected to the local condi-
tions of accumulation (overburden) ind erosion which make up the geologic
stress history of the materials (ref. 3). Thus, the existing clay soil at a
site is the prcduct of parent material, mode of alteration, and geolcgic his-
tory. Interaction between the soil and' the local environment produces contin-
ual change in the soil and determinas future behavior.

Expansive soils are distributed all over the world. Usually the areas with
the most severe problems are those wsith local climates that produce desicca-
tion. A recent report (ref. 4) provides the results of a study of the distri-
bution of expansive soils in the Coatinental United States. Distribution is
generally a result of geologic history, sedimentation, and local climatic con-
ditions. A more detailed and localized source of distribution information is
available through soil surveys published by the U.S. Department of Agriculture
Soil Conservation Service. These surveys provide distribution maps and con-
siderable information useful in engineering applications (tab’e i). In the
initial planning of airport facilities, publications reflecting the distribu-
tion of soil types in the area should be carefully considered, and the loca-
tion with the best soil conditions should be selected. The three clay types
recognized in engineering studies e<hibit distinctly different structures
(table 2). Kaolinite is made up of alternate layers of silica tetrahedra and
gibbsite bound together by relatively strong hydrogen bonds (ref. 6). The rel-
atively large particles and stable structure are not expansive. I1lite is made
up of a 2:1 structure consisting of gibbsite sheets surrounded by silica tetra-
hedra. About 20 percent of the silicons are replaced by aluminum, and the re-
sulting negative charge is balanced by potassium ions between the 2:1 sheets.



Table 1.

Engineerin; [after Folks (ref. 5)]

Estimated ;01! Properties Significant to

l‘). pth Classification
Tm
8ol series and map symbols Depth to] surf-.ce in
bedrock | re; re-
sent itive USDA texture Uniied AASHO
pr- file :
Fest In e
*Rednun: RD, RE. RG................. > 35| Clay loam .. ... .......... CL A-6 or A-7
For Pena part of RE, see Pens series: tor 7 60 | Very hine sandy clay loam...... CLor ML A-6 or A-4
Travessilla part of RG, sve Travessilla
series,
Riverwash: RH.
Too varisble foi valid interpretation.
*Rock outerop:  RK, RL
Too variable for valid interpretation. ¥or
Chimayo part of RL, see Chimayo
aerice
Rock slides: RC
Too variable for valid intcrpretation.
Rough broken land: RU
00 variable for valid interpretation.
*Santa Fe: SF, Sk, SM_. N L D 13 | Very gravelly clay loam........ GC A-2
For La Fonda part of $F. ke La Fonda 13 rock
series. Rovk outerop parts of Sk and
SM arc too variable for valid interpre-
tation.
*Silver: SP,SR. ...t i 3 v 14 | Clay (loam surface layer)... ...i CL A-68 or A-7
For Pn;onque part of SP, saece Po)ulquc‘ 145 | Sty elay . oL LL ClL A-6
series. 47 60 | Very fine sandy loam ... ... ... ML A-4
Stony rock land: ST.
a0 variable for valid interpretation.
*Supertisag: SU, SV ... ... 1%-24 1-23 | Gravelly «andy loam and very | §M A-1
Rock outerop part of SV is too variable for gravelly light sandy loam.
valid interpretation. 23 | Bedrock.
*Tapia: TA. ..o >5 1-21 | Clay loam (loam surface layer) .| CL A-6
For Dean part, see Dean series. 21-60 § Gravelly loam. ... ... ......... SMor SC A-4
*Travessilla: T8, TR._.. ... .........._. K-1% 0-10{ Loam_ .. ... ... ........... ML A-4
For Bernal part of T8, sec Bernal series.
Rock outcrop part of TR is too varisble
for valid interpretation.
Tuff rock land: TU.
Too variable for valid interpretation.
|
Wilcoxson, variant: WC.....coviivracennnn. 2%-3 . 1-26 Snnld,\' clay, clay, and gravelly | CH A-7
clay.
21.-31 | Coarse sandy loama............ 8M A-2
31 | Soft bedrock.
Willard: WL...oooieiaiiiiiiiiiiaaann, >% -10 [ Toamo e ML or CL A-4 or A-8
1060 [ Clay loam. ... .ocoeianinnnns CL A-8
Witt: WN. ittt ciiemceanmnccceaaaaaan >5 136 | Clay loam and sandy clay loam..] CL or ML A-8
3t -60 LY YRR MLor CL A4
Zuni, variant: ZU. . oooeociniionnenacaann. 1%-3% -16 l,nnm and clay loam........... ML or CL A-4 or A-6
16-20 f Clav. ... oo iiiniiicnanann CH A-T
1] Wuthered bedrnck.

! In mapping unit Ao corrosivity to uncosted steel is high.
? In mapping unit Bf corrosivity to uncoated steel is high tl.roughout.
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Coarss | Percentage less than 3 inches passing sieve—
fraction Available | Reaction Corrosivity
greater Prrmes- water (1:8 Shrink-swell to uncoated
¢ thas 3 No. 4 No. 10 No. 40 No. 200 hility holding dilution) potential stee)
4 inches | (4.7 2.0 042 | (0.074 capacity
3 mm.) mm.) mm.) mm.)
Mchoe por inch
- Poroent Inches pev Aowr of soil o
.................... 100 90-100 80-00 | 0 06-0.2 | 019121 7.9-0.0| Migh. ............| Moderate.
.................... 100 90-100 T80 | 0 n3-2.0 G016 7.9-8.4 | Moderate.........| Modcrate,
.......... 35-58 30-50 25-45 20-35 | 0143-2.0 0.08-0.10 | 6.6-7.3 | Low.__......_...| Moderate.
.
.......... 95-100 90-100 90-100 85-95 ([ 0.18-0.2 0.14-0.16 | 7.9-8.4 ! High.............| High.
.......... 95-100 90-100 90-100 R5-08% 02-0.63 ] 019021 7.9-K. 4 | Moderate.........| Moderate.
.......... 95-100 90-100 85-98 50-65 | 0.43-2.0 V.16 0. 18 7.9-84 | Low.._..........| Low,
5-18 80-90 55-65 30-40 15-28 20-63 0.06-0.08| 81-68| Low______._..... Low.
0000EEEne 95-100 90-100 85-95 75-85 | 0.63-20 0.19-0. 21 7.9-9.0 | Moderate......... Moderate.
25-3% 80-90 75-85 60-75 35-50 | 0.63-20 |............ 8590 Low._..._._..... Low.
0-25 90-100 85-93 65-75 50-69 | 0.63-2 0 0.14-0.18 | 7.4-7.8 | Low to moderate..| Low.
£ 500000000 90-95 85-9% 75-85 65-75 | 0.06-0.2 0.14-0.16 | 61-7.3 | High............. High.
.......... 100 95-100 §5-65 25-35 | 20-6.3 0.10-0.12 | 66-7.3 | Low.............| Low.
STl T o | i e e = 100 83-98 60-75 | 0.63-20 0.18-0.18 | 7 9-8 4 | Low to moderate..| Moderate,
PP Wt 100 90-100 70-85 | 0.2-0.683 0.05-0.07 | 8 5-9.0 | Moderate......... High.
e | e 100 80-90 65-78 | 0.63-2.0 0.16-0.18| 7.9-8.4 ] Moderate......... Moderate.
O o] e 100 83-98 60-75| 0.63-20 |............ 8590 Low____......... Low,
el e e | ey 100 85-95 60-75 | 0.2-63 0.17-0.19 | 6. 1-7. 3 | Moderate......... Moderate.
B R T [ 100 90-100 75-93 | 0.06-0.2 0.14-0.16 | 6.6-7.3 | Nigh............. High,

* In mapping unit Fs corrosivity to uncoated steel is high throughout.
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The potassium bonds are strong and prevent water from entering between the
layers. 'n montmorillonite a 2:1 structure 1ike that of illite is present,
but there is characteristically extensive isomorphous substitution, which de-
termines the behavior of the mineral. As used here, Zsomorphous eubstitution
means the substitution of one metallic fon for another within the tetrahedral
or octahedral unit. The important effect of the lattice substitutions i< a
net negative charge that atcracts bipolar water molecules between the layers;
this results in an expanded layer structuce (fig. 1).

MECHANISMS OF SWELL

Soil volume changes result from an imbalance in the internal energy of the sys-
tem (soil/water/plants/air). Ene:qy imbalances important in engineering result
from moisture movement caused by loads, desiccation, and temperature changes
(refs. 7, 8). Response to a specitic set of conditions is determined by the
composition, structure, and geologic history of the soil. The largest compon-
ent of volume change is that of the clay micelle which surrounds the individual
clay particles in the soil (refs. 6, 9). Water is forced out of the micelle by
loads, desiccation, or temperature along energy gradients and a reduction in
volume results. When these influences are removed or reduced, the energy gra-
dients are reversed; the available water is forced into the clay micelle and
swell is produced (ref. 10). Since several detailed studies (refs. 4, 6, 9,
11) are presented in the literature, discussion here is limited to that re-
quired for an understanding of expansive soil behavior.

Water Fixation by Polar Adsorption (Hydration)

Bipolar water molecules are attracted to the clay particle surface by the elec-
tric charge imbalance caused by isomorphous substitution, usually negative
\refs. 2, 9, 12, 13). A layer of solid-1ike water forms a new surface of ori-
ented particles, which attracts succeeding layers of orientsd wgter molecules,
up to a thickness of 10 to 16 molecular layers or 25 to 40 A (1A = 10-%cm).

The water beyond this bound layer is mobile and moves freely under any stress
gradient (refs. 2, 13, 14). The bound water layers permit adjacent particles
to slip past one another without elastic rebound, rupture, or appreciable

N
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Figure 1. Nature of Hydration Volume Changes (after reference 3)
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volume change; this is the well-known plastic behavior of clays. The thin,

highly vi :ous, solid-1ike water layer is called the adsorbed layer and the

less viscous layer, which is between the Lound and the free water, 1s called
the electric double layer.

Osmotic Imbibition

(smosis can be defined as the passace of a solvent through a semipermeable
membrane from a solution of lesser concentration to one of higher concentra-
tion to equalize the concentrations (refs. 6, 9). The osmotic pressure is
the pressure required to prevent the flow of the solvent.

Water in the 5011 voi.s is attracted to the clay surfaces because of isomor-
phous substitution and the resulting concentration of cations at the clay-
particle surface. The electric double layer of viscous water serves as a
semipermeable membrane which allows water (solvent) to pass through and dilute
the cations (solute) by separating them (volume increase). This prncess con-
tinues until equilibrium conditions are reached. Decreasing the difference in
solute concentration decreases the osmotic pressure and therefore the swell
(difference between soaking a soil with distilled water and salt water). This
phenomenon is used in the drilling industry in drilling through expansive
shales. Ordinary water produces swell and binds the drill train; therefore,

a brine solution is used to lower the energy level of the water to below that
of the soil water.

Several authors (refs. 7, 9, 15, 16) suggest that osmoti~ pressure is genera-
ted by the pressure of cations (solute) against a fluid boundary {(double layer)
that is free to expand and enlarge the space for the solute ions. The osmotic
suction pressure, Ps (force/unit area), can be calculated with the Van't Hoff

equation
Ps = RT(Cc - ZCO)
where
PS = swelling pressure, bars (14.50 bars/psi)

f R = gas constant, 0.08099 liter-bar-°K~'-mole-*
: = absolute temperature, °K
! C. = concentration at mid-distance between clay platelets, moles of
| ions/liter

13



Co = concentration in the bulk solution, moles of jons/liter

Cc can be derived from diffuse double layer theory (ref. 7):

C. = n?

(o} 2 2
v B(d + Xo)

where
v = valence of ion
B = temperature-dependent constant (usually taken as 10'°cm -
millimole=!)
d = half the distance between clay platelets, cm
Xo = 4/vBG, where G = surface charge density, coulomb-cm=~

"

Approximate values of Xo are as follows: illite, Xo e l/vK; kaolinite, Xo
2/vA; montmorillonite, X0 = 4/vA. Ruiz (refs. 9, 17) modified the equation
for real soils as follows:

where
2

real soil swelling pressure
function of moisture content, f < 1

Osmosis is possible only in polar fluids, such as water, that are able to dis-
perse exchangeable cations. Swelling varies with the type of cation and gen-

erally decreases in the order Na, Li, K, Ca, Mg, and 2H for Wyoming bentonite

(refs. 9, 18, 19).

Surface Tension

The spaces between clay particles in soils form capillary tubes. As water is
removed from the soil, an air/water interface forms. Attraction of water mole-
cules to the walls of the capillary tube (soil particles) produces menisci
(refs. 6, 9). Tension in the water, u(g-cm-?), may be expressed as

=..5
U= (ref. 13)

where

—
l

surface tension of water (0.076 g-cm™!)
radius of capillary tube, cm

-~
"

14
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As the water content decreases, the menisci recede into the capillaries, draw-
ing particles closer together until no further volume change is possible be-
cause of particle contact. The tension in the water is balanced by compression
in the soil particles. Whan additional water becomes available, the water ten-
sion 1s released and the soil particles rebound as the associated compressive
stress is relieved.

Thermoosmosis

The movement of soil moisture caused by the energy gradient produced by tem-
perature differences, which cause changes in water vapor pressure, is called
thermoosmosis (ref. 9). This aspect of moisture movement, although negligible
in saturated soils (refs. 20, 21), is significant in unsaturated soils. The
swell associated with such moisture movement is small (ref. 9).

Elastic Bending

Elastic deformation and rebound of soil particles under applied loads may con-
tribute to shrinkage and swelling behavior, particularly in soils with flat
platy particles (ref. 22). Using mica and dune sand, Gilboy (ref. 23) illus-
trates this effect. The results of his tests show that the consolidation and
rebound of compacted mixtures are proportional to the mica content, and the
contribution of elastic bending depends on particle structure and properties
as shown below:

Volume Decrease Increase in Void
Mica, % Under 10 kg/cm? Ratio Upon Removal
(142 psi), % of Load, %
10 36 26
20 47 31
40 51 42

Entrapped Air

When an initially desiccated clay is allowed to take up water, air may be trap-
ped within the soil mass. This air displaces water in the double layer and in-
duces tensile stresses in the particles surrounding the air pocket. This in-
fluence is greater in soils with higher air contents (i.e., drier soils).
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SECTION 3
EXPANSIVE SOILS TEST PROCEDURES

The procedures described in this section have been used in engineering studies
of expansive s2ils and in some cases the literature provides considerable data
derived from their use. Table 3 was prepared to show the results normally ob-
tained for general soil types. The different procedures for evaluating swell
potential are reflected in the variation in swell and swell nressure values
reportea in the literature (table 4). Other procedures reported in the litera-
ture are too expensive, complex, or time consuming for routine enaineering de-
sign purposes. However, for the interested reader, these techniques can be
found in the following references:

Technique Reference
X-Ray Diffraction 2,24,25,26,27
Electron Microscopy 2,25,26
Differential Thermal Analysis 2,24
Infrared Radiation 27
Dye Adsorption 6,27
Specific Surface Area 9,28,29
Cation Exchange Capacity 2,30
Dielectric Dispersion 31

SWELL

A remolded or undisturbed soil sample is placed in a consolidometer under spe-
cified conditions and allowed access to water. The vertical rise of the spec-
imen is then measured. A sample of this procedure is presented in appendix A;
numerous versions involving variations in sample preparation, wetting, soaking,
specimen size, surcharge loading, etc., are reported in the literature. Because
of these various procedures, it is difficult to compare one set of results to
another. Even though no single procedure is widely accepted, this is the most
popular and reliable technique for evaluating swell potential. This test may
be referred to as a loaded swell tcat or a free swell test, depending on the

16



Table 3. Typical Soil Properties (after reference 32)
Soil Property Heavy |Typical| Silty Sandy Test Procedures
perty Clays | Clays | Soils Soils ASTM | AASHO
fradation (% of grain size |gg 190, 30-80 | 40-100 50 D422 | T88
shown in the soil) | . |
Grain Size (mm) ;0.005i;0.005 '0.05-0.005{ 2.0-0.05 | D422 T88
! | ’
Consistency ' | |
Liquid Limit (%) 80-100 40-60 25-50 Nonplastic! D423 T89
Plastic Linit (%) - 5-30 5-30 Nonplastic| D424 T90
Plasticity Index (%) 76-80  20-40 | 10-20 |Nonplastic! D424 | T91
Shrinkage Limit (%) - 6-14 . 15-30 No Volume D427 T92
. ; Change
Maximum Density (ib/ft?) - 90-105/ 100-115 110-135 D698 rqg
' |
Optimum Moisture Content(%)| - 20-30 i 15-25 8-15 D698 T99
Table 4. Typical Results of Swell Tests
Range o® Range of
Reference! Swell, |Swell Pressure,. Soils Used Remarks
% psi
33 0-13.6 0-83 Texas & Israel 1.4-psi surcharge in
swell test.
34 0-13.6 0-83 Texas Gulf Coast (1.4-psi surcharge in
swell test.
35 0-15.8 0-284 Israel USBR Procedures: 1-psi
surcharge.
36 0-50.1 0-147 Western U.S. USBR
37 1.3-39.8 - Western U.S. USBR
37 0.1-54.0 - Pure Clay & Mixtures|USBR
38 - 0-69 Continental U.S. FHA, PVC Swell Index

17
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type of loading applied to the sample. Results may be expressed in percent
swell under the specific load used.

SWELL PRESSURE

A test similar to that described above, except that the sample is loaded in
increments so that the volume remains constant, may be performed to determine
swell pressure--the pressure required for zero volume change. This test in
combination with the free swell test is often performed on the same sample in
some test procedures (appendix A). It is also referred to as a no-volume-
change test.

POTENTIAL VOLUME CHANGE

Potential volume change is determined by a no-volume-change test in a specified
apparatus developed for the Federal Housing Administration and used for soil
classification (ref. 39). Test duration is two hours. The pressure required
for zero volume change is called the swell index (given in pounds per square
foot) and it is used in classifying the soil. Figure 2 illustrates the use of
the swell index to classify soils based on the method of sample preparation
(i.e., wet, dry, meizt),

EXPANSION INDEX

The expansion index, EI, is an index property of a soil determined in a speci-
fied consolidometer ring apparatus developed for evaluation of soil expansion
(ref. 40). The EI is calculated by

EI = (1000)AhF

where
Ah

vertical expansion measured
fraction of the sample < #4 sieve (4.76 mm); only the minus
#4 material is used in the test.

-
1]
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Figure 2. Swell Index Versus Potential Volume Change
[after Lambe (ref. 39)]
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Weighting factors are assigned by depth to compute a weighted EI as follows:
0tol ft, 0.4; 1 to 2 ft, 0.3; 2 to 3 ft, 0.2; and 3 to 4 ft, 0.1. The EI
for each soil layer is multiplied by the appropriate weighting factor and
summed to determine the weighted EI. The soil at a site is then classified

as low, moderate, high, or very i.igh potential expansion (table 5). This pro-
cedure was developed for residential slab construction in Southern California
and experience with it is limited to that application (ref. 41). Table 5 shows
a ccrparison of EI to other tests.

ATTERBERG LIMITS AND INDEXES

The meaning of the Atterberg limits and indexes used in all engineering soil
classification systems is illustrated in figure 3. These tests, which have
been used in soils engineering for many years, provide a widely acceptable
means of rating soils. In the three general soil-ciassification systems used
in the United States, fine-grained soils are classified on the basis of liquid
Timit, LL, and plasticity index, PI.

CLAY CONTENT

A test is used to determine the quantity of material in a soil sample that is
smaller than a selected size, expressed as a percentage by weight of the total
sample. Sizes used are 2 ym (0.002 mm) and 1 um (0.001 mm); the upper limit
of the clay range is generally considered to be 2 to 5 um. The test usually
requires a hydrometer analysis.

ACTIVITY
Activity, A, the ratio of the plasticity index divided by the percent clay

(% < 2 um), was first defined and used by Skempton (ref. 42). This property
has been used by various investigators to classify soils.

20



Table 5. Approximate Relationship of Expansion Index
to Other Tests (after reference 41)

; Soil Test Approximate Range
; Plasticity Index, % 5-15 10-25 20-45+ 35+
! Clay Content (0.002 mm), % | 5-15 | 10-25 20-30 30-45
Swell (60 1b In-Situ), % 0-4 3-9 8-12 12+
Swell (144 1b In-Situ), % 0-2 2-6 6-10 10+
Swell (650 1b In-Situ), % 0-1 1-3 3-5 bt
Expansion Classification Low Moderate High Very High
Weighted Expansion Index 0-20 20-60 60-100 100+
> Liquid
% Rt Test Procedures
=X R
B Liquid Limit (ASTM D423, AASHO T89)
28 |prasei
ey astic _— .
9 State Plasticity Index (ASTM D424, AASHO T90)
~ 0
£
o Plastic Limit (ASTM D424, AASHO T90)
cc
&2 |semisolid
= State Shrinkage Index
5
~X Shrinkage Limit (ASTM D427, AASHO T92)
. Solia
! State

Figure 3. Consistency Limits and Indexes
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DENSITY

Density is the weight per unit volume of dry soil calculated in accordance with
standard procedures (ASTMD698, AASHO T99) and usually expressed in pounds per
cubic feet (g/cm® in CGS System; kg/m® in SI System).

MOISTURE CONTENT

Moisture content, w, is the weight of water in a given mass of soil determined
in accordance with standard procedures (ASTMD698, AASHO T99) and expressed as
a percentage of the dry weight of the soil.

LINEAR SHRINKAGE

Linear shrinkage, LS, is the change in length of a soil sample as it dries to
the shrinkage limit, SL, expressed as a percentage of the original length. A
test procedure is given in appendix B.

FREE SWELL

The free swell test consists of placing a known volume of dry soil in water
and noting the swelled volume after the material settles, without any sur-
charge, to the bottom of a graduated cylinder. Mixed success is reported
for this test (refs. 43, 44).

SURFACE AREA

The surface area is the sum of the internal and external surfaces of soil par-
ticles. There are several methods used in agriculture, but no standard engi-

neering procedure exists. The method should be specified. Values are reported

in square meters per gram unless otherwise specified.
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EQUILIBRIUM MGISTURE CONTENT

The equilibrium myisture content is the moisture content a soi) will reach
when exposed to an environment with a constant humidity; for example, a sub-
script 85 (was) represents the equilibrium moisture content at a relative
humidity of 85 percent.

ST TR MR

PENETRATION RESISTANCE

TR LR

Penetration resistance is the resistance of a soil to penetration by a sampling
tube expressed as blows per foot and determined in accordance with ASTM D1586
and AASHO T206, unless otherwise specified.

COEFFICIENT OF LINEAR EXTENSIBILITY

The coefficient of linear extensibility, COLE, is used in U.S. Department of
Agriculture soil surveys to classify clay soils. It is determined from the
change in bulk density of a soil clod, 5 to 8 cm in diameter (ref. 45).

1/3
Dbd
COLE = {§5— -1
bm /

S T et

SR 0

where
i Dbd bulk density (dry)

t Dbm bulk density (moist)

,....
"

3 PERCENT SILT AND CLAY

: The amount of silt and clay is expressed as weight of material passing the
§ No. 200 sieve (0.074 mm) as a percentage of the sample dry weight.

SWELL INDEX

The swell index is the ratio of the natural water content to the liquid limit
of the soil (ref. 33). Both quantities are in percent so the swell index is

A T RS T P
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dimensionless. This common term has several definitions and thus it should
be clearly defined when used.
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SECTION 4
IDENTIFICATION AND CLASSIFICATION SYSTEMS

INTRODUCTION

Currently identification and classification of expansive soils are either based
on a direct measurement of swell potential or on correlation of simpler test
results with swell potential measurements. These are referred to as direct and
indirect techniques, respectively. Before using any soil classification sys-
tem, engineers should understand the data base from which it was derived and
establisn its limitations; otherwise, poor reliability dnd lack of confidence
in the system may result. Two types of identification and classification sys-
tems are discussed here: first, general classification systems which have e-
volved over many years “nd are based largely on correlation with actual per-
formance; and second, those devised specifically for identification and clas-
sification of expansive soils. These systems are based on indirect and direct
predictions of swell potential, as well as combinations, to arrive at a rating.
Generally, these methods are based on the performance of certain types of
structures in specific geographic areas. For example, the U.S. Bureau of Rec-
lamation system was developed in the western United States on construction

jobs involving hydraulic structures. Unfortunately, none of the expansive soil
systems in the literature are based on experience with airport pavements.

Several important considerations in reviewing identification and classification
techniques are the reliability, cost (equipment and time), and method of esta-
blishing the rating scheme. The techniques reported in the literature are em-
pirical and are derived from experience with specific types of structures.

Since the rating schemes are related to functional failure of specific struc-
tures (e.g., canals), use in evaluations for other types must be done cautious-
ly. For example, the amount of expansion detrimental to a residential concrete
slab in Southern California may not adversely affect an asphalt airport pavement
in Ohio. In this effort, it was desirable tc select a system of identifying and
classifying expansive soils as to their infiuence on airport pavements through-
out the United States. Although a high degree of reliability is desirable, the
time and cost of testing are also importart considerations in any type of
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construction. Therefore, it is desirable to know, quantitatively, the reli-
ability of the system. With these objectives in mind, the methods of identi-
fication and classification were reviewead.

The key to all expansive-soil classification systems is the method of measur-
ing swell potential, since soils are.rated by their measured swell potential.
Swell potential may be measured directly in a swell test or indirectly deter-
mined by correlation of other test results with swell test data. In almost
every case swell potential is evaluated in the laboratory in a consolidation
test device. This may yield swell potentials far different from those for in-
situ soils. Thus, a reasonably good correlation between swell potential and
other test results for purposes of classification is meaningless for prediction
of in-situ heave. These procedures, however, do provide good indicators of the
swell potential when the soil is subjected to the conditions used in the test.

GENERAL CLASSIFICATION SYSTEMS

The following general soil classification systems are used in the United States:

(1) Unified Soil Classification System

(2) AASHO Soil Classification System

(3) FAA Soil Classification System
In a comprehensive review of these systems, Yoder (ref. 46) stated that their
ability to predict swell and, therefore, to classify soils as to their swell
pctential was derived from the consistency indexes on which the systems are
based. The Federal Housing Administration has published a guide that corre-
lates swell potential with Unified Soil Classification (ref. 47):

Soil Classification

Category Symbol in _Unified System
Little or no expansion 1 GW, GP, GM, SW, SP, SM
Moderate expansion 2 GC, SC, ML, MH
High volume change 3 CL, OL, CH, OH
No rating PT

More problems are encountered with CL, OL, CH, and OH soils than with the oth-
ers in housing construction (based on FHA experience). Briefly summarized:
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(1) A1l clay and organic soils exhibit high volume change.
(2) A1° clayey gravels and sands and all silts exhibit moderate
volume changes.
(3) A1l sands and gravels exhibit 1ittle or no expansion.
This procedure is not useful in the design process for airport pavement struc-
tures; however, it does provide an initial alert that further investigations
may be required when fine-grained soils are encountered.

EXPANSIVE-SOIL CLASSIFICATION SYSTEMS

A review of the identification and classification systems for expansive soils
that appear in the technical Titerature follows:

Kantey and Brink, 1952 (ref. 48)

Expansive soils are recognized by the following criteria:

Liquid Limit > 30 %
Plasticity Index -~ 12 %
Linear Shri.kage > 8 %

These criteria, which are based on the A-line of the plasticity cr:rt developed
by Casagrande, are used in the Unified Soil Classification System. The linear
shrinkage criteria are included to detect those silt-clay and silty soils that
are expansive.

Skempton, 1953 (ref. 42)

The activity of soils as determined by the plasticity index and % < 2 um is as
follows:
A=Pl: % 2um

Soils are rated low (A < 0.75), medium (0.75 < A <« 1.25), or high (A > 1.25)
with regard to potential expansion.

27



DeBruyn, et al., 1956 (ref. 28)

Potential expansion is rated in terms of specific clay surface area and the
soil equilibrium moisture content at 85 percent relative humidity. The rating
scheme is as follows:

. Equitibrium Moisture
Specific Surface, Content at 85 ° Relative

Rating Potential Expansion m?/q Humidity, %
Good Nonexpansive < 70 <3
Medium Moderately Evpansive 7300 3-10

Bad Expansive 300 - 10

*Reported as total surface (internal and external) determined by glycol
retention.

The U.S. Bureau of Reclamation method was developed in the western United States
on reclamation and water resources projects. Criteria were first presented in
1956 and then later modified by experience in 1959,

Data from Index Tests

Probable Expansion

Colloid Content, PI, SL, at 1 psi, dry-»sat. Degree of
% < 0.001 mm % b Volume Change, % Expansion
> 28 > 35 < 11 > 30 Very High
20-31 25-41 7-12 20-30 High
13-23 15-28 10-16 10-20 Medium
<15 < 18 > 15 <10 Low

These tests are performed on all soils classified CH and CL in the Unified Clas-
sification System that have a LL - 40 percent. Soils in the low cateqory are
not subject to special construction procedures; all others (medium to very high)
are tested for quantitative volume change from the initial to anticipated final
operating conditions of the structure to determine what special procedures are
required during construction.
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Altmeyer, 1956 (ref. 44)

Altmeyer reports successful use of the following system for identifying expan-
sive soils:

Potential
SL, % LS, % Expansion, % Volume Chanaqe
<10 > 8 > 1.5 Critical
10-12 5-8 0.5-1.5 Harqginal
> 12 .8 AN Moncritical

Linear shrinkage measured as moisture content is reduced from field moisture
equivalent AASHO Method T93 to a lower limit beyond which no volume change
occurs (shrinkaae Timit ASTM D1, AASHN T6?)

Williams, 1958 (ref. 50)

Plasticity index and % < 2 um are used as criteria and soils are placed into
four categories as illustrated in fiqure 4.

McDowell, 1956 (ref. 51)

A curve relating plasticity index to volume change of the soil (fig. 5) is pre-
pared based on construction experience with Texas highways. McDowell warns of
the limitations of the graph and recommends its use as a rough estimate only.

Lambe, Federal Housing Administration, 1960 (refs. 38, 39, 52)

Lambe developed the FHA Soil Potential Volume Change (PVC) Meter for the Federal
Housing Administration to provide a quick field identification of expansive soils.
The device measures the swell pressure of compacted soil as it swells against a
restraining force for 2 hr. The following categories have been established:

Cateqory PVC Rating
Noncritical <2
Marginal 2-4
Critical 4-6
Very Critical > 6
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Ladd and Lambe, 1961 (ref. 53)

A modification to the PVC Method consists of a combined PVC rating based on
correlations with swell under 200 1b/ft?, plasticity index, moisture content
at 100 percent relative humidity, and the volume change occurring between the
field moisture equivalent and the shrinkage limit. The system results in the
following ratings:

PVC Rating Degree of Expansion
<2 Noncritical
2-4 Marginal
4-6 Critical
> 6 Very Critical

This test procedure involves a relatively large amount of laboratory work which

the results do not seem to justify.

Seed, Woodward, and Lundgren, 1962 (ref. 37)

The swell potential of an expansive soil is defined from correlations of per-
cent swell from oedometer tests of laboratory prepared and compacted samples
(maximum dry density and optimum moisture content, AASHTO T-99) under 1-psi
surcharge with % <~ 2 um and soil activity. A statistical relaticnship is de-
fined for swell potentia  1in terms of clay content and activity and compared
with measured volume change. The proposed classification for natural soils
is shown in figure 6. With appropriate charts, the swell potential may be
categorized as follows:

: Degree of
Swell Potential(s), Expansion
0-1.5 Low
1.5-5 Medium
5-25 High
- 25 Very High

Ranganathan and Satyanarayana, 1965 (ref. 54)

This classification system is based on shrinkage index (liquid 1imit minus
shrinkage limit) only. Data published by Seed, et al. (ref. 37) are used.
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USBR
Classification

Low
Medium

High
Very High

Chen, 1965 (ref. 55)

Probable Expansion

SI, % at 1-psi (dry+sat.), %
0-20 <10

20-30 10-20

30-60 20-30
> 60 > 30

To simplify the USBR Method, a correlation is made between swell data and % <
No. 200 sieve, liquid 1imit, and standard penetration resistance (ASTM D1586,

AASHO T206).

Laboratory and Field Data

Standard Penetration, Probable Degree of
< No. 200 Sieve, # LL, % Blows/ft Expansion, %  Expansion
< 30 < 30 <10 ¢ 1 Low
30-60 30-40 10-20 1-5 Medium
60-95 40-60 20-30 3-10 High
> 95 > 60 > 30 > 10 Very High
1.3 Bureau of Reclamation Data
1.6 Designation Total Swell, Degree of Expansion
0-10 Low
]_4L- 10-20 Medium
20-35 High
1.2k + 35 Very High
1.0
o
> 0.8}
¥ B
< 0.6+ Sk
—Proposed Boundaries
0.4 - Based on Swelling
¢ Potential Data
0.2 =k,
0.0 i 1 1 L L1 | ] 1 | ] ] 1
0 50 100 150
Clay Sizes - 2 um,

Figure 6. Applicability of Proposed Chart for Classification of Twenty-
Seven Natural Soils [after Seed, et al. (ref. 37)]
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Komornik and David, 1969 (ref. 35)

Through a statistical approach, an empirical equation is developed for the
prediction of swell pressure in terms of liquid 1imit, natural dry density,
and natural moisture content.

Tog P = 2.132 + 0.0208(LL) + 0.000665(yd) - 0.0269(w)

where
P = swell pressure, kg/cm
LL = liquid limit, %
vyd = natural dry density, kg/m’
w = natural moisture content, %

The data utilized involve a wide range of soil properties and thus lend credi-
bility to the results. The system is used to predict swell pressure; it is not
a classification system as such.

Packard, 1973 (ref. 56)

The guide shown below is used in the concrete airport pavement design manual of
the Portland Cement Association. However, no procedures are given for handling
expansive soils when they are present.

Approximate
PI, % Degree of Swell, %
(ASTM D424) Expansion (ASTM D1883)
0-10 Nonexpansive < 2
10-20 Moderately Expansive 2-4
- 20 Highly Expansive > 4

Vijayvergiya and Sullivan, 1973 (ref. 34)

With the liquid limit and dry unit weight of soil, the chart in figure 7 is
used to predict swell. The ratings shown below are a gquide for slab founda-
tions on Beaumont Clay in Southeastern Texas.
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Figure 7. Correlation of Swell, Liquid Limit, and Dry Unit Weight

[after Vijayvergiya and Sullivan (ref. 34)]
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Swell Under

200 1b/ft?, % Heave Potential
<1 Low - No damage.
1-4 Moderate - No damage with proper
attention to design
(< 1 1in).
>4 High - Detailed investigation
warranted.

Vijayvergiya and Ghazzaly, 1973 (refs. 4, 33)

This method defines a swell index for an expansive soil as the ratio of the
natural water content to liquid limit and correlates it with one-dimensional
swell (0.1-ton/ft? surcharge) and swell pressure data. Rather than a specific
degree of expansion, limits of probable swell and swell pressure are defined
as follows:

Probable
Swell Pressure, Probable
Swell Index ton/ft? Swell, %
> 0.5 < 0.3 <1
0.37-0.5 : 0.3-1.25 1-4
0.25-0.37 1.25-3.0 4-10
< 0.25 > 3.0 > 10

The method is based on data collected from a large number of samples. It is
very simple to use; i.e., all that is required is the natural water content
and the liquid limit. However, experience with regard to application of the
method is limited.

Krazynski, 1973 (ref. 40)

A proposed test method for directly measuring expansion under a set of standard
conditions is presented. The computed expansion index is then used to classify
the soil for use beneath concrete slabs as follows:
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Expansion Index Potential Expansion

1-20 Very Low
21-50 Low .
51-90 Medium Jo
91-130 High

> 130 Very High

The expansion index is developed in conjunction with work on residential slabs
and is intended only for classification purposes. There is little experience
with this method, and no data for comparison with other methods are available.

Fernando, Smith, and Arulanandan, 197% (ref. 57)

With the method described earlier by Arulanandan (ref. 31), a comparison is
made between expansion index (ref. 40) and the magnitude of dielectric disper-
sion. The correlation is good for the soils tested and the authors establish
the following criteria:

Magnitude of Expansion Potential
Dielectric Dispersion Index Expansion
1-10 1-20 Very Low
11-25 21-50 Low
26-45 51-90 Medium
46-65 91-130 High
> 65 > 130 Very High

EVALUATION

Table 6 presents a summary of the criteria reviewed for most of the systems
described.

The identification and classification systems presented in the literature re-
flect numerous attempts to correlate simpler test results with swell potential.
However, it is impossible to select a suitable procedure based on the data pre-
sented. As part of this review, an evaluation and comparison were attempted,
but because of the lack of continuity in the reported research, all systems
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could not be included. The literature review, however, did produce several
references (33, 34, 35, 37, 38) with sufficient data to make some comparisons.

PVC Rating and Plasticity Index

The Federal Housing Administration has pubiished PVC swell index and plasticity
index data for 151 soils from around the continental United States (ref. 38).

A comparison of these data is shown in figure 8. The regression line computed
for the data corresponds to the line relating swell index and PVC rating. It
is obvious that based on these data the plasticity index is superior to the PVC
rating for soil classification because of cost and routine availability.

Linear Shrinkage and Plasticity Index

The linear shrinkage of clay soils has been shown to be a better indicator of
swell potential than the plasticity index (ref. 60). It has also been illus-
trated with a large amount of data that these two soil characteristics are
closely related (ref. 61) and could be used interchangeably. Since the linear
shrinkage test is quick and simple, it is a promising technique for evaluating
swell potential. The literature indicates that this test may be superior to
the plasticity index test because it involves a volume change mechanism. Al-
though sufficient data are not available to compare and evaluate these tests,
their combined use seems to be promising for qualitative indication of soil
swell potential.

Multiple and Single Parameter Systems

Multiple tests are used in many simple identification and classification sys-
tems to classify clay soils. A comparison of four such systems is shown in
figure 9. The data used were published by Komornik and David (ref. 35). Again,
the plasticity index is superior since the multiple parameter systems involve
considerably more laboratory work and offer no advantage in predicting swell
potential.
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Statistical Comparison

A further study of the reliability of predictions was made. Several systems
presented in the literature or synthesized from published data were compared
(table 7). To provide a measure of the reliability of each method, predicted
values were calculated and compared to measursd values of swell potential by
1inear regression analysis. The degree of correlation is represented by the
correlation coefficient, R. To determine the effect of soil variability, the
i mean, x, and the variance, o2, of the sample plasticity index were determined
% . for all data groups studied. The distribution of the sample plasticity index
was also determined after it was discovered that some of the systems in the
literature were derived from data for which the plasticity index was quite low.
Most engineering problems on expansive soils occur on soils with a high plas-
ticity index (> 30 %). The correlation coefficient for some samples was com-
pared to that for the same data without the data points with plasticity indexes
less than 20 percent (table 8). From this statistical analysis, the following
facts are evident:
‘ (1) Method 1 is not a reliable predictor of swell potential for
j soils with a plasticity index greater than 20 percent (i.e.,

highly expansive soils).
(2?) Method 2 provides widely differing correlation coefficients

between predicted and measured values of swell potential.

These results are inconclusive, and lack of data in the lit-

erature prevents further evaluation.
(3) Method 3 results in fairly consistent results, with the cor-

relation coefficient dropping as the sample variance

e A

increases.

(4) Method 4 predicts swell potential in much the same manner
as method 3, with a slightly wider range of correlation
coefficients.

(5) Method 5 gives the best correlation coefficient (0.60),
considering the distribution and variance of the data
on which it was based.

Thus the most reliable simple technique for predicting swell potential is
that provided by Komornik and David (ref. 35); correlation is based on swell
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Table 7. Swell Potential Prediction Methods Used
for Statistical Comparison

Method Indicator Prediction Equation
1 (ref. 37) | Plasticity Index, % Swell, % = 60k(PI)2-4*
k = 3.6 x 1075
2 (ref. 54) | Shrinkage Index, % Equations Based on Regression

Swell, % = 0.55(51)°-%7
Swell Pressure, kg/cm?

= 0.52(SI1)0%-13
3 (ref. 33) | Swell Index Equation Based on Regfegsion
[ = hatural water content, % SHEl, (= 0'49(15)
s liquid Timit, %
4 (ref. 34) | Liquid Limit (LL), % Prediction Based on Table

Dry Density (yd), 1b/ft? Relating LL, yd, and Swell

5 (ref. 35)| Liquid Limit (LL), % Log P = a + b(LL) + c(yd) + d(w)
Dry Density (vd), kg/m3 where P = %well pressure, kg/cm?
. . a=2.132
Initial Moisture Content (w), % b = 0.0208
¢ = 0.000665
d = -0.0269

pressure as a measure of the swell potential. There is no simple indicator
presented in the literature, with a correlation coefficient greater than 0.60,
that can reliably classify a wide variety of clay soils according to their ex-
pansion potential.

Swell Percentage and Swell Pressure

Both swell percentage and swell pressure are 'ised throughout the literature
for quantifying the swell potential of the soil. These two measures, although
related, are not necessarily interchangeable. For one group of tests (ref. 34),
these two measures of swell potential were compared by linear regression. The
swell under a 1-psi surcharge was predicted as follows:

Swell = 1.12 + 2.16 x Swell Pressure
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For this equation and the data in reference 34, the correlation coefficient is
0.84 and the standard error is 1.64. It should be recognized that for each
set of samples, the reliability will vary. In design of airport pavements,
swell is the more meaningful measure of swell potential. A thick airport pave-
ment (e.g., 36 in of concrete and 36 in of stabilized base) places on the sub-
grade a pressure that is far below the measured swell pressures of expansive
sofls (refs. 34, 35, 38). Seed (refs. 58, 59) presents data that demonstrate
volume changes of a fraction of a percent greatly reduce swell pressures.
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SECTION 5
PREDICTION OF IN-SITU HEAVE

Since many prediction methods in use tocay involve direct measurement with a
consolidometer, this device and its limitations were studied. Factors impor-
tant in evaluating in-situ heave were reviewed and the methods currently avail-
able for predicting heave were analyzed within this framework.

CONSOLIDOMETER TESTING

Evaluation of soil volume changes by consolidometer testing is the most widely
used methoa for predicting in-situ heave (appendix A). Test methods influence
the nature of the results obtained and this must be considered in evaluating
the methods. The consolidometer was originally designed by Terzaghi to simu-
late field settlement in the laboratory (ref. 59); it has also proven useful
in the study of sweiling clays (refs. 8, 43, 62, 63).

Consolidometer tests are usually of two types--free swell and constant volume.
In a free swell test the soil sample takes on water, either by submersion or
capillary action, and swells under a token load (e.g., 1 psi) until no further
volume change occurs in a specified amount of time. When equilibrium is
reached, the load is increased until the sample is compressed to its original
volume; the pressure required to accomplish this is one measure of the swell
pressure of the soil. In a constant volume test, the load is increased to pre-
vent expansion as the sample is allowed access to water. When no change in
pressure is required in a specified time to retain the same volume, the test

is ended; this lcad is the swell pressure. The sample is usually unloaded to
establish the rebound or expansion curve. These two test results are often
taken as the boundaries of soil behavior, with actual in-situ behavior assumed
to be somewhere between these data as plotted on a void-ratio-versus-log-of-
pressure curve. Some investigators have reported reasonably accurate predic-
tions of swell, but the rate of swell cannot be determined by these tests since
the moisture gradients produced in the consolidometer are drastically different
from those in in-situ conditions (ref. 59).
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Several sources of significant error should be considered in performing the
tests and interpreting the results (ref. 59). For example:

(1) Friction in the measuring apparatus is significant at low
loads (< 0.5 kg/cm? or 7.11 psi). At a pressure of 0.01
kg/cm? (0.14 psi), the load applied to the sample has been
found to be in error by 100 percent for one type of con-
solidometer.

(2) Compression characteristics of the apparatus are important.
Consolidometers should be tested to establish the compres-
sibility of the loading frame and volume change measuring
apparatus. Calibration curves should be prepared and no
components should be switched without verifying the com-
pression characteristics of the apparatus. The compression
characteristics do not vary significantly from cycle to cycle.

(3) Porous discs produce a high degree of compressibility.
Smoothly grooved thick stones are most desirable.

(4) Filter paper used between samples and porous stones produces
significant compressibility in swell tests on Bearpaw Shale
(ref. 64).

(5) Sample seating against the porous discs is difficult to
evaluate. As the load increases the significance is reduced.

(6) In measuring the swell pressure, very small volume changes
result in large differences in measured swell pressure. (Al}
sources of volume change must be considered in arriving at a
measured value.)

(7) Lateral confinement of the sample may not duplicate field
conditions; a correction factor may be required.

Since the results of consolidometer tests are influenced by the above factors,
these sources of error must be considered; if they are not, low estimates of
swell usually result. Caution must be exercised in using swell-test results
for design data.
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FACTORS INFLUENCING IN-SITU HEAVE (refs. 6, 9. 40, 65)

Clay Thickness

In any study of a construction site, the thickness of all soil layers must be
determined. The location of each layer with respect to the completed structure
is important in evaluating the effects of changes in overburden load, avail-
ability of water, and drainage of surface water. When an expansive soil layer
is identified it may be removed and replaced with a better material, if it is
thin enough and suitable replacement material is available. Thicker layers may
require alternate designs to accommodate or reduce the soil surface movement.

Water Table Depth

When soil is sealed off from the atmcsphere by a pavement structure, it reaches
an equilibrium moisture condition. Ti2 depth of the water table is important

in determining this equilibrium cunaition. The existence of perched or tempor-
ary water tables must be taken into consideration in the study of in-situ heave.

Initial Moisture Condition

One of the primary factors in the study of in-situ heave is the actual initial
moisture condition ¢t the soil. This determines the point from which the sys-
tem moves toward an equilibrium moisture condition. Depending on the specific
equilibrium conditions, the initial moisture conditions determine whether
shrinkage or swelling actually occurs. The effects of removing vegetation must
be considered. Changes in the moisture condition of the soil between clearing
and grubbing and the placing of structures over the soil must be considered in
arriving at the actual initial moisture condition of the soil when it is sealed
off by construction.

Soil Structure

Soil structure is a property of the soil that might be confusing if it is dis-
cussed without being placed into a frame of reference. Four such reference
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frames are thus established:

(1)

(2)

(3)

(4)

Clay Particle Structure - the types of clay mineral present
are identified by unique crystal structures (i.e., montmoril-
lonite, kaolinite, or i1lite) and ionic substitutions in

these structures. The behavior of each configuration is
affected by the particle surface charge, ionic substitutions,
surface area, and bonding which are characteristic of that
particular clay mineral structure.

Clay Particle Arrangement - The arrangement of clay particles
in the soil mass has arn influence on soil behavior. This has
been recognized for sometime and is illustrated in figure 10
(ref. 66). This arrangement is determined by origin, geologic
history, and local conditions.

Clod Structure - As the clay mass interacts with the local
environment, a higher-order structure is formed. The prop-
erties of this structure depend on the factors which formed
the soil. When a clay layer is exposed to cycles of loading
and unloading, ur wetting and drying, a pattern of fissures
(cracks) forms throughout the soil. As these seams are opened
and closed, the clod structure between them takes on a distinct
character, unlike either that of the bulk soil or the grain
structure produced by the clay particle arrangement, which in-

fluences the behavior of the soil. The only study in the lit-
erature on this aspect deals with the field of agriculture
(ref. 45). Little information is available on the influence
of clod properties on the engineering behavior of natural
soils.

Bulk Structure - The overall macrostructure of the soil

(fissures, voids, etc.) contributes to the bulk structure

of a clay soil layer. Another aspect of bulk structure in
clay soils is the formation of gilgai (fig. 11). This char-
acteristic rolling surface structure, a natural result of
soil/environment interaction, extends to depths greater than
those disturbed in normal pavement construction. The reflec-
tion of this natural structure tirough tre pavement produces
roughness and thus pavement repair or replacement is required.
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Gilgai is a relatively new subject and little engineering
information is available.

Any procedure for the estimation of soil behavior should be directed toward
determining soil behavior within one of the above reference frames. Most tests
in use today measure the effects of clay-particle arrangements that are pro-
duced in the laboratory by remolding soils. The designer must recognize the
practical significance and limitations of the data from which his design must
be derived. Most behavior in the field is controlled by the clod and bulk
properties of the soii. Certainly today there is a oap in understanding the
bulk behavior of soils and in adequately measuring the engineering bulk prop-
erties. This is one area that requires careful study in the process of soils
evaluation for pavement design.

Initial Stress Condition

The initial stress condition is the loading applied to a soil prior to construc-
tion. Usually this is made up of the overburden loads, both vertical and hori-
zontal components, and the environmentally induced stresses; some contribution
ray be made by vegetation such as trees. It is important to distinguish between
loading conditions at the time construction begins (clearing and grubbing) and
the conditions at the time the structure is placed (earthwork and paving). The
importance of any difference in these conditions must be evaluated in the de-
sign process in order to establish the conditions for evaluating the behavior

of the soil.

Final ioisture Conditions

The prediction of final moisture conditions under a structure has been studied
for over two decades. Many designers assume a saturated condition, believing
that to be the .. ..:2 22se. In many situations this is overdesigning since the
moisture content never reaches saturation; in other circumstances, the soil
could actually shrink in attaining equilibrium with its new environment. Sev-
eral reasonable methods for predicting the final equilibrium moisture content
are proposed in the literature. Appendix C outlines a recommended procedure
for such predictions. (Also see appendix D.)
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Final Stress Condition

The final stress condition is evaluated in the same way as the initial stress
condition. Principal considerations are the structure loads, the loads assoc-
jated with cut or fill sections of the pavement, and any environmentally in-
duced stresses.

Load/Water Content/Volume Relationship

Determination of the soil response to changes in load and water content is the
real key to the prediction of in-situ heave. In most techniques for the predic-
tion of in-situ heave, the soil response to changes in load and moisture con-
tent is measured. The main differences are in the assumptions made in deter-
mining the percentage of swell and the procedures for establishing the initial
and final moisture conditions. The standard consolidometer is the most reli-
able instrument available for field use in evaluation of soil response to en-
vironmental changes (refs. 24, 63, 68); it is used in many evaluation proced-
ures. Several techniques in which the loads and soil suction® are independ-
ently controlled and made to duplicate measured or predicted in-situ values
have been published (refs. 69, 70, 71, 72). Clearly, the closer the sample
and test conditions duplicate the in-situ soil, the better the estimation of
heave will be. Careful study of the test conditions is necessary in every case.

Rate of Volume Change

The rate at which volume changes occur may be an important factor in determin-
ing the soil/structure interaction. Primarily, the rate of swell depends on
the soil permeability. An initially dry, fissured soil swells rapidly at first
as water moves through the existing shrinkage cracks. As these passages are
closed by swelling, the permeability is drastically reduced and a much slower
rate of swell results. The moisture gradients in the field are very different
from those in any known laboratory test (ref. 59). There is presently no means
of accurately studying field rates of heave in the laboratory.

*
Appendix D elaborates on soil suction and related terminology.
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Seasonal Varjations

Since soil near the surface interacts with the local environment, the moisture
conditions are constantly changing. This seasonal influence is apparent to a
definite depth (usually 5 to 10 ft). When a pavement is constructed over the
soil, the response of the soil to changes in the local environment is reduced
or eliminated. Cracks in a pavement or a highly permeable pavement will cer-
tainly allow water from the environment to penetrate to the underlying soil.
Experience reported in the literature (refs. 9, 68, 73, 74, 75) indicates that
pavement subgrades tend to approach an equilibrium moisture condition. The
soil below a pavement and within the zone of seasonal variation may shrink,
swell, or remain unchanged depending on the initial moisture condition and

the equilibrium moisture condition. The initial condition of the soil in the
zone of seasonal variation must be known for rational design over expansive
soils.

PREDICTION METHODS

Although great effort has been devoted to the prediction of in-situ heave in
expansive soils, little progress has been made in recent years so far as im-
plementable procedures are concerned (table 9). The one-dimensional swell
test with a consolidometer type apparatus is the most widely used and reliable
procedure. However, no standard method exists and there are almost as many
methods reported in the literature as there are researchers. Only recently
have serious attempts at standardization appeared in the literature (refs.
40, 76). The most promising method in the current literature (Australian
Method) is by no means implementable. However, the merits of this technique
do justify a comprehensive development effort. The Holtz Method (ref. 76) is
the best implementable technique available at this time. (See appendix A.)

Consolidometer Methods
Numerous methods of measuring swell potential directly in a consolidometer are

reported in the literature. Figure 12 illustrates the type of data obtained
from these tests. For example, a specimen may be loaded to its in-situ
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Figure 12. Types of Swell Test Data

overburden pressure, (1 to 2). Then it is subjected to a change in moisture
condition and maintained at constant volume until equilibrium i reached (3).
This pressure is called the cwe!! - rese.re (no-volume-change test). The pres-
sure is then released to a small arbitrarily selected load or to a specific
design load, (3 to 4). Another test procedure loads the soil to the overbur-
den pressure (2), allows it to swell under constant load to (5), and loads

the sample to the original void ratio (6). With this kind of test procedure,
swell may be calculated as follows:

. e s
S= 1= & (7H)
where
Ae = change in void ratio (final to initial)
e = original void ratio
AH = thickness of soil layer
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The curve (1 to 7) illustrates a test in which a soil is loaded to the initial
overburden pressure, (7), unloaded to a final overburden pressure, (2), and
permitted access to water; then the swell is determined (analysis of cut sec-
tions). In each situation, events follow a specific sequence. The closer
these duplicate in-situ conditions, the better the prediction of soil behavior.
Those methods reported in the literature in which some form of the consolidom-
eter test is used are as follows:

(1) Direct Model Method, Texas Highway Department (ref. 77)
(2) Jennings and Knight's Double Oedometer Test (refs. 65, 78)
(3) Sullivan and McClelland's Method (ref. 79)

(4) Sampson, Schuster, and Budge's Method (ref. 80)

(5) Mississippi Method (refs. 81, 82, 83, 84)

(6) Salas and Serratosa's Method (ref. 20)

(7) Noble's Method (ref. 7'

(8) Navy Method (ref. 85)

(9) Simple Oedometer Method (ref. 86)

(10) USBR Method (ref. 63)

(11) Volumeter (ref. 87)

(12) Holtz's Method (ref. 76)

tEach of these methods has some similarity with the others as well as some dif-
ferences. Some involve multiple samples (e.g., 2 and 10); others do not. No
one method is clearly better than another for airport pavement construction.
Any procedure that is used must be adapted to a particular situation and an
effort must be made to simulate these actual in-situ conditions. At best these
methods provide estimates of questionable accuracy unless they are used with
considerable experience with the specific soil and climatic conditions under
study (refs. 40, 63).

Predictions of in-situ heave are made by testing each snil! (ayer in the sys-

tem to determine its response to changes in load and moisture. The individual
layers may represent different types of soil, the same soil in different mois-
ture conditions, or the same soil at different densities. Once each layer is
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identified and a swell percentage is assigned by testing in the consolidometer,
the calculation of surface heave is straightforward as shown below.

Thickness Vertical Rise
of Soil  Overburden Vertical Rise at Layer
Depth, Layer, Pressure,* Swell, Due to Layer, Surface,
ft ft 1b/ft? % in in
0-2 2 125 8 1.92 7.68
2-4 2 375 4 0.96 5.76
4-10 6 875 3 2.16 4.80
10-12 2 1375 3 0.72 2.64
12-20 8 2000 2 1.92 1.92
20-24 4 2750 0 0 0
Bedrock - - - - -

In this illustration, the predicted surface heave is 7.68 in. The designer
should carefully evaluate the procedures used in establishing the initial mois-
ture conditions and load as well as the final moisture conditions and load used
in the tests. These parameters and their relationship to in-situ conditions
will determine to a large degree the accuracy of the prediction. With some
methods a lateral restraint factor may be used to reduce swell values for cer-
tain soils (e.g., particularly highly fissured clays). The amount of testing
required for this type of analysis can be great in terms of time and money.

The variability of the soil system must be studied in order to arrive at the
amount of testing required to adequately evaluate the swell potential. Once
these data are available, the effect of soil removal, stabilization, compac-
tion, etc. may be evaluated quantitatively, provided swell data are also gath-
ered for the stabilized and/or compacted materials.

Richards' Method (ref. 88)

Using curves of moisture content versus matrix suction plotted from measured
values, Richards predicts moisture content changes as soils reach their

*

Average at center of layer, based on density of overlying material and struc-
tural load. A density of 125 1b/ft® was assumed for all soils in this illus-
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