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PREFACE 

This study is one phase of the RDT&E Work Unit ATUO A3 007 "Found 
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Earlier reports completed in 1977 as part of this Work Unit were MP S- 

entitled "Swell Behavior of NAF-II Sigonella Foundation Soil" and 

TR S-77-7 entitled "Evaluation of Laboratory Suction Tests for Predic¬ 

tion of Heave in Foundation Soils." The work reported herein was per¬ 

formed by Dr. Lawrence D. Johnson, Research Group, Soil Mechanics Di¬ 

vision (SMD), Geotechnical Laboratory (GL), U. S. Army Engineer Water¬ 

ways Experiment Station (WES). The report was reviewed by Mr. W. C. 

Sheraan, Jr., and Dr. D. R. Snethen, Research Group, SMD, and MR. C. L. 

Me Anear, Chief, SMD. Mr. J. P. Sale was Chief, GL. 
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (Si) 
UNITS OF MEASUREMENT 

U. S. customary units 

verted to metric (SI) 

_Multiply_ 

inches 

feet 

square feet 

pounds (force) per 
square inch 

tons (force) per 
square foot 

Fahrenheit degrees 

of measurement used in 

units as follows: 

_gy 
2.5*+ 

0.301+8 

O.O929030I+ 

689I+.T57 

95.76052 

0.555 

report can be con- 

To Obtain 

centimetres 

metres 

square metres 

pascals 

kilopascals 

Celsius degrees 
or Kelvins* 

this 

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read¬ 
ings, use the following formula: C = (5/9)(F-32). To obtain Kelvin 
(K) readings, use: K = (5/9)(F-32) + 273.15. 
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PREDICTING POTENTIAL HEAVE AND HEAVE WITH TIME 

IN SWELLING FOUNDATION SOIT,ñ 

PART I : INTRODUCTION 

Background 

Effects of heaving 
soil on structures 

1. Changes in volume and strength of foundation and embankment 

soils with time are important variables that must be considered in the 

design of foundations of structures, pavements, slopes and embankments, 

and retaining walls. Volume changes and strength losses (in less than 

fully saturated soils) commonly occur from changes in soil moisture 

content with time as a result of construction causing changes in field 

conditions. The placement of a structure or an impervious cover on a 

level ground surface, for example, inhibits natural transpiration by 

vegetation and evaporation from the ground surface. Heave can subse¬ 

quently occur from the reduction in effective stress of soil beneath 

the structure due to decreased capillary stresses (reduced negative pore 

water pressure) on imbibition of moisture from various sources. Sources 

of moisture include seepage of water from the ground surface following 

rainfall and ponding; leakage from underground drains, water lines and 

sewers; and capillary rise from a water table. 

2. Heave often occurs in soil beneath excavations because the 

reduction in overburden pressure causes the pore water pressure to de¬ 

crease (increase in negative pore water pressure). Moisture flows into 

the soil beneath such an excavation from regions of greater pore pres¬ 

sure (smaller negative pore pressure) until equilibrium again occurs 

with the pore pressures in the surrounding soils. Heave in fills is 

usually less troublesome than heave in soils beneath excavations, but 

heave may occur in fills (especially in heavy clays) that are compacted 

dry of optimum water content. Other possible causes of volume change 
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1 2 
include frost action ’ and chemical reactions between various components 

-¾ 
of the soil. 

3. Differential heave of swelling soils beneath foundations of 

structures and pavements due to changes in moisture often causes crack- 

1+-6 
ing and noticeable displacements in the overlying structures. These 

fractures and movements not only detract from the esthetic appearance, 

but often cause substantial damage that limit the usefulness of the 

affected structures, and often lead to unpleasant riding character- 
5-7 

istics of highway pavements. Many structures with designs to re¬ 

sist damage from differential heave based on potential swell data 

from laboratory tests, may be overdesigned because the potential 

for swell may never be fully realized in the field during the lii * 

of the structure.® Reliable predictions of time rate of heave be¬ 

neath various areas of the foundation of structures and pavements 

would permit estimates of differential heave at various times during 

the life of the structure, and thus aid in more economical and effi¬ 

cient designs. 

4. The time to failure of slopes cut in heavily overconsolidated 

clays appears to be related to the rate of moisture accumulation which 

can lead to swell and a reduction in soil strength initially along fis- 
9-11 

sure planes. This mechanism is progressive and is associated with 

a first-time failure that is not due to any pre-existing slip plane.^ 

Reliable heave with time predictions should aid analysis of long-term 

stability and expected life-span of overconsolidated clay slopes. 

5. Retaining structures constructed to support swelling soil 

slopes and embankments should be designed to resist swelling pressure 

in the soil confined behind the wall caused by the accumulation of mois¬ 

ture and restricted volume expansion. Reliable predictions of moisture 

changes and heave would permit estimates of the lateral displacements 

needed to reduce swell pressures to tolerable amounts. 

Progress in predicting 

potential heave and heave with time 

6. Considerable work has been done in many countries to develop 

procedures for determining the swelling behavior of expansive soils and 
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predicting maximum potential heave,U6’8’12’13 but very little informa¬ 

tion is available on predicting time rate of heave.8,9,11* Progress in 

developing reliable procedures for predicting rate of heave has been 

slow because many complicating factors influence the magnitude and rate 

of volume change (see Table l). In addition, actual field permeabil¬ 

ities and equilibrium moisture profiles are difficult to determine. 

Local experience, if available, is probably the best means of estimating 

heave with time. Using this as a determining factor most heave appears 

to occur within 5 to 8 years following construction.1^-18 

7. The soil properties listed in Table 1 are indicative of the 

potential for swell, while the environmental conditions mostly influence 

the actual amount and rate of swell beneath structures and pavements. 

Environmental conditions produce the equilibrium moisture profile, 

or the amount of moisuure that will eventually accumulate in the founda¬ 

tion soil. This information is needed to predict heave and rates of 

heave. Inadequate knowledge of the factors listed in Table 1, and varia¬ 

tions in environmental conditions with time, have contributed to the 

generally poor understanding of the types of moisture profiles that may 

be observed in certain soils in different areas.2,19,20 

8. A correct three-dimensional (3D) theory for moisture flow and 

volume change should technically couple the equilibrium of total stresses 

with the total pore pressure potential. Biot21 developed such a coupled 

formulation for 3D consolidation of an elastic soil skeleton. Analyt¬ 

ical solutions of Biot's equations for consolidation have been obtained 

for simple geometries and boundary conditions.22-25 Solutions for com¬ 

plicated geometries and boundary conditions of soils that behave as 

linear-elastic porous mediums have been found by the finite element 

method. A 3D formulation and computer code for time rates of swell 

were developed by Richards30 using Biot's equations, soil suction data, 

and the finite element method, but solutions with this code require 

sophisticated soil data, a high capacity computer, and excessive com¬ 

puter time. 

9. The finite element method was recently applied by Chang31 to a 

practical two-dimensional (2D) solution of the consolidation and pore 
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pressure dissipation of partly saturated soils of earth and rockfill 

dams. This solution uses an extended Cam Clay nonlinear model to simu¬ 

late the stress-strain behavior of compacted clays and the concept of a 

homogenized pore fluid to treat the three-phase system of soil, water, 

and air as a two-phase soil-pore fluid system. Modification of Chang's 

formulation to account for the swell behavior of soils, and the effect 

of increasing moisture on the loss of soil strength and collapse of the 

soil structure, may lead to a reasonable approach to solutions of time 

rates of heave. 

10. Much work has recently been completed toward the understanding 

of moisture flow by diffusion through all types of saturated and unsat¬ 

urated soils. ,9,1 »30>33 Numerical solutions of diffusion flow equa¬ 

tions assuming an uncoupled relationship between total stress and mois¬ 

ture flow (the assumption of constant total stress) have provided many 

successful^comparisons of moisture flow with laboratory and field obser¬ 

vations. ’ a relatively simple, expedient, and economical 2D finite 

difference formulation and computer code was developed from published 

swell data^and a diffusion flow equation for rough estimates of heave 

with time. Solutions to time rates of heave have also been found by 

simply using an inverse (reverse) application of Terzaghi's consolida¬ 

tion equation, or some modification of the consolidation equation, to 

improve correlation of theoretical results with laboratory and field ob¬ 

servations.9,37 39 The Terzaghi one-dimensional (ID) consolidation equa¬ 

tion is a special case of diffusion flow. All of the models discussed 

above ignore many factors described in Table 1, especially many of the 

environmental conditions that influence field heave and rates of heave. 

Purpose and Scone 

Objective 

11. The objective of this study is to develop relatively simple, 

economical, and practical means to routinely and accurately predict 

(total) potential heave, and heave with time, in swelling foundation 

soils caused by changes in moisture. This objective is achieved if 

potential heave for certain defined field conditions (such as the final 
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loading and moisture conditions) expected to be the most significant is 

accurately predicted. In addition heave with time must then be pre¬ 

dicted using diffusion flow theory and boundary conditions defined by 

the predicted potential heave and the defined field conditions. Two 

models soil suction and mechanical swell are described herein for pre¬ 

dicting ID potential heave and heave with time based on isothermal dif¬ 

fusion flow. 

12’ —oil suction model._ Potential heave may be predicted from 

matrix suction-water content relationships evaluated by thermocouple 

Psychrometers. The soil suction model, which relates volume change 

with change in soil suction, was developed from an earlier phase of 

this project.12 The soil suction data for the model were obtained 

from the thermocouple psychrometric technique developed during a pre¬ 

vious study. 0 Time rate of heave may be predicted from numerical solu¬ 

tions of a simplified advanced diffusion flow equation, which was devel¬ 

oped and evaluated as part of this study. 

13’ Mechanical swell model. Potential heave may also be predicted 

from several types of mechanical swell tests performed in the ID consol- 

idometer. Three of the most appropriate, and most commonly used tests, 

denoted as swell overburden, constant volume swell, and improved simple 

oedometer tests are described and applied herein. Time rate of heave 

may then be predicted from analytical solutions of the Terzaghi consol¬ 

idation theory applied to swelling, rather than to consolidating soils. 

Computer program 

14. A computer program entitled ULTRAT (Ultimate and rate of 

heave), an improved version of ULTHE1,5 was developed to obtain solu¬ 

tions for potential heave and heave with time from results of soil suc¬ 

tion and/or mechanical swell tests. ULTRAT permits practical, useful, 

and economical solutions for simulation of the following field 

conditions : 

a. Heterogeneous or layered soils. 

b. Variable (soil suction model only) or constant coefficient 
of permeability. 

c. Variable surcharge pressure due to the weight of the super¬ 
structure on the foundation. 
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d. Heave beneath the center of circular, center or corner of 
rectangular, and center or edge of long continuous foot¬ 
ings or foundations. 

e_. Heave in foundation soils beneath excavations. 

f_. Choice of two equilibrium moisture profiles depending on 
the probable environmental conditions. 

£. Heave due to a change in the water table level. 

ti. Settlements from consolidation and dissipation of pore 
pressures when effective stresses exceed the swelling 
pressure of the soil. 

Conditions a^. Id, c_, d_, £, and £ above are evaluated as part of the sub¬ 

ject study. However only heave beneath the center of square slabs are 

evaluated herein although the program ULTRAT contains the capability of 

computing heave of other conditions as described in d above. Condition 

e_ will be evaluated in a later study. Users with little or no computer 

experience may use ULTRAT because the computer code is programmed with 

an interactive mode to facilitate use. 

Analyses and verification 

15. Analyses were performed to verify the applicability of the 

procedures described herein. The program ULTRAT was developed as 

part of this study to produce practical and reliable predictions of 

potential heave of foundations on swelling soils. A parametric study 

was also performed to develop simple empirical equations for predicting 

potential heave, and heave with time, of slab foundations on homogeneous 

swelling soils above a water table, or above nonswelling soil. Classi¬ 

fication data such as the plasticity index, and initial water content, 

may be used in these equations. More extensive laboratory test results 

are not needed. Predictions of potential heave, and heave with time, 

were made for slab foundations on swelling soils at test sites located 

in Clinton, Mississippi; Lackland Air Force Base, Texas; Fort Carson, 

Colorado; and Sigonella, Sicily. Field measurements taken from all test 

sites (except Sigonells) were compared with predictions computed using 

the following: published empirical methods for predicting potential 

heave, empirical equations developed as part of this study, and the 

program ULTRAT based on results of laboratory soil tests. 

10 



PART II: THE PREDICTION OF POTENTIAL HEAVE 
AND HEAVE WITH TIME 

16. Foundation clay soils may swell under the following conditions: 

a source of moisture is available, a driving force exists to move the 
4l 

moisture, and mechanisms are available to cause the volume change. 

The environmental factors in Table 1 illustrate ways that moisture can 

become available to the soil. The driving force to move moisture is 

characterized by the pore pressure potential. Three important volume 
4l 

change susceptibility mechanisms in clay soils are: 

Clay particle attraction. Clay particles possess a net 
negative charge on their surfaces which result in attrac¬ 
tive forces, or the major "holding" force for various 
cations* including the dipolar molecular water. Such soil 
takes on water in an attempt to satisfy the charge imbal¬ 
ance thereby increasing the volume of the soil mass. 

tu Cation hydration. Cations substituted into or attached 
to clay particles may hydrate. Hydration of these cations 
increases their ionic radii which also increases the vol¬ 
ume of the soil mass. 

c_. Osmotic repulsion. Variations in concentration of ions 
in pore water cause pressure gradients. The greatest con¬ 
centration of ions occurs near the clay particles decreas¬ 
ing away from the surfaces. The pressure gradients draw 
water into the soil mass (osmosis) in an attempt to reduce 
the ionic concentration, which also increases the volume 
of the soil mass. This mechanism is more significant in 
soils containing significant concentrations of dissolved 
salts. 

An additional mechanism, capillary imbibition, arises from surface ten¬ 

sion effects of water and air mixtures in the pores of clay or nonclay 

soil masses. Capillary imbibition contributes to the pore pressure 

potential, but it may not result in volume change. For example, parti¬ 

ally saturated sands (which do not swell) can exhibit apparent cohesive 

strength due to high capillary forces. The procedures for predicting 

potential heave, and heave with time, are developed below based on 

* A positively charged ion. 
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the pore pressure potential, and the diffusion flow of moisture by gra. 

dients in the pore pressure potential. 

The Pore Pressure Potential 

17. The pore pressure potential quantitatively describes the inter¬ 

action between soil particles and water.1+2 This interaction determines 

physical^behavior such as the volume and strength properties of the 

soil. The pore pressure potential for the flow of moisture in 

soiis can be defined as the sum of the soil suction and gravity 

heads ’ ’ 

$ = 7- + X # 

w 
(1) 

where 

Í = pore pressure potential, ft** 

T = total soil suction, tsf 

\ = weiSht of water, 0.0312 tons/ft3 

X = vertical coordinate or elevation head above a reference 
datum, ft 

Natural forces that contribute to the magnitude and gradients in the 

magnitude of the pore pressure potential include the following: mech¬ 

anisms discussed above, applied external pressure, the force of gravity, 

and temperature gradients. 

18. The total soil suction r is essentially a measure of the 

energy available to the microscale mechanisms that cause soil heave. 

The total soil suction can be given by^®’1*^ 

# \S^lbolf and 'inusual abbreviations are listed and 
## e^lned ln t*16 Notation (Appendix H). 

JLí9?16 °5 f0r converting U. S. customary units of measure¬ 
ment to metric (SI) units is presented on page 1+. measure- 
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where 

T° = total soil suction without surcharge pressure, tsf 

= compressibility factor for change in confining 
pressure a 

a = total mean normal confining pressure, tsf 

19. The total soil suction without surcharge pressure is defined 

from thermodynamics 

T 
o RT 

ln RH (3) 

where 

R = ideal gas constant, 86.8l cc-tsf/mole-deg K 

T = absolute temperature, deg K 

V = volume of a mole of liquid water, 18.02 cc/mole 

RH = relative humidity, fraction 

t° is often given as the sum of matrix t° and osmotic t components 

for convenience. The osmotic suction ts is related primarily to the 

osmotic repulsion mechanism and chemical content of the pore water, 

while the matrix suction without surcharge pressure is primarily 

related to clay particle attraction, cation hydration, and capillary 

imbibition. 

20. The matrix suction under surcharge pressure x is a mea¬ 
ra 

sure of the negative pore water pressure for any degree of 

saturation12 »1+6 »1+8 » 50 

T 
m m 

a 
a 
a = - u 

w 
(b) 

where u is the pore water pressure. Increases in water content or 
w 

applied pressure reduce the matrix component of soil suction. The 

osmotic suction, which is not affected by applied pressure, will be 

zero if the pore water does not contain dissolved salts. The effect 

of the osmotic suction on swell is not well known. The osmotic suction 
/ Li, 

is assigned herein (and justified elsewhere ) to cause negligible swell 

compared to the effect of matrix suction. 
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21. The compressibility factor ao , defined as the fraction of ap¬ 

plied pressure that is effective in altering the pore water pressure (Eq¬ 

uation 4), may be related to a volumetric compressibility factor a . a 

is derived by multiplying the unit weight of water by the slope of a 

curve relating the reciprocal of the dry density Yd to water content50 

or 

a 
s 

AV, 

100 
T 

Aw (5) 

where 

as - volumetric compressibility factor for change in volume 

AV = change in specific total volume V ; V = (l + e)/G 
T T s 

e = void ratio 

Gs = specific gravity 

Aw = change in water content w , percent dry weight 

Although the and ag factors are not necessarily identical,1^ they 

are assumed equivalent herein to simplify the following derivations for 

predicting heave with time. Research beyond the scope of this report 

is needed to more fully understand the relationship between these fac¬ 

tors. The is analogous with the Skempton pore pressure parameter B. 

Diffusion Flow 

22. Moisture flows in vapor and liquid phases through soil pores 

and as films on soil particles. Gradients in the total pore pressure 

potential of the pore fluid are responsible for the flow of moisture in 

these different forms of water. The following equation for diffusion 

flow in the vertical direction was derived in terms of volumetric water 

content from a combination of thermodynamic principles, the continuity 

condition, and Darcy's law for fluid flow:2’ 

30 

3t T 3x k) (6) 
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where 

0 - vGg/lOO(l + e) , fraction of volumetric water content 

t = time, days 

D = -(k/Yw)aT/ae , moisture diffusivity, ft2/day 

DT ^k/Yv^TYT ’ thermal diffusivity for liquid water, ft2/daydeg C 

k - coefficient of permeability, ft/day 

Yt = dTs/TsdT , relationship between surface tension of water and 

temperature or -2.09-10-3 C-1 between 10 and 30 C 

Ts - surface tension of liquid water, ton/ft 

23. The vapor diffusivity of „ater can he ignored for most natural 

soils since liquid flow is dominant at the higher degrees of satu-ation 

usually encountered in foundation soils. The effect of the mechanisms 

that cause swell on flow is included in the term of the volumetric water 

content 0 . The effect of applied pressure is included in the moisture 

diffusivity D . The effect of the temperature gradient is included in 

the Dt 3T/3X term, and the force of gravity is accounted for by the 

last term k . 

^ thermal diffusivity Dt is very small, and for some field 

cases the effect of normally encountered thermal gradients on swell be¬ 

neath structures could not be detected.13 Philip and DeVries1*7 esti¬ 

mated the thermal diffusivity of Yolo clay to be about P.S-ltf7 cm2/sec 

deg C. Moisture diffusiyities of some natural clays in contrast were 

much larger than this being on the order of lo'3 0m2/Sec.5:L Moisture 

flow due to thermal gradients are assumed insignificant herein compared 

moisture flow by gradients in the total pore pressure potential $ 

The total stress exerted on the foundation soil is also assumed to be ' 

independent of moisture flow. 

25. A detailed theoretical and laboratory study of the diffusion 

equation for isothermal flow by Wong7 indicated that Equation 6 without 

the thermal term DT 3T/8x can adequately describe isothermal flow in 

unsaturated nonswelling soils. The change in volume during moisture 

flow in swelling soils alters the continuity equation for flow and 

Equation 6 does not then apply. The isothermal diffusion flow equation 

modified for swelling soils becomes7 
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(T) 80 
at k) 

e 3e_ 
1 + e 8t 

26. The 1D vertical flow diffusion Equation T may be given in 

terms of matrix soil suction if the effect of osmotic suction is 

negligible 

8t 
m 

3t 
m 

3t 30 [i (-1)(^ * 4 - 
1 + e 

3t . 
_m 3¿ 
30 3t 

(8) 

Solutions of diffusion flow by Equation 8 in terms of soil suction t 

is preferable to solutions in terms of volumetric water content 0 

because : 

a. Greater accuracy is possible due to the large changes in 
" matrix soil suction with small changes in water content. 

h. Diffusion in terms of soil suction is directly related to 
the microscale mechanisms for swell and the pressure gra¬ 

dient that leads to moisture flow. 

c. Boundary conditions of the diffusion equation in terms of 
soil suction can be more easily adapted to field environ¬ 
mental conditions such as the type of climate, ground 
water table and observed piezometric pore water pressures. 

d. Models described herein for characterizing swell behavior 

can be easily coupled with Equation 8. 

The Solution of Potential Heave 
And Heave With Time 

27. The diffusion flow of moisture from soil of lower in situ 

suction to soil of higher suction reduces the pore pressure potential in 

the latter soil. The decrease in pore pressure potential causes effect¬ 

ive stress to decrease and leads to heave in compressible or swelling 

clay soils.52 For an idealized case (Figure l) placement of an instant¬ 

aneous loading pressure q causes pore water pressure uw to increase, 

or matrix soil suction xm to decrease, such that the initial mean nor¬ 

mal effective stress 0Q does not change. In such a case pore water 

pressure readjusts by diffusion flow over a period of time until an 
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equilibrium distribution of pore water pressure u . and equilibrium 
wr 

mean normal effective stress õf are obtained. Consolidation or recom¬ 

pression occurs when pore water pressure decreases (soil suction in¬ 

creases) such as below point A in Figure 1. Swell occurs when pore 

water pressure increases (soil suction decreases) such as above point A. 

28. The bottom of the soil profile should be set at depth X , 
6L 

which is defined as the depth below which no change in moisture occurs 

and volume changes are negligible. The depth X is often less than 
Q. 

10 ft from the ground surface, but can extend deeper. X is set equal 
£L 

to the depth of water table if less than 20, 10, or 5 ft from the ground 

surface in clays, sandy clays and silts, and sands, respectively. 

The final or equilibrium water table is denoted by DGWT for depth to 

groundwater table. 

29. The total potential vertical heave at the bottom of the foun¬ 

dation in Figure 1 is initially determined by 

i=NEL 

AH = N J] DELTA ( i ) = N • DX 

i=NBX 

i=NEL 

Z 
i=NBX 

e (i) - e (i) 
i_0 

1 + e0(i) 
(9) 

where 

AH = potential (vertical) heave at the bottom of the founda¬ 
tion, ft 

N = fraction of volumetric swell that occurs as heave in the 
vertical direction 

DELTA(i) = potential volumetric swell of soil element i , fraction 

NEL = total number of elements 

NBX = number of nodal point at bottom of the foundation 

DX = increment of depth, ft 

e (i) = initial void ratio of element i 
0 

ef(i) = final void ratio of element i 

The fraction of volumetric swell N that occurs as heave in the verti¬ 

cal direction depends on the soil fabric. Vertical heave of intact 

soils with few fissures may equal all of the volumetric swell (N = 1), 
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while vertical heave of heavily fissured soils may he as low as N = 1/3 
53 5h 

of the volumetric swell. ’ The initial void ratio may be measured on 

undisturbed specimens using standard laboratory test procedures^ or dur¬ 

ing the coarse of laboratory swell tests. The final void ratio depends 

on initial field conditions and changes in field conditions (such as 

those shown in Table l) caused by construction of a structure. Predic¬ 

tions of the final void ratio are made using physical models for char¬ 

acterizing swell behavior. Such predictions are limited by boundary 

conditions that attempt to simulate final or equilibrium conditions that 

actually occur in the field. 

30. Solutions of heave beneath a foundation over a period of time 

are initially found from 

i=NEL 
AHT = N • J F(i> t + 1) • DELTA(i) (10) 

i+NBX 

where 

AHT = potential (vertical) heave at the bottom of the foun¬ 
dation at time t + 1 , ft 

F(i, t + l) = fraction of the potential volumetric swell of soil 
element i at time t + 1 

Predictions of the fraction F(i, t + l) are made using the same phys¬ 

ical models for predictions of the final void ratio. These predictions 

are limited by boundary conditions that attempt to simulate field con¬ 

ditions as a function of time. 

31. Two physical models, soil suction and mechanical swell, were 

adopted for characterizing swell behavior. The soil suction model is 

useful for interpreting swell behavior from results of soil suction- 

water content-void ratio relationships and permeability data. The 

mechanical swell model applies the Terzaghi consolidation theory to 

swelling soils and permits useful interpretation of primary swell-time 

results of soils tested in the consolidometer. The boundary conditions, 

assumptions, and limitations applied in use of these two physical models 

for simulating actual field conditions are subsequently described. 
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Soil suction model 

32. Potential heave. Matrix suction-water content relationships 

evaluated by thermocouple psychrometers may be used to determine poten- 
12 

tial heave from 

DELTA(i) = DX 
‘ cT(i) 

TTTJT) 
T° (i) 
mo 

1Og10 T%(i) 
mf 

(11) 

where 

cT(i) 

a(i) 

a(i)G (i)/1003(i) , suction index of soil increment i 
s 

volume compressibility factor of soil increment i 

initial metrix soil suction without surcharge pressure 
of soil increment i , tsf 

final matrix suction without surcharge pressure of soil 
increment i , tsf 

The initial matrix suction without surcharge pressure is determined by 

log . t° (i) = A(i) - B(i) • w (i) 
10 mo o 

(12) 

where 

A(i),B(i) = soil suction parameters of soil element i correspond¬ 
ing to the ordinate intercept and slope, respectively 
of the T-w relationship 

w (i) = initial water content of soil element i , percent dry 
° weight 

The final matrix suction without surcharge pressure depends on field 

conditions which are described later. Settlements can be predicted from 

Equation 11 if final matrix suction without surcharge pressure is 

greater than initial matrix suction without surcharge pressure. 

33. Equation 11 does not directly consider changes in compress¬ 

ibility factor a due to changes in confining pressure, i.e., high 

confining pressure may cause some soils to collapse on westing due to 

weakening of particle-to-particle bonds. The effect of soil collapse 

on volume changes of each soil element i is approximated herein by 

setting12 
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(13) T° (i) = P_(i) 
mo s 

where p is the suction swell pressure. The ps may be found from 
s 

12 

100B(i)e (i) 

log p (i) = A(i) - G Ci')2 (1U) 

Suction swell pressure, which is derived from energy relationships, is 

taken herein as a measure of confining pressure required to prevent 

swell, and is therefore considered equivalent to the swell pressure 

evaluated from mechanical swell tests. 

34. Heave with time. Heave with time is evaluated from Equation 10 

with computed known values of total potential heave as found^in Equa¬ 

tion 9, and the known matrix soil suction for given time Tm (i) . The 

parameter F(i, t + l) is 

where 

xt+1(i) = in situ matrix soil suction of soil element i at time 

m t + 1 , tsf 

t (i) = initial in situ matrix soil suction of soil element i , 

mo tsf 

t (i) = final or equilibrium in situ matrix soil suction of soil 

^ element i , tsf 

35. The in situ matrix soil suction Tm is related to the matrix 

soil suction without surcharge pressure T° as in Equation h 

C(i) = a(1)°o(i) + Tmo(i) 

Tmf(i) = a(i)of(i) + Tmf(i) 

(16a) 

(16b) 
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where 

ao(i) ~ initial total mean normal confining pressure in soil ele¬ 
ment i , tsf 

af(i) = final total mean normal confining pressure in soil element 
i , tsf 

Equation 16 is valid for any degree of saturation as discussed in para¬ 

graph 20. 

36. The total mean normal pressure is related to the total verti¬ 

cal pressure 

"o'11-3-^-po(1) (17a) 

of(i) = 
1 + 2: Vi) 

Pf(i) (17b) 

where 

P0(i) 

Pf(i) 

= initial total vertical pressure in soil element i , tsf 

final total vertical pressure including applied foundation 
loads in soil element i , tsf 

yi) = ratio of total horizontal stress to total vertical stress 
in situ 

The y i) may be calculated for soils within a water table or zone 

containing positive pore water pressures by^ 

3(T° + u ) - p 
mo w ^0 

2P^ (18) 

37. The matrix soil suction for an advance in time t + 1 can be 

evaluated from the alternating special explicit finite difference solu¬ 

tion of Equation 8 by 

tt+1(1) - u - c * » ^X(i - - 1) ♦ B fc*(i)t*(i ♦ 1) . [k*(i, . kt(1 ♦ 1)h 

" TTTTVTirri ---1 ̂  (19) 
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vhere 

5 = time parameter, days/ft 

k (i) = coefficient of vertical permeability at time t for soil 
increment i , ft/day 

C = volume parameter 

The change in matrix soil suction Tm with vertical distance x and 

time t is illustrated schematically in the finite difference mesh 

shown in Figure 2. The parameters D and C depend on the physical 

model for characterizing the swell behavior. 

38. The time parameter of Equation I9 is given by 

D = 
At 

YW(DX) 

3t 
__m 
2 90 (20) 

where At is the increment of time t The incremental change in 

soil suction with volumetric water content is derived from the soil 

suction model, Appendix A. 

9t 23,000 B t°(1 + e)2 m _ m_ 

90 G [100(1 + e ) - aw G ] (21) 
s 0 os 

39. The volume parameter derived from the soil suction model. 

Appendix B, is 

— sw 
= ]Tob(l + e ) - aw G ] (22) 

0 os 

The parameter C is zero for nonswelling soil as expected because the 

compressibility factor a is zero. 

1+0. Equation 8 is simplified further by assuming a single vertical 

permeability within a stratum of homogeneous soil such that the 

Ik (i) - k (i +1)] term is negligible 
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(23) t+1 
T 

m (i) 
(1 - D + C)tJ'(í) + D ^+1(i - 1) 

^ ni t m _ 
1 + Dj. + C 

t, 
+ D T (i u m + d 

where Dt = kt(i ) 'D = kt+1(i - l)‘D 

4l. Continuity of flow across interfaces of different permeability 

from horizontal layers of heterogeneous soil is provided by 

(2U) 

where n refers to the number of the soil layer. 

1+2. A variable permeability is approximated as a function of void 

ratio and degree of saturation by the method of Chang 

k* = kGeS3 (25) 

where 

kg = initial coefficient of vertical permeability of the saturated 
soil at void ratio e , ft/day 

G = et/(l + eb/e /(1 + e ) 

e^ = void ratio at time t 

S = degree of saturation, fraction 

Other formulations for defining effects of soil properties on permeabil¬ 

ity are not considered herein because field permeabilities are usually 

only roughly known and often not well correlated with laboratory values 

due to sample disturbance, fissures, and effects of sample size. 

Mechanical swell model 

^3. Potential heave. Total potential heave DELTA(i) may be 

determined from results of swell tests in the ID consolidometer by12 

DELTA(i) = DX Cs(i) . P 
1 + e0(i) 1Og10 p (26) 
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where 

Cs(i) = swell index of soil element i 

pg(i) = swell pressure of soil element i , tsf 

Pf(i) = final vertical effective pressure of soil element i , tsf 

Initial void ratio eo is defined as the void ratio following compres¬ 

sion to the original vertical overburden pressure pQ before distilled 

water is added to the specimen. The swell pressure p is defined as 

the final or equilibrium vertical applied pressure needed to prevent 

swell following inundation of the specimen in distilled water. 

4U. The final vertical effective pressure is found from the prin¬ 

ciple of effective stress for saturated soils'^ 

Pf(i) = Pf(i) - uwf(i) (21) 

where uwf(0 is the final pore water pressure in soil element i . 

Equation l6b reduces to Equation 27 for the conditions of the swell 

tests, i.e., the degree of saturation is one such that the compress¬ 

ibility factor is one. Lateral pressures are not evaluated during swell 

tests in the consolidometer. Earth pressures are assumed (K,p = 1, Equa¬ 

tion 17b) so that 

OfU) = Pf(i) (28) 

The final matrix suction without surcharge pressure t° is therefore 
mf 

equivalent to the final effective pressure pf . The final matrix suc¬ 

tion is equivalent to the final negative pore water pressure -u ^ . 

The time t needed to reach a given fraction of potential 

volumetric swell F(i, t + l) , Equation 10, is approximated from results 

of laboratory swell tests by an inverse (reverse) application of the 

Terzaghi consolidation equation^ 

t 
T X 1 
_a 
c 
vs 

(29) 

2h 



where 

T = time factor for various fractions of the total potential 

heave F(i, t + l) 

X = depth of the active zone for sorption of moisture from one 

a surface, ft 

c = average coefficient of swell for all soils in the active zone, 

vs sq ft/day 

The relationship between the time factor T and the fraction F(i, t + 

1) is a complex function depending on the stress distribution and loca¬ 

tion of the source of water. The time factor applied herein is repre¬ 

sentative of consolidation for triangular stresses with single drainage 

beneath the foundation equivalent to Case 3, Reference 57- 

46. The average coefficient of swell in a layered soil profile is 

5 
computed from 

vs 

X2 
a 

i=NEL 

1 
i=NBX 

c 
vs 

DX 
(i)mv(i) 

i=NEL 

I Vi)DX 
i=NBX 

(30) 

where 

c (i) = coefficient of swell of soil element i , sq ft/day 
vs' / —1 
m (i) = coefficient of volume change of soil element i , tsf 
^ 56 

The coefficient of volume change is determined from 

0.435 Cg(i) 

mv(l) = [1 + ëTTïTTïÇ 
(31) 

If the final effective pressvire pf is greater than the swell pressure 

of the soil element i , the compression index Cc(i) rather than the 

swell index C (i) is used in Equations 26 and 31. 
s 

Simulation of field 
boundary conditions 

47. The problems of simulating the factors that influence poten¬ 

tial heave and heave with time in foundation soils (Table l) greatly 
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complicates originating means to predict heaves. The reliability of 

heave predictions are often questionable because environmental conditions 

that occur following construction are often uncertain. The exact loca¬ 

tion and time that water may become available, perhaps by infiltration 

from the ground surface or by upward capillary rise from a water table, 

is very difficult, if not impossible, to predict. Predictions of poten¬ 

tial heave and heave with time are therefore determined for certain 

defined conditions which attempt to simulate actual field conditions. 

Potential heave and heave with time are computed by the program ULTRAT 

using the equations of the two previously described models for the fol¬ 

lowing soil properties and environmental conditions. 

^8. Soil properties. Soil property input parameters used in 

Tables 2 and 3 characterize swell behavior of a heterogeneous soil pro¬ 

file by defining the composition, dry density, and structure of each 

horizontally layered stratum in the foundation soil. These properties 

also quantify the effect of the climate prior to construction and the 

original vegetative cover on swell. Laboratory tests performed on un¬ 

disturbed specimens of boring samples from each stratum determine the 

properties described in Tables 2 and 3 of each soil layer in the profile. 

Assumptions and limitations of the soil property input parameters are 

described in Table 1+. 

1+9. The soil input parameters needed to compute heave using the 

soil suction model are given in Table 2. The specific gravity G , 
s 

initial water content w , and initial void ratio e are found by 
° 55 0 

standard testing procedures on undisturbed specimens of soil. These 

properties define the initial dry density. The compressibility factor 

a and the A and B parameters (Equations 11 and 12) characterize the 

effect of the composition and structure of soil on its swell behavior. 

The ratio of total horizontal to vertical stresses in situ may be 

estimated, or calculated, from Equation 18 if the initial pore water 

pressure uwo is measured in the field. The coefficient of permeabil¬ 

ity k is needed if rates of heave are to be calculated, s 

50. The soil input parameters needed to compute heaves using the 

mechanical swell model are given in Table 3. The G , w , and e 
s ’ o o 
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define the initial dry density. The points on the void ratio-log pres¬ 

sure chart. Figure 3a, determined by the given input parameters, char¬ 

acterize the effect of the type of soil and initial field conditions on 

swell behavior. The overburden pressure pQ is applied and eQ deter¬ 

mined, water is then added, and the pressure increased to avoid swelling. 

The applied pressure is reduced incrementally to measure void ratios 

e and e . The void ratios e , e , and e permit a bilinear 
po s o po s 
line between the swell pressure p and 0.1 tsf, which may be more 

O 

representative of the swell index C than a single linear line. 
s 

51. If the swell pressure p is less than p , which is pos- 

sible for collapsible soils or soils taken from borings within a water 

table of positive pore water pressure, a better test may be that illus¬ 

trated in Figure 3b. The overburden pressure pQ is applied for about 

5 minutes to determine e , the pressure is removed to the seating 
o 

pressure (0.02 tsf), water is added until primary swell is complete, 

and pressure is then applied incrementally to determine eg , pg , and 

e . Procedures for performing these swell tests and determining void 
po 
ratios are presented later. 

52. Environmental conditions. The environmental conditions follow¬ 

ing construction of a structure are described by such variables as con¬ 

finement, water table depth, drainage pattern, and field permeabilities 

and affect both the potential heave and heave with time, e.g., these 

conditions affect the changes in void ratio that develop in the soil 

beneath a foundation of a structure. Confinement is computed by ULTRAT 

from the soil density and foundation loading pressure q . The water 

table depth input parameter is defined as DGWT (Figure l), the depth 

from ground surface to the water table. The drainage pattern is defined 

by the choice of the equilibrium moisture profile or final pore water 

pressure u f . Field permeabilities determine the rate at which heave 

will develop for the two physical models of soil behavior adopted in 

this study. Water is assumed to be immediately available on one drain¬ 

age surface following construction of the structure. Coefficients of 

permeability and swell are therefore assumed to be effective coefficients 

that include effects of droughts, or an intermittent supply of water. 
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as well as the effect of fissures and soil density. Other assumptions 

and limitations of input parameters describing environmental conditions 

are given in Table 5* 

53. Confinement. The final total vertical confining pressure p 

used in Equations 17b and 27 by ULTRAT is determined by 

pf(i) = pfo(i) + Apst(i) (32) 

where 

p^o(i) = final total soil vertical overburden pressure of soil 
element i , tsf 

Aps^_(i) = increase in vertical pressure of soil element i due to 
the foundation and superstructure, tsf 

5^. The pfo(i) of element i at depth DXX , Figure 1, is 

computed from 

Pfo(i) = Pfo(i - 1) + DX • y(i) (33) 

where each Pf0(i ~ 1 ) is known from the prior computation of p^o(i) 

at the smaller depth of DXX-DX . The unit weight y(i) of each soil 

element i is computed from the following input properties of the soil 

y(i) 

y G (i) T w (i)T 
v ' _o_ 

1 + eQ(i) L1 100 J (3b) 

55. The increase in vertical pressure Ap . (i) caused by a foun- 
S w 

dation and the superstructure and exerted on each element i is approx¬ 

imated for a variety of foundation types and locations by the equations 

tabulated in Table 6 formulated after the Boussinesq method. The 

increase in pressure at the bottom of a foundation placed below the 

ground surface or for a deep foundation. Table 6, is 

Apb = q - Pfo(NBX) (35) 
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where 

Ap = increase in pressure at base of foundation, tsf 

q = total foundation and superstructure pressure, tsf 

p (NBX) = vertical overburden pressure of surrounding soils at 
fo bottom of the foundation, tsf 

The pressure q at the base of the foundation. Figure 1, is estimated 

from foundation and superstructure loads. 

56. Swelling of soils surrounding deep foundations such as piers 

may cause uplift forces T on the shaft and reduce the structure pres¬ 

sure q at the base of the footing. The amount of reduction in q is 

complicated by the relationship of the foundation stiffness to the soil 

stiffness, slippage between soil and pier foundation, and lengthening 

of the pier from tension forces. If a void occurs beneath the footing 

because of sufficiently high uplift forces due to swelling soil along 

the shaft, q will be reduced to zero. Heave at the top of the pier 

will be greater than heave of soils beneath the foundation, and such 

pier heave will be a function of heave in the surrounding soils. 

57. The total foundation and superstructure pressure q after 

subtraction of uplift force T may be estimated from 

L - f 
AREA 

(36) 

/DXX 

(C + KqY DXX tan<J>)DX 

0 

(37) 

where 

L 

AREA 

RAD 

C 

K 
0 

$ 

vertical load applied at top of pier at ground surface, tons 
2 

area of base of pier, ft 

radius of shaft, ft 

soil cohesion, tsf 

ratio of intergranular pressure on horizontal and vertical 

planes, coefficient of earth pressure 

angle of internal friction, deg 

29 



The most appropriate laboratory tests to evaluate the C , ¢, and K 
o 

parameters are uncertain at this time. The results of drained (S) direct 

shear tests and assuming K equal to one may provide practical interim 
o 62 

values until further information is available. 

58. Water table depth. The program ULTRAT subtracts from the 

moist unit weight y (Equation 34) when the final or equilibrium depth 

to the water table DGWT is less than the depth of soil increment i . 

This provision permits predictions of heave due to variations in DGWT 

(Figure 4), e.g., heave from a rise in water table level may be esti¬ 

mated by the difference in potential heave between the levels. 

59. Equilibrium moisture profile. The final pore water pressure 

u „ depends on drainage and a variety of other field conditions. 
WI 
ULTRAT permits inpv.t of two final moisture profiles: a saturated (SAT) 

profile (u „ = O) down to the depth of the shallow water table DGWT, 
WI 

Figure 4, or the depth of the active zone X if a shallow water table 
8, 

does not exist. Figure 5- A negative hydrostatic head (HYD) profile, 

u _ = y (DXX-DGWT) down to the depth of a shallow water table. Figure 4. 
WI w 
A HYD profile down to the depth of the active zone X may also be used 

if a shallow water table does not exist. Figure 5, with the suction 

model. The DGWT should be set greater or equal to X , or the bottom 
8 

of the soil profile. 

60. The saturated profile may be preferred if localized saturation 

of the foundation soil appears probable. Localized saturation can 

result from leaking water pipes, drains, sewers, lawn watering, and/or 

ponding of surface water. The standard procedure used in military con¬ 

struction for estimating foundation soil swell assumes a saturated 

equilibrium profile. The negative hydrostatic head profile may be 

preferred for field conditions beneath structures with good drainage 

and not subject to local saturation. Water is assumed to diffuse 

vertically downward from the ground surface beneath the foundation for 

the SAT profile, and diffuse vertically upward from the bottom of the 

active zone for the HYD profile. Table 5* 
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PART III: FIELD OBSERVATIONS 

Description of Field Test Sites 

Location and climate 

6l. The location and climate of the four test sites chosen for 

study are briefly described as follows: 

Test Site 

Clinton 
Lackland 
Fort Carson 
Sigonella 

Elevation 
Location_ Climate ft. msl 

Clinton, Miss. Warm, humid 328 
San Antonio, Tex. Semiarid 770 
Colorado Springs, Colo. Semiarid 6000 
Sigonella, Sicily Temperate 75 

Annual 
Rainfall 

in. 

50 
28 

17 
22 

The semiarid climates of the Lackland and Fort Carson test sites are 

generally more conducive to severe swelling soil problems than at 
5 

Clinton or Sigonella. 

Field test sections 

62. Test sections were constructed at the Clinton, Lackland, and 

Fort Carson test sites in October 1969» July 197^+, and October 1973, 

respectively. These test sections were each constructed of two 100-ft 

square impermeable membranes separated by a 0.8-ft thick layer of sand 

as shown in Figures 6 to 8. The covers were placed on graded level sur¬ 

faces which had been stripped of up to 6 in. of top soil and vegetation. 

The Lackland test section includes a pier. Figure 7, as part of an 
6k 

earlier investigation. 

63. Instrumentation includes permanent bench marks, open tube 

Casagrande piezometers, surface and deep heave plugs, soil suction 

thermocouple psychrometers and temperature thermocouples at the Clinton 

and Lackland test sections, and aluminum access tubes for measurement 

of water contents by nuclear probes. Thermocouple psychrometers were 

not included at the Fort Carson test section. Figure 8, because past 

experience indicated that these psychrometers could not be depended on 
¿Te 

for long-term service. A description of instruments is provided in 

References 3, 65, and 66. Three piezometers were installed at 
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Sigonella 8, l6, and 25 ft below ground surface. A test section was 

not constructed at Sigonella. 

Soils 

6h. Clinton. The predominant soil at the Clinton test site is 
68 

Yazoo clay, a plastic, stiff marine clay of the Jackson group. The 

Yazoo clay was deposited in glacial times with a thickness of about 

400 ft. In later periods, a lean, loessial material ranging in thick¬ 

nesses of up to 12 ft, covered the Yazoo clay.^’"^ 

65. The upper 10 to 15 ft of the Yazoo clay was weathered to a 

yellowish or greenish-yellow color, frequently stained by limonite and 

manganese along Joints while it was exposed to the environment during 

its early history. At depths below 10 to 27 ft, the Yazoo clay is 

unweathered, unjointed, fairly homogeneous and consists of blue-green 

to blue-gray calcareous, fossiliferous clay with some pyrite. Further 

details may be found in References 68 to 71. 

66. Classification data of soil from boring samples in or adjacent 

to the instrumented quadrant. Figure 6, are shown in Figures 9 and 10. 

The transition between the lean loess and plastic Yazoo clay is clearly 

indicated by the abrupt difference in water content at about 6 to 8 ft 

below the ground surface. The natural water content/plastic limit 

ratio exceeds 1.2 below 8 ft of depth. Gradation data. Appendix C, 

indicate a relatively coarse soil of 20 percent less than 2 microns at 

depths less than 6 ft and a relatively fine soil, 65 percent less than 

2 microns, at depths greater than 8 ft. 

67- Lackland. The test site lies directly on an overburden mate¬ 

rial that varies from 12.5 to 13.5 ft in thickness. About 9 ft of the 

overburden consists of silty black to gray CH clays containing lime 

derived from the clay shales of the underlying formation. 

68. The primary material underlying the overburden is the Upper 

Midway group of the Tertiary system. The Upper Midway is a CH 

montmorillonite clayey shale with the tan, weathered form extending to 

a depth of about 55 ft; the unweathered bluish form is encountered 

below this depth. The Upper Midway is highly jointed and slickensided 

to a depth of about 31 ft below the ground surface. Further details 

32 



may be found in References 6b and 72. 

69. Classification data from boring samples located in the instru¬ 

mented quadrant of the test section. Figure 7, are shown in Figure 11. 

Boring PU-7 was obtained in December 1970 following a drought, while 

boring No. 1 was obtained in April 1973 following a period of rainfall. 

Natural water contents in the overburden less than 7 ft from the ground 

surface. Figure 11, reflect the climatic conditions; e.g., l8 to 2k per¬ 

cent in PU-7 compared to 22 to percent water content in No. 1. These 

natural water contents are approximately equal to respective plastic 

limits. Gradation data. Appendix D, indicate that the overburden above 

7 ft is coarser than the Upper Midway below 12 ft, e.g., Uo percent com¬ 

pared to 60 percent less than 2 microns. The clayey gravel between 7 

and 12 ft contains about 60 percent coarse gravel and 27 percent silt or 

clay with smaller amounts of fine gravel and sand. 

70. Fort Carson. The primary material underlying about k ft of 

brown CH overburden clay is Pierre Shale, a sedimentary swelling rock 

73 7H 
derived from clays and silts. ’ The shale was compressed by weight 

of the overlying sediments and glacial ice causing it to be overconsoli¬ 

dated with considerable strength. The shale contains bentonite beds 

from 1/4 to 6 in. thickness. 

71. The shale, which is badly faulted with frequent slickensided 

zones, cracks rapidly when exposed to dry air and decomposes to a sticky, 

gumbo-like mud from repeated wetting and drying. The shale is not 

chemically cemented. Further details may be found in References 73 

and 7^. 

72. Classification data from boring samples located in the south¬ 

east corner, B0Q3 of June 1973, and in the instrumented quadrant, P2 and 

P8 of October 1973 are shown in Figure 12. Natural water contents are 

1.3 times the plastic limit above 8 ft and falls to less than 0.8 times 

the plastic limit below 15 ft. Gradation data. Appendix E, indicate 

that Ho to 50 percent of the soil particles are less than 2 microns 

throughout the entire profile. 

73. Sigonella. The soils are characterized by stiff CH marine 

clays that have eroded and desiccated near the surface following uplift 
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during recent geologic time. Sands and gravels eroded from terraces of 

the Simeto and Dittanino rivers were subsequently deposited on the old 

marine erosion surface. An additional mantle of clay was probably de¬ 

posited during the most recent intrusion by the sea. Tertiary bedrock 

underlies the marine clays from a minimum of 300 ft near the mouth of 

the Simeto-Dittanino river to more than 1500 ft in other areas. 

7!+. Marine CH clays of varying colors of light brown, brown, gray- 

brown, bluish gray, and blue are observed in the area of the test site 

down to 100 ft. Sandy CL clay from 5-5 to 6.5 and l6 to 22 ft are 

interspersed in the CH clay. Figure 13. Slickensides and shrinkage 

cracks have been observed in the desiccated soil down to about 5 ft 

below ground surface. Further details may be found in Reference 67* 

75. Natural water contents in all boring samples obtained in 

November 1976 are greater than the plastic limits. Figure 13. The water 

content/plastic limit ratio of the CH clay was 1.2 or greater, while 

that of the sandy CL clay was 1.5 or greater. Gradation data. 

Appendix F, show that more than 50 percent of the soil particles in the 

CH clay are less than 2 microns in size. Sample U-5 in the sandy CL 

clay at about 20 ft of depth contains about 27 percent less than 2 

microns and about 40 percent of fine sand particles. 

Observation of Instruments 

General 

76. Following construction of test sections field observations of 

water levels in piezometers and elevations of surface and deep heave 

plates at the Clinton, Lackland, and Fort Carson test sites up to 31 May 

1977 are provided below. Observations of water levels in piezometers 

on the Sigonella test site are provided from 15 January 1977 to 4 June 

1977. Data scatter of readings from nuclear probes in aluminum access 

tubes prevented useful measurements of changes in field water content 

with time. Soil suctions from the field thermocouple psychrometers are 

given in Reference 65. 

Clinton test site 

77. Piezometers. Piezometric readings indicate a perched 
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water table with a water level about 5 ft below ground surface in August 

1971, Figure lU. The pore pressures are consistent with a hydrostatic 

head in the loess and Yazoo clay down to at least 20 ft below ground 

surface. The pore pressure head has increased 2 to 3 ft since August 

1971 indicating wetter soil conditions within 20 ft of the ground sur¬ 

face. Deep piezometers with tips at 45 and 70 ft below ground surface 

have remained dry since installation in November 1968. A deep water 

level is encountered 124 ftjjelow ground surface. 

78* Vertical heave plates. Field observations with time of the 

vertical movement of surface heave plates at the center (point A), 20 ft 

inside the edge (point B), 5 ft inside the edge (point C), and 15 ft 

outside of the test section (point D) are shown in Figure 15. A slight 

settlement was observed initially up to 500 days following construction 

of the test section. Heave of about 0.1 ft has subsequently accumulated 

slowly at a decreasing rate up to the most recent observations 2793 days 

following construction. Heave is greatest at the center and decreases 

to 0.04 ft toward the edge 2793 dayr, following construction of the test 

section. Differential heave between points A and C beneath the test 

section at 2973 days is 0.36 of the maximum heave at point A. 

79. Observations of deep heave plates show the distribution of 

heave with depth. Figure l6. More than 50 percent of the heave origi¬ 

nates at depths below 25 ft from the ground surface in the desiccated 

zone indicated by the piezometric observations. Nearly all heave noted 

át location D outside of the test section is caused by deep seated heave 

below 30 ft of depth. Very little heave occurs within 10 ft of the 

ground surface, which is consistent with the low swelling capability of 

the loess overburden. Although the effect of deeply located heave plugs 

and piezometers on the observed heave has not been determined, it should 

be noted that moisture from the perched water table could be seeping 

down the perimeters of instruments extending beneath the perched table 

to contribute to the deep seated heave. 

Lackland test site 

80. Piezometers. Piezometric readings indicate a perched water 

table with a water level 8 ft below ground surface in September 1972, 
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Figure IT. The pressure is consistent with a hydrostatic head in the 

overburden and Upper Midway soils down to 33 ft below ground surface. 

The pore pressure head decreases between 33 ft to 1+5 ft below ground 

surface. A deep water table is encountered below 55 ft of depth. The 

pore pressure head in the perched water table is 5 ft larger in May 19T7 

compared to September 1972 down to 33 ft of depth, but the head has de¬ 

creased below 33 ft to zero at 55 ft of depth. 

81. The zone of soil between 33 and 55 ft is desiccated or defi¬ 

cient in pore pressure with respect to pressure heads in the perched 

and deep water tables above 33 ft and below 55 ft, respectively. This 

pore pressure deficiency may be a potential source of heave. 

82. Vertical heave plates. Field observations with time of the 

vertical movement of surface heave plates 100 ft west (points A and B), 

15 ft west (point C), edge (point D), and center (point E) of the test 

section are shown in Figure 18. Heave of nearly 0.1 ft appeared within 

100 days of construction of the test section. Much of this heave dis¬ 

sipated 500 days following construction at the edge and outside of the 

test section due to environmental conditions, but heave continued to 

accumulate beneath the covered area to 0.18 ft 1029 days following con¬ 

struction. Heave beneath the test section has generally increased uni¬ 

formly across the test section and the movements are about the same as 

that of the uncovered natural surrounding area 1029 days following con¬ 

struction. Differential heave beneath the test section at 1029 days was 

negligible. However, differential heave at 500 days was 0.73 of the 

maximum observed heave at point E. 

83. The distribution of heave with depth. Figure 19, shows that 

nearly all of the O.16 ft of heave 1029 days following construction 100 

ft from the edge of the test section originated in the top 5 ft of the 

plastic soil overburden. Very little heave (about 0.03 ft) occurred 

between 5 and i+0 ft of depth, and negligible heave occurred below 1+0 ft. 

Most of the O.18 ft of heave beneath the test section also occurred 

within the top 5 ft of overburden soil, and about 0.0I+ ft of the heave 

occurred between 5 and 1+0 ft of depth. Some deep seated heave of about 

O.OI+ ft originated below 1+0 ft of depth beneath the test section in 
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contrast to the negligible heave observed below 1+0 ft of depth 100 ft 

from the edge of the test section. Again it should be noted that mois¬ 

ture from the perched water table could be seeping down the perimeters 

of the deep heave plates into the desiccated zone below 1+0 ft of depth. 

Fort Carson test site 

Piezometers. Piezometric readings. Figure 20, indicate a 

perched water table with a water level about 3 ft below ground surface 

in October 1971+. The pressure is consistent with a hydrostatic head in 

the Pierre shale down to 30 ft of depth. The pressure head decreased 

from about 25 to 10 ft between 30 and 50 ft of depth. The pressure head 

in the shale is about 2 ft greater in May 1977 as compared with 

October 197¾. 

85. The deep piezometer P-7 with tip at 80 ft indicated that the 

pore pressure increased below 50 ft of depth. The zone of soil between 

30 and 70 ft appears desiccated or deficient with respect to the hydro¬ 

static head indicated by the pressure heads above 30 ft and below 80 ft. 

This pore pressure deficiency may also be a potential source of heave. 

86. Vertical heave plates. Field observations with time of the 

vertical movement of surface heave plates at the center (point A), 30 ft 

from the center (point B), edge (point C), and 15 ft outside the edge 

(point D) of the test section are shown in Figure 21. Small heave of 

about 0.08 ft and less, similar to that of the Clinton test site, have 

occurred 1291 days following construction. Most heave has occurred at 

points B, 20 ft inside the edge, and D outside of the test section, 

while only about 0.02 ft has occurred at the center, point A, 1291 days 

following construction. Heave at point D outside of the covered test 

section is cyclic and strongly influenced by the climatic environment, 

while heave beneath the covered area is less affected by cyclic changes 

in the climate. Differential heave between points A and B at 1291 days 

was O.75 with maximum heave at point B. 

87. Observations of the vertical movement of the deep heave plates. 

Figure 22, show that nearly all heave has occurred within 5 ft of the 

ground surface. Deep seated heave below 30 ft is negligible 1291 days 

following construction. The deepest heave plates located 30 ft below 
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ground surface is still within the perched water table and does not pro. 

Vide an opportunity for moisture to seep into the desiccated tone be¬ 

neath the perched water table. Some slight settlement between 5 and 

30 ft of depth was observed at the edge and outside of the test section 

about 500 days following construction. 

Sigonella test site 

88. Water levels in piezometers on the Sigonella test site de¬ 

creased from 30 January to 1* June 1977, Figure 23. Piezometer P-2, 

with tip 8.2 ft below ground surface, indicated the deepest water level. 

The pressure head in the piezometers is hydrostatic, Figure 2k. The 

ground water level appears to increase in depth from about 2.3 to 1+.5 ft 

below ground surface from 30 January to k June 1977. 



PART IV: CHARACTERIZATION OF SWELL BEHAVIOR 
FROM LABORATORY TESTS 

Testing Procedures 

Soil suction model 

89. Swell behavior can be characterized by evaluation of the suc¬ 

tion index C , Equation 11, and the suction swell pressure p , 
T 0 

Equation lU (see paragraphs 32 and 33). These parameters are determined 

from matrix soil suction coupled with respective water contents and void 

ratios. The procedure for evaluation of matrix suctions by thermocouple 

psychrometers is described below. Water contents and void ratios were 
55 

determined by standard procedures. 

90. Thermocouple psychrometers measure the relative humidity in 
75 

soil by a technique called Peltier cooling. By causing a current to 

flow through a single thermocouple junction in the proper direction, 

the junction will cool, causing water to condense on the junction when 

the dewpoint temperature is reached. Condensation of this water .inhib¬ 

its further cooling, and the voltage developed between the thermocouple 

and reference junctions is measured by the proper equipment. Less than 

1 day of technician time is required for setup, testing, and evaluation 

of data to obtain a 12-point soil suction-water content curve, void 

ratios, and the compressibility factor. 

91. Calibration. The outputs of the thermocouple psychrometers 

(in microvolts) were calibrated by tests with potassium chloride salt 

solutions that produce a given relative humidity for known concentra- 
76 

tion as shown in the following tabulation. 

Gram-Formula 
Weight per Grams of KC1 per 

1000 Grams Water, M 1000 ml Water 

Relative 
Humidity Suction at 
percent 25 C, atm 

0.05 
0.20 
0.50 
1.00 
2.00 

3.728 

14.91 
37-27 
74.55 

149.10 

99.83 2.3 
99.36 8.8 
98.42 21.6 
96.84 43.4 
93.68 88.5 
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Relative humidities are converted to total soil suctions by Equation 3 

paragraph 19- These are also the osmotic suctions of the potassium 

chloride salt solutions. The resultant calibration curve was 

t° = 2.8e 
25 

1.675 (38) 

where 

Xo = total soil suction, tsf 

Eg^ = microvolt output at 25 C 

The E^r is computed from the voltage E developed from the thermo- 
25 

couple psychrometers at the measurement temperature by 

E 
E 

(39) 
25 0.325 + 0.027t 

where t is the temperature in degrees C. 

92. Preparation. Laboratory measurements to evaluate total suc¬ 

tion were made with the apparatus illustrated in Figure 25* Thermo¬ 

couple psychrometers were inserted into pint-capacity metal containers 

with the specimens and the assembly sealed with No. 13 1/2 rubber stop¬ 

pers. The assembly was inserted into a 1- by 1- by 1.25-ft chest capa¬ 

ble of holding six pint-sized containers and insulated with 1.5 in. of 

foamed polystyrene. Cables from the psychrometers were passed through 

a 0.5-in.-diam hole centered in the chest cover. Temperature equilib¬ 

rium was attained within a few hours after placing the lid. Equilibrium 

of the relative humidity in the air measured by the psychrometer and the 

relative humidity in the specimen was usually obtained within 48 hours. 

93. Soil test. The soil suction test was performed on 12 undis¬ 

turbed specimens (of about 1-in. dimension) of each clay soil. The 

water content of each specimen was varied by permitting the pore water 

to evaporate at room temperature for various periods of time up to 48 

hours from about half of the specimens. Various amounts of distilled 

water were added to the remaining specimens. 

94. Matrix soil suction. The logarithm of the soil suctions was 

subsequently plotted as a function of water content to determine the 
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A and B parameters. Equation 12, paragraph 32. The matrix suction was 

determined as the difference between osmotic and total soil suctions. 

The osmotic suction was estimated by noting the total soil suction at 

high water contents, i.e., this is the osmotic suction. Further details 

of evaluating soil suction by this procedure are available in 

References 5, 12, and 1+0. 

Mechanical swell model 

95- Swell behavior can be characterized by evaluation of swell 

index Cs and swell pressure ps , Equation 26 (see paragraph 1+3). 

These parameters were determined from results of the three swell tests 

described in Table 7: swell overburden (SO), constant volume swell 

(CVS), and improved simple oedometer (ISO) tests. These three tests 

are representative of the types of swell tests commonly performed in 

the consolidometer. A single test usually required 2 to 1+ 

weeks. Five identical tests may be needed within each soil stratum in 

order to estimate the compressibility to within 10 percent.78 In many 

cases, the large number of tests required may be prohibitive. 

Preparation. Undisturbed specimens for swell tests were 

identically trimmed, e.g., 1+.25 in. in diameter by 1.15 in. high. They 

were seated in a fixed ring consolidometer between air-dry porous stones 

with a small seating load (approximately 0.02 tsf). Filter paper was 

not used in order to eliminate error resulting from compression of the 

paper. The inside of the reservoir was moistened and the specimen and 

consolidometer assembly were covered with impervious plastic to maintain 

constant moisture conditions. All applied pressures prior to adding 

free water were held not more than 30 min to minimize loss of moisture. 

Swell tests were performed with distilled water added to both the top 

and bottom porous ceramic stones. Further details describing these 

tests can be found in Reference 12. 

97. Void ratios. The void ratios needed for input into the pro¬ 

gram ULTRAT are evaluated from results of the swell tests, Figure 26, 

as follows : 

—' All swell tests, en . The initial in situ void ratio at 
natural water content and at the original vertical applied 
soil overburden pressure p . 



£.• so test, ern . The void ratio at p0 following inunda¬ 
tion in distilled water and completion of primary swell. 
CVS test: the void ratio at p0 following rebound and 
completion of primary swell from ps . ISO test: the 
void ratio following saturation and recompression from 
the seating load (0.02 tsf) to p . 

o 
£-• SO and CVS tests, e.? . The void ratio at 0.1 tsf follow¬ 

ing rebound and completion of primary swell from p 
ISO test: the void ratio following saturation and recom¬ 
pression from 0.02 tsf to 0.1 tsf. 

98. Swell index. The selection of the three points (es> 0.1), 

(ep0> P0)> 811(1 (e0» Pg) oP Figure 26 permits evaluation of a bilinear 

line which represents the swell index of the foundation soil by: 

C 
s 

Ae 
Alog p (ilO) 

where 

Ae = change in void ratio e 

Alog p = change in logarithm of the vertical applied pressure p 

The program ULTRAT evaluates C depending on the pressure in the soil, 

i.e., slope of line from 0.1 to pQ or po to ps . The compression 

index is evaluated from Equation Uo when the pressure exceeds p . 

G,, “ay be a measure of recompression rather than virgin consolidation. 

99- The swell index may be evaluated from results of the SO test 

performed at several different overburden pressures p by 

C 
s 

(1 + Bn) ASp 
100 Alog p (hi) 

where ASp is the change in the percent swell S , Figure 2?. The 

percent swell is determined by 

S = 1QP (epo ~ en) 
P 1 + e0 (1*2) 

where 

ep0 = v°id ratio at the vertical applied pressure p- following 
inundation in distilled water and completion o? primary swell 



e 
o 

initial void ratio at natural water content w 
( 

sure p 
o 

and pres- 

o 

Void ratios e and es may be evaluated by 
po 

e (U3a) 

(43b) 

100. Swell pressure. Swell pressure p_ , which is a measure of 
s 

the confining pressure needed to prevent swell, is defined with respect 

to the type of swell test performed: 

a. SO test. The vertical applied pressure required to re¬ 
compress the specimen from epo to e0 , Figure 26a; or, 
the vertical applied pressure at which Sp is zero. 
Figure 27. 

b. CVS test. The vertical applied pressure needed to pre¬ 
vent swell following inundation of the specimen in dis¬ 
tilled water. Figure 26b. 

c_. ISO test. The vertical applied pressure required to re¬ 
compress the specimen to the initial in situ void ratio 
e0 from the void ratio following primary swell at the 
seating load (0.015 tsf), Figure 26c. 

101. Coefficients of permeability and swell. Falling head perme¬ 

ability tests were performed on some specimens at approximately the 

initial in situ void ratio e during swell tests using standard pro- 
55 ° 

cedures. Coefficients of permeability were also evaluated from re¬ 

sults of pressure plate tests using methods for analysis of flow data 
r^Q go 

described by Kunze and Kirkham and Klute. A description of the 

equipment and procedures used to perform the tests is given by John¬ 

son.12’®1 Permeabilities were evaluated from flow data of specimens 

at a matrix suction of 0.07 tsf and an overburden pressure equivalent 

to that in the in situ soil. 

102. Curves of time rates of swell from some of the mechanical 

swell test results following saturation, and at surcharge pressures less 

than the overburden pressures, were evaluated to determine the 



coefficients of swell by 

c 
vs 

_2 

V1 

So 
X 10 (Uh) 

where 
2 

c = coefficient of swell, ft /day 
vs 

T = time factor needed to complete 90 percent of primary swell, 

90 0.848 

H = one-half of the thickness of the specimen for sorption from 
both top and bottom of the specimen, in. 

Soil Suction Test Results 

103. The soil suction tests provided data on natural water con¬ 

tent, initial void ratio, soil suction parameters A and B, initial ma¬ 

trix soil suction, suction swell pressure (Equation lU), compressibility 

factor (Equation 5), and the suction index (Equation ll) for use in the 

soil suction model for characterizinb swell. Initial void ratio eo 

is assumed equal to the initial in situ void ratio under the original 

overburden pressure. Suction swell pressure p^ , which is the matrix 

soil suction at e with all voids filled with water, is considered 
o 

equivalent to the swell pressure evaluated from mechanical swell tests. 

Results of the suction tests for all test sites are presented in Table 8. 

Clinton test site 

104. Matrix suction, water content, and void ratio relationships 

were evaluated for specimens from boring No. 1, March 1973. Osmotic 

suctions were not observed in these specimens. 

105. Initial void ratio. Initial void ratios varied from 0.72 to 

0.85 for the loess, and l.lU to 1.39 for the Yazoo clay. 

106. Initial matrix suction. Initial matrix suctions x°o varied 

from 0.23 to O.76 tsf from ground surface to 16.I ft in depth. The 

t° at 30 ft of depth was 3.09 tsf. 
mo 

107. Suction swell pressure. Suction swell pressures pg 
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were 



about O.U tsf in the loec’s overburden and varied from 0.10 to 1.93 tsf 

in the Yazoo clay. Smaller of 0.10 to 0.77 tsf were observed from 

3-5 to 11.1 ft of depth. 

108. Compressibility factor. The compressibility factors a of 

the loess overburden at 7 ft of depth or less varied from 0.1+1 to 0.73. 

The a of the Yazoo clay at depths greater than 7 ft were close to one 

(0.87 to 1.00). 

109. Suction index. The suction index C of the loess overbur- 
T 

den was O.069 at 1+ ft of depth. The Ct varied from O.151 to 0.251 

oelow 6.5 ft from the ground surface. 

110. Ratio of horizontal to vertical stress. The ratio of total 

horizontal to vertical stress in situ (l^) may be calculated by Equa¬ 

tion 18 from the initial soil suction (Table 8) pore water pres¬ 

sure u^ in the perched water table (Figure lU) and the overburden 

pressure pQ . Results of these calculations (Table 9) indicate a 

of about 1 for the soil at Clinton. This value of is smaller than 

the estimate obtained in Reference 12 from earlier data. 

Lackland test site 

111. Matrix suction, water content, and void ratio relationships 

were evaluated on specimens from boring No. 1, April 1973. Osmotic suc¬ 

tions of about 2 tsf were observed in the Upper Midway formation at 

depths greater than 13.1 ft. The overburden clay from 0.5 to 6.7 ft in 

depth contained negligible osmotic suctions. Undisturbed samples were 

not available at depths between 7 and 12 ft. 

112. Initial void ratio. The initial void ratios at natural water 

content varied from O.89 to 1.04 in the overburden at depths from 0.5 to 

7.6 ft. The eQ varied from 0.77 to 0.95 in the Upper Midway formation 

below I3.I ft of depth. 

113. Initial matrix suction. The initial matrix suction t° was 
mo 

relatively high at 1+.3 tsf in the overburden near the ground surface 

(less than 1.0 ft), essentially zero at 3.2 to 1+.2 ft, and 1.0 to 1.7 

from 1+.3 to 1.6 ft. The t° varied from 2.0 to 5.2 tsf in the Upper 
mo 

Midway below 14.3 ft of depth. 

114. Suction swell pressure. Suction swell pressures were 
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essentially zero for the near surface overburden at b.2 ft or less in 

depth, 0.2 to 0.4 tsf in the overburden from 4.3 to 7.6 ft, and 0.8 to 

5.0 in the Upper Midway below 13.1 ft in depth. 

115. Compressibility factor. Compressibility factors varied from 

0.91 to 1.00 in all of the test specimens. 

116. Suction index. Suction indices Ct were smallest in the 

near surface overburden clay varying from O.O87 to 0.105 between 0.5 to 

4.2 ft in depth. The indices of deeper overburden material from 4.3 to 

7.6 ft of depth varied from 0.151 to 0.206. The indices of the Upper 

Midway below 13.1 ft of depth varied from 0.123 to 0.228. 

117. Ratio of horizontal to vertical stress. The ratio of total 

horizontal to vertical stress in situ (K^) calculated by Equation l8 

from the initial soil suction t°o (Table 8) pore water pressure uw 

in the perched water table (Figure 17) and overburden pressure pq are 

shown in Table 10. The of the overburden soil is about 1. The 

of the Upper Midway is about 3 between 20 and 40 ft of depth and about 

2 at 45 ft of depth. These calculated values of are consistent 

with those estimated from preliminary data in Reference 12. These high 

calculated values of K^, may be attributed to the high degree of con¬ 

solidation of the Upper Midway. 

Fort Carson test site 

IIS. Matrix suction, water content, and void ratio relationships 

were evaluated for specimens from boring B0Q3, June 1973. Large osmotic 

suctions of 21 and l4 tsf were observed in samples 1 and 2, respectively. 

These samples were taken at depths less than 4 ft from the ground sur¬ 

face. The osmotic suctions in the remaining samples of the soil profile 

varied from 2 to 7 tsf. 

119. Initial void ratio. Initial void ratios at natural water 

content varied from a maximum of 0.83 at about 2 ft below the ground 

surface, and decreased uniformly and rapidly with increasing depth to 

O.53 at about 10 ft below ground surface. Void ratios varied from 0.53 

to a minimum of 0.38 at about 23 ft with the smaller void ratios gener¬ 

ally observed at the deeper depths. 

120. Initial matrix suction. Initial matrix suction was about 
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1.4 tsf from the ground surface down to 3.6 ft, 0.5 to 1.1 tsf from 3.7 

to 8.9 ft, and varied from 1.6 to 5.2 below 9.0 ft from the ground 

surface. 

121. Suction swell pressure. Suction swell pressures varied from 

0.2 to 0.7 tsf from the surface down to l4.6 ft and 0.8 to 3.9 tsf below 

l4.7 ft from the ground surface. 

122. Compressibility factor. Compressibility factors varied from 

0.67 to 0.84 from the ground surface to 13.3 ft, 0.90 to 0.91 from 13.5 

to I8.6 ft, and O.74 to 0.80 below I8.7 ft from the ground surface. 

123. Suction index. Suction indices vary from 0.120 to 0.155 from 

the ground surface to 7.0 ft, and O.O67 to 0.103 below 7*0 ft from the 

ground surface. 

124. Ratio of horizontal to vertical stress. The ratios of total 

horizontal to vertical stress in situ (K^) calculated by Equation l8 

from the initial soil suction x°o (Table 8) pore water pressure of 

the perched water table u (Figure 20) and the overburden pressure p 
w 0 

are shown in Table 11. The of the Pierre Shale varied between 1.8 

to 3.8 for an average of about 3. These calculated values of K^. were 

consistent with estimated from earlier data in Reference 12. These 

high calculated values of may be attributed to the high degree of 

consolidation of Pierre Shale. 

Sigonella test site 

125. Matrix suction, water content, and void ratio relationships 

were evaluated for specimens from boring No. 1, November 1976. Osmotic 

suctions in the top 5*5 ft of soil were substantial, ranging between 6 

to 12 tsf. Osmotic suctions below 6.5 ft varied from 2 to 6 tsf. 

126. Initial void ratio. Initial void ratios down to 8 ft below 

ground surface varied from 0.90 to 0.94, while e below 11.5 ft varied 
0 

between 0.66 to 0.82 ft. 

127. Initial matrix suction. Initial matrix suctions varied from 

0.50 to O.78 tsf down to 12.5 ft of depth, while t° between I6.5 to 
mo 

24.5 ft vary between 1.0 to 1.3 tsf. 

128. Suction swell pressure. Suction swell pressures varied from 

0.21 to 0.33 tsf down to 8.0 ft from the ground surface, and varied 



from 0.61+ to 1.06 from 11.5 to 2U.5 ft below ground surface. 

129. Compressibility factor. Compressibility factors were close 

to one (O.83 to O.93) in the entire soil profile except for the sandy 

clay layer at 16.5 to IT.5 ft in which a was 0.34. 

130. Suction index. Suction indices varied from 0.134 to 0.289 in 

the soil profile except in the sandy clay soil layer in which C^ was 

O.O85. 

131. Ratio of horizontal to vertical stress. The ratio of total 

horizontal to vertical stress in situ (K^) calculated by Equation l8 

from the initial soil suction x°o (Table 8) pore pressure u^ (Fig¬ 

ure 24) and the overburden pressure pQ shows that the of the 

Sigonella soil was about 1.7. However, the Sigonella soil was not sig¬ 

nificantly overconsolidated at the test site, and the is probably 

high. A Kjp of 1 is used in the analysis of Sigonella soil. Some 

water contents were adjusted upward slightly to reflect the water con¬ 

tent distribution shown on Figure 13. 

Data correlations 

132. Correlations of compressibility factor and suction swell 

pressure were checked as follows to determine consistency with the pre¬ 

sentation given in PART II: 

a. Compressibility factor versus plasticity index. The 
measured volumetric compressibility factor a versus the 
plasticity index PI, Figure 28, correlates reasonably 
well with the empirical equations in Table 4. However, 
these equations may frequently overestimate a for PI 
greater than about 30. 

b. Initial matrix suction versus suction swell pressure. 
Most initial matrix soil suctions T^0 axe greater than 
the suction swell pressures ps , Figure 29, as expected 
from theory. Some (about 25 percent) ps exceed t£0 , 
presumably from experimental error. 

Mechanical Swell Test Results 

133. Results of swell overburden, constant volume swell, and im¬ 

proved simple oedometer tests provided data on natural water content 

w , initial in situ void ratio e , void ratios e and e , swell 
0 0 po s 
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pressure pg , swell index Cg , compression index Cc , coefficient of 

swell cvs and coefficient of permeability k (see paragraphs 95-102). 

Individual swell tests usually required two to four weeks to complete, 

considerably longer than suction tests. 

Clinton test site 

13k. The results of swell tests of soil from the Clinton test site 

are given in Table 13. The SO tests on the March 1973 boring samples 

were performed at several different vertical applied pressures p to 

permit evaluation of the percent swell Sp as a function of p , Fig¬ 

ure 30. Results of CVS and ISO tests were previously reported in Ref¬ 

erence 66. The ISO test results are those of consolidation tests on 

specimens soaked under the seating load of boring samples PU-2 of 

December 1968. 

Void ratio. The results show that initial in situ void 

ratios of the loess overburden at depths less than 7 ft were on the 

order of 0.6 to 0.85, while void ratios of the Yazoo clay were on the 

order of 1.0 and greater. These void ratios are generally consistent 

with those observed from results of suction tests. Table 8. 

136. The loess generally showed very little difference in void 

ratio between eQ , epo , and es , which is indicative of very low 

swelling capability. In contrast, the Yazoo clay generally showed sub¬ 

stantial differences between e , e , and e . Void ratios e 
. u po S po 

and eg of the SO test results were computed by Equation .1+3 using the 

data in Figure 30. 

■^7* Swell index. Swell indices were approximated from results of 

the SO t^sts by Equation 1+1 using the data in Figure 30. Swell indices 

from results of the CVS and ISO tests were evaluated from Equation 1+0. 

Swell indices were the smallest (0.03 or less) for the loess soil at the 

shallow depths less than 7 ft. They were maximum at 0.05 to 0.ll+ for 

depths from 10 to 20 ft below ground surface, and 0.03 to 0.07 for 

depths below 20 ft. 

138. Compression index. Compression indices were evaluated from 

results of the ISO tests. is about 0.2 for soils at depths less 

than 7 ft, about 0.5 between 8 and 30 ft, and about 0.25 for 35 ft of 



depth. Suction indices. Table 8, performed on similar specimens were 

usually less than compression indices, but greater than swell indices as 

determined in Reference 12. 

139. Swell pressure. Swell pressures from the SO tests were eval¬ 

uated from Figure 30. Swell pressures from results of the CVS and ISO 

tests were evaluated by the methods illustrated in Figures 26b and 26c. 

Swell pressures varied from 0.26 to 2.6 tsf for samples down to about 

20 ft of depth. They were 2.7 or greater at depths of 30 to 35 ft below 

ground surface. The high swell pressures of 2.7, 5, and 13 tsf at about 

30 ft are indicative of a highly desiccated soil. The suction ps , 

Table 8, of similar specimens were generally not as large as the Ps 

from these swell tests. 

ll+0. Coefficient of swell. Coefficients of swell c were eval- - vs 

uated by Equation from the time-swell curves of the SO\test results, 

and the time-consolidation curves of the ISO test results. The values 
2 

o'f' c were small and on the order of 0.005 ft /day for soil deeper 
vs 2 

than 5 ft. Values varied from 0.01 to 0.05 ft /day for soil less than 

5 ft in depth from the ground surface. 

lUl. Coefficient of permeability. Falling head permeability tests 

were performed during ISO tests. Permeabilities obtained were on the 

order of 0.0001 ft/day below 10 ft of depth and varied from 0.001 to 

0.001+ ft/day at depths less than 5 ft below ground surface at the ini¬ 

tial in situ void ratio. Permeabilities evaluated from flow data of the 

pressure plate tests were about 0.0001 ft/day in specimens taken from 

borings at depths greater than 10 ft below ground surface. 

Lackland test site 

142. Results of the laboratory swell tests on undisturbed speci¬ 

mens are given in Table l4. SO tests on specimens from samples of 

boring PU-7, December 1970, and boring No. 1, April 1973, were performed 

at several different vertical applied pressures to evaluate the percent 

swell S as a function of the pressure. Figure 31. Specimens from 
P 

samples 11 and 17 of boring No. 1 were tested by the SO method. Table 7 

(to evaluate the swell index using the procedure illustrated in Fig¬ 

ure 26a), but recompressed to pressure exceeding the swell pressure to 
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evaluate the compression index. CVS and ISO tests were performed by the 

previously described procedures. Table 7. Undisturbed samples of the 

gravel overburden between depths of 7 and 12 ft below ground surface 

were not available for swell tests. 

Void ratio. Initial in situ void ratios of the overburden 

soils varied over a wide range from 0.66 to 1.05. The wide range of 

void ratios was a result of the variable composition of the soil which 

contained CH and CL clays as well as considerable gravel and some sand. 

Void ratios of the Upper Midway ranged from 0.75 to 0.95. Void ratios 

encountered were generally consistent with those observed from results 

of suction tests. Table 8. Void ratios epo ani^ ® were often sig¬ 

nificantly more than eQ , indicating some potential for swell. 

Swell index. Swell indices of the overburden varied over a 

wide range from 0.02 to 0.09, reflecting the variable composition of the 

overburden. Swell indices of the Upper Midway varied from about U.03 

to 0.05. 

1^5. Compression index. Compression indices varied from 0.13 to 

0.27. These relatively low compression (recompression) indices reflect 

high maximum past pressures observed for these clay shales. Such pres¬ 

sures may be on the order of ll+ tsf in the Upper Midway.12,61* Compres¬ 

sion indices obtained were about the same or greater than suction in¬ 

dices, Table 8. 

Swell pressure. Swell pressures from SO test results were 

evaluated from Figure 31, except for specimens from samples 11 and 17 of 

boring No. 1, April 1973. The latter values of p were evaluated 
s 

using the method illustrated in Figure 26a. Swell pressures evaluated 

from Figure 31 were very rough estimates due to scatter in the results. 

Swell pressures from results of the CVS and ISO tests were evaluated 

using the methods illustrated in Figures 26b and 26c. 

1^7. Swell pressures in specimens from samples of boring PU-7 

taken from near the ground surface were about 2.3 tsf, which reflect the 

drought of 1970. Swell pressures of O.U to 1.2 tsf in specimens of 

boring No. 1, also taken near the ground surface, were significantly 

smaller than those in PU-7 reflecting the wetter field conditions in 
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April 1973. Swell pressures near the gravel material at depths from 5 

to 7 ft varied from O.H to 1 tsf. The ps in the Upper Midway below 

the gravel at about 12 ft of depth were about 2.U tsf and increasing to 

6.7 tsf or possibly higher at about 30 ft of depth. Swell pressures 

were obtained generally consistent with suction ps , Table 8, except 

for the extremely high pressures of 33 tsf for specimens from samples 

15, 23, and 28 of boring No. 1, April 1973, extrapolated from the SO 

results. 

IU8. Coefficient of swell. Coefficients of swell c , were 
2 VS 

variable, ranging from O.OOU to O.II6 ft /day in the Upper Midway and 
2 

0.01 to O.25 ft /day in the overburden. The overburden was generally 

more pervious than the Upper Midway. 

1U9. Coefficient of permeability. Permeabilities k were on the 

order of 0.0003 to 0.05 ft/day depending on the specimen. There ap¬ 

peared to be no clear correlation of permeability with any of the soils. 

Permeabilities obtained from the pressure plate data were all less 

than 0.0001 ft/day and substantially less than the permeabilities deter¬ 

mined from the swell tests. 

Fort Carson test site 

150. Results of laboratory swell tests on undisturbed specimens 

are given in Table 15. SO tests were performed by the procedure illu¬ 

strated in Figure 26a and extended to determine pg and rebounded to 

determine C . Some specimens were also recompressed to evaluate C . 
s c 

The coefficients of swell c were evaluated by Equation 44 during 
vs 

inundation at pressure pQ . The CVS tests, performed by the procedure 

illustrated in Figure 26b, were extended to recompress the specimen to 

evaluate C . The ISO test was performed by the procedure illustrated 
c 

in Figure 26c. 

151. Void ratio. Initial in situ void ratios of the soil vary 

from a maximum of 0.6 at about 5 ft below the ground surface to 0.25 

about 35 ft below ground surface. Initial void ratios of the soil suc¬ 

tion data, Table 6, are consistent with these results. 

152. Swell index. Swell indices from results of the ISO tests 

varied from a maximum of 0.042 at about 5 ft below ground surface to a 
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minimum of 0.007 at 30 ft of depth. Indices obtained are generally 

larger than those from results of the SO and CVS tests at similar depths. 

153. Compression index. Compression indices varied from a 

minimum of 0.045 at about 30 ft of depth to a maximum of 0.124 at about 

5 ft of depth. These relatively low values were determined for pres¬ 

sures less than the maximum past pressure of about 39 tsf in the Pierre 

12 
shale. The C obtained were about the same, or slightly lower, than 

c 

the suction indices. Table 8. 

154. Swell pressure. Swell pressures ps varied from 0.4l to 

1.47 tsf for soil down to 15-7 ft below ground surface. The ps at 

about 30 ft of depth varied from 2.37 to 4.60 tsf between the different 

swell tests. Suction swell pressures were generally slightly less than 

the swell pressures from these tests. 

155. Coefficient of swell. Coefficient of swell c evaluated 
2 VS 

from the SO results varied from a minimum of 0.005 ft /day at about 30 
2 

ft of depth to a maximum of 0.057 ft /day at about 15 ft of depth. 

156. Coefficient of permeability. Coefficient of permeability 

k varied from 0.007 to 0.011 ft/day based on results of the CVS tests. 

The k evaluated from pressure plate flow data were significantly 

smaller and varied from a minimum of 0.0001 ft/day at 35 ft of depth to 

a maximum of 0.0005 ft/day at about 6 ft below ground surface. 

Sigonella test site 

157. Results of laboratory swell tests are given in Table l6. CVS 

and ISO tests were performed on specimens from undisturbed samples taken 

from the Sigonella test site in November 1976 using the procedures in 

Table 7- SO tests were not performed. 

158. Void ratio. Initial in situ void ratios of the CH soils (all 

samples except No. 5 from 16.5 to 17*5 ft of depth) varied from 0.756 to 

O.979. The e of the CL soil of sample No. 5 vary from 0.685 to O.7OI 
0 

and are smallest of the void ratios. 

159. Void ratios e from the CVS results of specimens from sam- 
po 

pies 2 to 5 below 4 ft of depth were less than eQ , indicating consoli¬ 

dation following application of the overburden pressure pQ . The epo 

of specimens from the ISO test results of sample 2 (4.0 to 5«5 ft) and 
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samples 4, 5, and 6 (11.5 to 24.5 ft) were about the same, or also less 

than e 
o 

160. Swell index. Swell indices C of the CVS results varied s 

from 0.017 to 0.025 except for specimens from samples 4 and 5 from 11.5 

to 17.5 ft of depth. Indices for these were small at 0.006, indicating 

little potential for swell. The C of the ISO results were substan- 
s 

tially larger varying from 0.03 to 0.062, except for a specimen from 

sample No. 5 at 16.5-17-5 ft of depth. The C of this specimen was 

0.018, and smallest of the swell indices. 

161. Compression index. Compression indices evaluated from re¬ 

sults of the ISO tests were about 0.2. Suction indices. Table 8, were 

about the same or less than these Cc and substantially larger than 

C . 
s 

162. Swell pressure. Swell pressure p could not be evaluated 
s 

from the CVS test results of specimens from samples 2 to 6 (below 4 ft 

of depth) because these specimens consolidated following inundation with 

water. The ps were all less than the respective pQ . The p of 

sample 1 (I.5 to 3.5 ft of depth) was 0.43 tsf. 

163. Results of the ISO tests indicated the largest swell pressure 

(1.4 tsf) in a specimen of sample 1. The p in specimens from deeper 
s 

samples varied between 0.22 to 1.10 tsf. The pg of specimens from 

samples 2, 5» and 6 were less than p^ . Swell pressures determined 

from the soil suction data. Table 8, were similar to swell pressures 

evaluated from these swell tests. 

164. Coefficient of swell. Coefficient of swell c comnuted —— - vs r 

from ISO results for inundation at 0.08 tsf varied from 0.0034 to O.OOO6 
2 

ft /day for specimens from all the samples except No. 5. The c of a 
vs 

specimen from No. 5 was 0.037, the largest of the coefficients. 

165. Coefficient of permeability. Coefficient of permeability k 

measured from falling head permeability tests and void ratios near the 

in situ void ratio during the CVS tests varied from 0.0002 to 0.003 

ft/day, except for a specimen of sample No. 5- The k of the specimen 

from No. 5 was substantially larger at 0.48 ft/day. 
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PART V: ANALYSES OF POTENTIAL HEAVE AND 
HEAVE WITH TIME 

166. Analyses of potential heave and heave with time include a 

study to determine parameters that are most significant in causing heave, 

and a study of heave at field test sites. The parametric study was per¬ 

formed to develop empirical equations for predicting heave and heave 

with time in swelling foundation soils for use in designs of foundations 

where minimal soil data are available. The study of heave at field test 

sites was performed to provide verification of the reliability of the 

procedures and the computer program ULTRAT developed as part of this 

study. A users guide and listing of ULTRAT are given in Appendix G. 

Parameters Affecting Heave 

167. A parametric analysis was performed using the soil suction 

model with input parameters given in Table 17. The A and B parameters 

were estimated from matrix suetion-water content-plasticity index- rela- 
82 

tionships developed by Black based on the properties of remolded 

British soils. The compressibility factor a was estimated by the 

equations in Table 2. A specific gravity G of 2.70 and a ratio of 
s 

total horizontal to vertical stress of 1.0 were assumed for the 

analysis. Initial water contents wq taken for each plasticity index 

are consistent with the assumed matrix suction-water content relation¬ 

ships. Initial void ratios e were also chosen consistent with the 
0 

above data. 

168. A coefficient of saturated permeability k of 0.0001 ft/day 
s 

was frequently used during the analysis of heave with time. The time 

increment DT for all analyses was set at 1 day. The mechanical swell 

model was also used with input parameters. Table 17, equivalent to 

those of the suction model, to investigate the relationship between 

the coefficient of swell cvg and the coefficient of saturated permea¬ 

bility kg for the chosen soil properties. A comparison of the model 

in Table 17 shows an advantage of the soil suction model, i.e.. 
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for the soil suction model only the soil suction-water content relation¬ 

ship needs to be determined for the range of water contents expected in 

the field, whereas for the mechanical swell model, a swell test must be 

performed at each water content. 

169. The parametric analysis, performed for homogeneous soils of 

thicknesses from 5 to 20 ft below the ground surface, is sufficient for 

evaluation of potential heave and heave with time in swelling soil be¬ 

neath a slab foundation above a stationary water table or above a stable, 

nonswelling stratum. Other parameters investigated to determine effects 

on heave include surcharge pressure q and the area of the slab founda¬ 

tion placed on the ground surface. The pressures q used in the para¬ 

meter analyses were 0.0T2, 0.15, and 0.3 tsf. The areas were square 

with sides of 10, 25, 50, 100, and 200 ft. 

Potential heave 

• Preliminary analysis. The preliminary analysis indicated 

that increasing the thickness of the soil element DX, Figure 1, from 

O.125 to 0.5 ft reduced the predicted potential heave by only 3 percent. 

All remaining analyses were therefore performed using an element thick¬ 

ness of 0.5 ft to minimize computer costs. Increasing the covered area 

from IO-- by 10-ft square to 200- by 200-ft square, or a 1*00 fold in¬ 

crease, reduced predicted potential heave by less than 5 percent for 

soil thicknesses less than 20 ft. Therefore, all remaining analyses 

were performed using a standard 100- by 100-ft square area similar to 

the dimensions of the field test sections. 

171* Empirical formulations. Typical results. Figure 32, show 

that the predicted percent potential heave of a soil with a SAT moisture 

profile (paragraph 59) is reduced by increasing surcharge pressure q , 

increasing initial water content wo of a given soil type, and increas¬ 

ing depth of soil H . Analysis of results for all five soil types in¬ 

dicated that the percent of potential heave may be predicted by the fol¬ 

lowing equations: 

PI > U0 S = 2lt + O.76PI - 2.5q(l + 0.11+12PI) - l.Jw 
P 0 

+ 0.0025Pl(wo - 1+H) - 0.14H - 0.08qH( 1 - 0.2PI) (l+5a) 
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PI < 4o S =-9+ I.58PI - 2.5q(l + 0.1412PI) + O.lw 
- p 0 

-0.0133PI(3.25wq + H) + 0.09H - 0.08qH(l - 0.2PI) (45b) 

where 

Sp = percent potential heave, AH/H x 100 

AH = potential heave, ft 

H = depth of soil, ft 

PI = plasticity index, percent 

q = surcharge pressure, tsf 

w = initial water content, percent 
0 

Assuming q is 0.072 tsf (l psi) simulating a lightly loaded slab 

foundation, percent potential heave may be predicted by 

PI > 40 S = 23.82 + 0.7346PI - O.1458H - 1.7w + O.OO25PIW 
— p 00 

- 0.00884PIH (46a) 

PI < 40 S = -9.I8 + 1.5546PI + 0.08424H + O.lw - 0.0432PIw 
— p 00 

- 0.01215PIH (46b) 

The effect of pressure q on heave beneath a slab foundation is small 

for small surcharge pressures as compared with the effect of PI , 

w , and H . 
0 

172. Analysis of results of a HYD moisture profile (paragraph 59) 

for all five soil types indicated that percent potential heave is 

less than that of a SAT profile, and the difference increases with de¬ 

creasing PI , increasing w for a given soil type, and increasing H . 

Percent potential heave of a HYD profile may be empirically predicted by 

PI > 40 S = 23 + O.675PI - 0.6H - 1.5w (47a) - p 0 

PI < 40 S = -13 + 1.6PI + 0.2H - 0.02PIH - 0.0375PIv (47b) 
- p 0 

where q is 0.072 tsf. 
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Heave vith time 

173. Adjustments of the diffusion equation. Adjustment of the 

diffusion equation to include the volume parameter c > Equation 23, 

substantially increases the time (about doable) required to reach a cer¬ 

tain fraction heave F for highly swelling soils of PI 80 , as compared 

with the time required using the uncorrected diffusion equation where 

C is zero. Figure 33. The difference in time will be less for soils of 

smaller PI . Fraction heave is defined as 

where AHT is the heave observed at some given time. Equation 10. 

I?1*. Adjustment of the diffusion equation by using both the volume 

parameter C and permeability computed by Equation 25 resulted in 

nearly identical fraction heaves with time for the same soil using dif¬ 

ferent initial water contents. Figures 33 and 31*. The difference was 

less than 10 percent. All subsequent computations of heave with time 

were performed with the diffusion Equation 23 using the volume parameter 

C and permeability as defined by Equation 25. 

175. Effect of parameters. A preliminary analysis indicated that 

reducing the thickness of elements increases the time required to 

achieve a certain fraction F , Figure 35- All subsequent analyses were 

performed with an element thickness of 0.5 ft because both computation 

time and accuracy appeared reasonable. 

176. Results of the analysis indicated that fraction heave with 

time is relatively insensitive to PI , wq of a given soil, amount of 

potential heave AH , and equilibrium moisture profile of either SAT or 

HYD (Figures 3^, 36-38). Time was influenced primarily by fraction 

heave, depth of soil, and coefficient of permeability, empirically 

derived as 

^ _ o.oo86f3h1,73 t--- (49) 
s 

where t is the time in days. Equation 1+9 is reasonable considering 
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past experience that field heave with time is consistent with a para- 
15 3. Ô 

bolic shape similar to that for consolidation with time. 

ITT. Predictions of heave with time using Equation 1*9 are compared 

with results from the program ULTRAT for a highly swelling soil in Fig¬ 

ure 35. Decreasing element thickness, thereby increasing accuracy of 

the solution, causes results of ULTRAT to converge toward the results 

of the empirical Equation 1*9 up to a fraction heave F of 0.9- Differ¬ 

ences in results of the empirical Equation 1+9 from results of program 

ULTRAT are not practically significant, especially since most heave 

already occurred for F exceeding 0.9- 

ITS. Application of the mechanical swell model shows some differ¬ 

ences in the shape of the fraction heave with time curve. Figure 39: 

t 
3.33 2.25 0.9fO-ooh ? 

c 
vs 

(50) 

The analytical solution of time for heave assuming a homogeneous, satu- 

. 5T 
rated soil with constant c is 

VS 

t 
(H/N)2 

Cvs 

^ 0 
3 2 

, gF^H 

vs 
(51) 

where 

N = 1 for single drainage (fraction of volumetric swell that occurs 
as heave in the vertical direction) 

T_ = time factor for Case 3, triangular stresses with single drain- 
^ age at the base of the foundation 

For reasonable agreement with the suction model, coefficient of swell 

cvg using Equation 51 was slightly less than that for Equation 50 (Fig¬ 

ure 39)- For this example cvg is about 200 times kg . 

1T9- Comparison of Equations 49 and 50 indicates that cvg is 

empirically related to permeability by 

c = 100F1^3H1^2k 
vs s 

(52) 
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Equation 50, rather than Equation 51, was used in this comparison be¬ 

cause errors from the finite difference approximations that led to both 

Equations 1+9 and 50 are similar. Since^ 

k 
c = —— ( 53 
vs y m 

w V 

where m^ is the coefficient of volume change in tsf."1 Combining 

Equations 52 and 53 results in 

"V = 3Fl/3Hl/2 

Consistent with other observations, mv decreases with 

depth H (or increasing stress) and fraction F . 

(5M 

increasing 

Heave of Field Test Sites 

a8o. Heave at the field test sites described herein were far from 

complete as indicated by the generally increasing observed heave with 

time curves of the Clinton, Figure 15, Lackland, Figure 18, and Fort 

Carson, Figure 21 test sections. Significant adaiLi->nal heave is ex¬ 

pected at each site over the next several years. Maximum observed heave 

is extrapolated in Figure 1+0 to arrive at estimates of the total in situ 

or ultimate heave and heave with time at each site. These observed 

trends and extrapolations are sufficient to permit useful comparisons 

with various methods for predicting potential heave and heave with time. 

Because the field observations indicate relatively substantial heave be¬ 

low the depth of perched groundwater levels at some test sites as illus¬ 

trated in Figure 1+0, analyses were performed for potential heave above 

the groundwater level, that due to a rise in the groundwater level, and 

heave caused by vetting of desiccated zones below existing perched water 

tables. Analyses of heave with time were made for depths extending to 

the bottom of perched water tables. Predictions of potential heave at 

Sigonella are also included for general interest, although observations 

of field heaves are not available. 
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Potential heave 

iÖl' Above the vater table using empirical methods. Potential 

heave above the water table was computed for the study field test sites 

using the empirical methods described in Table 18 in addition to poten¬ 

tial heaves predicted by Equations h6 and • Input data required for 

these methods are given in Table 19. These methods, except Equations k6 

and 1+7, were developed from results of mechanical swell tests. All of 

these methods, except Equation 1+7, assume a saturated equilibrium mois¬ 

ture profile. Volumetric swell is assumed to occur in the vertical 

direction. All of methods are relatively simple to use. However, 

McDowell and McKeen methods require graphs. In using the McDowell 

method a judgment of how initial water content compared with maximum and 

minimum water contents is needed. Initial and final soil suctions are 

required to use the McKeen method. The plasticity index was assumed 

equal to the shrinkage limit herein to permit use of the McKeen method. 

182. Empirical predictions of potential heave are compared with 

actual heave observed at field test sites in Table 20. These compari¬ 

sons show that methods developed by McDowell,83 McKeen,81* Schneider and 

Poor, Vijayvergiya and Ghazzaly,88 Van Der Merwe,90 and Equation 1+6 

show the best overall correlations with observed and extrapolated field 

heave to date. Heave predicted by Equation 1+7 for a hydrostatic equi¬ 

librium moisture profile was somewhat less than heave predicted by 

Equation 1+6. A potential vertical rise (PVR), which is defined as 1/3 

of the volumetric swell using McDowell's method,83 is definitely too 

low. 

183. Future field observations may show that some extrapolated 

heaves based on results of some of these methods may be low for at 

least one of the three field cases. Results predicted by Equation 1+6 

appear to present good agreement and consistent upper limits of poten¬ 

tial heave at these test sites. The good agreement using Van Der Merwe's 

method is interesting since only the plasticity index, percent clay con¬ 

tent, and location of swelling soil in the profile is needed. However, 

initial water content or soil suction should also have a significant 

effect on the actual heave. 

6l 



Potential heave using suction and mechanical svell models. 

Input data for the suction and mechanical swell models using results of 

laboratory tests are given in Table 21. Predictions of potential heave 

for soil profiles extending to a depth of 25 ft at Clinton, ft at 

Lackland, 30 ft at Fort Carson, and 25 ft at Sigonella are shown in 

Table 22. These depths are near the bottom of perched water tables, 

except at Sigonella where the water table appears continuous. Predic¬ 

tions using results of the ISO tests appear to be excessive at the Clin¬ 

ton and Lackland test sites. Predictions using results of the CVS tests 

may be inadequate at the Fort Carson test site. The soil suction model 

appears to provide the best overall predictions of potential heave. De¬ 

ficiencies in these heave predictions may be due to inadequate simula¬ 

tion of field conditions and sample disturbance. Predictions of poten¬ 

tial heave may be corrected to some extent by computing potential heave 

above the original water table only at the time of construction, and 

adding potential heave due to a rise in the water table following con¬ 

struction. Heave from a rising water table will probably not contribute 

to differential heave provided soils and loading beneath the foundation 

are uniform. 

185. Predictions above the water table. Results of predictions 

of potential heave above the water table. Table 23, show that the suc¬ 

tion model provides an upper limit consistent with field observations. 

Results of the mechanical swell model using laboratory swell test re¬ 

sults usually provide lower predictions of potential heave which are 

fairly consistent with results from empirical methods. This was ex¬ 

pected since these empirical methods were usually developed from results 

of mechanical swell tests. 

186. Some predictions of potential heave using the mechanical 

swell model may turn out to be too low after several more years of field 

observations. Predictions of heave at the Lackland test site using SO 

test results have already proved too low. These predictions were com¬ 

puted from data of specimens taken from the April 1973 boring samples 

several months prior to construction of the test section. Predictions 

of potential heave at the Fort Carson test site using CVS results also 
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proved too low, as may predictions using SO and ISO results after fur¬ 

ther field observations. Predictions of potential heave at the Clinton 

test site may be low using SO and ISO results. Predictions of potential 

heave using the suction model and suction data appear adequate for all 

three test sites. Predictions of potential heave at Sigonella are con¬ 

sistent with those reported earlier. 

187• Predictions from a rising water table. Results of predic¬ 

tions of potential heave for a rising water table. Table 2k, show that 

both ISO results of the mechanical swell model, and results of the suc¬ 

tion model are about the same or exceed the heave actually observed or 

extrapolated within the water table for the Clinton and Lackland sites. 

Heave predicted for the hydrostatic profile for a rising water table are 

usually slightly more than those for a saturated profile. Such heaves 

would probably not be fully realized because droughts and low rainfalls 

should allow the water table to fall periodically. 

I88. Total potential heave due to swell (a) above the water table, 

and (b) rise of the water table are shown in Table 25, and compared 

favorably with total observed and extrapolated heaves. Little differ¬ 

ence exists between results of the SAT and HYD moisture profiles. Re¬ 

sults of SO tests predict inadequate heave for the Clinton and Fort Car- 

son test sites. Predictions using SO test results will also probably 

prove to be inadequate for the Lackland test site when compared with 

future field observations. Predicted potential heave using CVS and ISO 

test results are inadequate for the Fort Carson test site. Predictions 

of potential heave using the suction model appear to be adequate for all 

of the test sites, and may provide a reasonable upper limit of heave. 

l89’ PQfrgnfri&l heave in desiccated zones. Predictions of poten¬ 

tial heave below the perched water table at the Clinton, Lackland, and 

Fort Carson test sites were made for desiccated zones using the suction 

model and data in Table 21. Depth of desiccated zones are assumed to 

extend only to 50 ft below ground surface although such zones actually 

extend to deeper depths. However, calculations predicting heave can 

provide trends expected if desiccated zones are wetted to hydrostatic 
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water pressures from the original groundwater level to 50 ft below 

ground surface. 

190. Additional heave predicted for test sites are 

__Test Site_ 

Clinton Lackland Fort Carson 

Predicted heave for saturated I.07 
moisture profile, ft 

Depth of desiccated zone, ft 25 to 50 

Original groundwater level, ft 5 

As indicated above predicted potenti.il heave at the Clinton and Fort 

Carson test sites could be close to 1 ft, while that at Lackland much 

less. These rough predictions emphasize the importance of avoiding 

placement of foundations and footings into desiccated zones beneath 

perched water tables thereby disturbing the desiccated zones. 

Heave with time 

191- Predictions of heave with time can only be roughly computed 

in this study because field permeabilities are uncertain, and some heave 

originates below the perched water tables at the Clinton and Lackland 

test sites. Furthermore, the program ULTRAT is limited to computing 

heaves with time for uncorrected potential heaves as illustrated by 

Table 22. Some of the values shown therein are not considered reason¬ 

able. Deficiencies in the state-of-the-art and need for additional 

long-term field observations at test sites preclude extensive analyses 

of heave with time. Detailed analyses will be made following completion 

of future field observations. 

192. The parametric study described herein led to development of 

empirical equations which illustrate that time needed for heave to de¬ 

velop is essentially independent of the potential heave. Therefore, 

Equations 1+9, 50, and 51 may be used to roughly predict heave with time 

based on corrected potential heave. Table 25, assuming homogeneous satu¬ 

rated soil profiles. These preliminary analyses of heave with time were 

performed for the three field test sites where field observations were 

available for comparison using Equations 1+9 to 51 and respective cor¬ 

rected potential heave. 

0.I6 O.91 

BU to 50 30 to 50 

8 3 
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193. The effective coefficients of permeability k and swell 

Cvs Used in Ecluations 49 to 51 were functions of the availability of 

water and fissures in the soil mass as well as functions of other prop¬ 

erties of the soil. Droughts, for example, reduce the availability of 

water and prolong the time needed for heave. Effective coefficients of 

permeability ks and swell c^ were estimated by matching extrapo¬ 

lated heave from Figure 1+0 for soil down to depths of 25, 3l, and 30 ft 

at the Clinton, Lackland, and Fort Carson test sections, respectively. 

Results of this matching indicated a maximum effective k of about 
g 

0.0001 ft/day and a maximum effective c^ of about 0.02 ft2/day. Fig¬ 

ure 1+1. Among the lowest of the laboratory observed permeabilities was 

a ks of 0.0001 ft/day, which was representative of permeabilities ob¬ 

tained from pressure plate tests. A value of 0.02 ft2/day was repre¬ 

sentative of the relatively large coefficients calculated from swell 

tests. 

19^. Predicted heave with time using the above values of k and 
s 

Cvs ln E<luations 49 to 51 are compared below with heave observed at 

field test sections. Predicted heave with time results from the entire 

volumetric swell occurring in the vertical direction. Fissures can 

reduce heave in the vertical direction to as little as 1/3 of volumetric 

swell. These analyses do not include heave in desiccated zones below 

perched water tables at field test sections. 

•495* Clinton test site. Results of the suction tests over-predict 

observed heave with time, whereas results of the CVS and ISO tests were 

in reasonable agreement except for extrapolated long-term heaves, Fig¬ 

ure 42. Results of the SO tests were too low. 

196. Lackland test site. Results of the suction and ISO tests 

appeared to agree reasonably well with observed heave with time, whereas 

results of CVS and SO tests were too low. Figure 43. Predictions of 

Equation 51 fell between the predictions of Equations 49 and 50. 

497* Fort Carson test site. Results of the suction tests appeared 

to agree reasonably well with observed heave with time, whereas results 

of the SO, CVS, and ISO tests appear too low. Figure 44. Predictions 

by Equation 51 fell between the predictions of Equations 49 and 50. 
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198. Although these predictions of heave with time may he specula¬ 

tive because of the complex nature of field swelling and simplifying 

assumptions made for these analyses, a comparison of the predictions of 

heave with time using corrected potential heaves. Table 25, the suction 

model, and Equations U9 to 51 indicate that •'..hese predictions provide 

reasonable upper limits. Results of the mechanical swell tests do not 

apparently provide adequate levels of predicted heave with time for all 

three test sites, especially since heave predicted from the rising water 

tables. Table 2¡+, would probably not be fully realized. Equation 50 

leads to slower rates of heave than Equation 1+9» although c^s is rela¬ 

tively large and k is relatively small as compared with laboratory 
s 

results. Relatively small k are needed in Equation 1+9 to match field 
s 

rates of heave because Equation 1+9 was derived from the suction model 

which predicts much larger swelling ability in soils than the mechanical 

swell model. Heave predicted using Equation 51 occurs slightly faster 

than that predicted from Equation 50. Using the suction model and as¬ 

suming an N of 1/3, rather than N of 1, provides estimates of heave in 

the range of the lower observed limits. 
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PART VI : CONCLUSIONS 

199. The nature of field heave is complex as illustrated by the 

need to consider numerous variables as described herein for proper anal¬ 

ysis and prediction of potential heave and heave with time in swelling 

foundation soils. The computer program ULTRAT is capable of simulating 

numerous field conditions for predictions of ID potential heave and 

heave with time beneath foundations in swelling soils using the suction 

and mechanical swell models; this program is practical, economical, and 

easy to use. 

200. Analysis of the diffusion theory shows that a parameter must 

be included in the diffusion equation to properly account for the effect 

of volume change on the time to achieve heave. Inclusion of the volume 

parameter in the diffusion equation significantly increases the time pre¬ 

dicted to achieve heave in highly swelling soils, while little differ¬ 

ence occurs for low swelling soils. The diffusion equation was also 

modified to include a variable coefficient of permeability which is de¬ 

pendent on the degree of saturation and void ratio. These were found 

to affect the time predicted to achieve heave. 

201. Comparison of laboratory procedures between the suction and 

mechanical swell models for characterization of swell behavior shows 

that suction tests are simple, economical, and expedient. The suction 

model was also found capable of simulating field conditions, such as 

the degree of saturation and lateral pressures, better than the mechani¬ 

cal swell model. Also swell tests are required to be performed for 

each initial water content, whereas suction tests need be performed only 

to evaluate the suction-water content relationship for the range of 

water contents encountered in the field. 

202. A parametric analysis using the program ULTRAT and published 

soil suction data led to the development of empirical equations for pre¬ 

dictions of potential heave and heave with time in swelling homogeneous 

soils beneath slab foundations above a water table, or above nonswelling 

soils for saturated and hydrostatic equilibrium moisture profiles. The 

saturated moisture profile was found to provide the most conservative 
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predictions of potential heave. Relatively easy to obtain data was 

needed to use these equations. Potential heave was found to be primar¬ 

ily a function of the plasticity index, initial water content, and depth 

of the soil subject to swelling for lightly loaded slab foundations. 

Time required to achieve predicted heave was found to be primarily a 

function of the fraction of potential heave, depth of the soil, and the 

coefficients of permeability or swell. 

203. Field observations of vertical movement at field test sites 

indicate that heave has increased with time beneath test sections and 

potential exists for significant additional future heave over many years. 

Differential heave beneath test sections varied from negligible to 75 

percent of the maximum observed heave depending on time of observation. 

The largest fraction difference was observed at the Fort Carson test 

section, which has a deep, low permeable swelling soil with a high wa¬ 

ter table near the ground surface. Several empirical methods provided 

useful predictions of potential heave. Of those, the empirical equa¬ 

tion for prediction of potential heave of a saturated equilibrium mois¬ 

ture profile. Equation 46, compared favorably with observed field heave 

and appears to provide reasonable upper limits for all test sites. 

204. Predictions of potential heave using the soil suction model 

of the program ULTRAT and soil suction data measured with undisturbed 

samples from the test sites provide adequate and reasonable upper limits 

for all test sites when compared with field observations. Lower limits 

can be estimated by assuming an N of 1/3 instead of 1. Predictions of 

potential heave using the mechanical swell model and swell test results 

often proved too low and were actually representative of minimum heave 

when compared with field observations. The conclusion that swell tests 

may not provide adequate predictions of potential heave is consistent 

*78 92 
with previous observations. ’ 

205. Preliminary analysis of heave with time using the empirical 

Equations 49 to 51 (with corrected predicted potential heaves of the 

suction model) provide practical and reasonable upper limits, whereas 

results of mechanical swell tests often provide predictions that are 

too low and are more representative of minimum heave with time at the 
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field test sites. The empirical equations developed herein for pre¬ 

dicting heave with time are consistent with the analytical Terzaghi 

model, Equation 51, except that the effective coefficient of permeabil¬ 

ity is needed in the equation using the suction model. Equation 1+9. The 

maximum probable effective coefficients of permeability and swell were 

found to be 0.0001 ft/day and 0.02 ft2/day, respectively. 



PART VII: RECOMMENDATIONS 

206. Observations of heave at the field test sites should be con¬ 

tinued as long as practical to confirm predictions of potential heave 

and heave with time made as part of this study. 

207. Results of both laboratory soil suction and mechanical swell 

tests on undisturbed specimens would be helpful to develop reasonable 

upper and lower limits of the potential heave. Soil suction-water con¬ 

tent relationships should be determined at frequent intervals; e.g., 1 

or 2 ft increments with at least five tests for each soil stratum. At 

least five identical CVS and/or ISO tests should be performed within 

each stratum to the groundwater table or the bottom of the active zone. 

208. Analyses should be performed using both the soil suction and 

mechanical swell models in an attempt to provide reasonable upper and 

lower limits of the potential heave. Several of the better empirical 

methods should be used simultaneously as cross-checks to roughly predict 

potential heave; e.g.. Equation k6, McKeen, McDowell, Schneider & Poor, 
Vijayvergiya & Ghazzaly, and Van der Merwe methods. As many field con¬ 

ditions as possible should be accounted for to improve predictions; 

therefore, the program ULTRAT or better techniques as they become avail¬ 

able are recommended. 

209. Research is needed to determine reliable procedures for eval¬ 

uating effective coefficients of permeability and swell (or their equiv¬ 

alent) to permit practical predictions of heave with time. These ef¬ 

fective coefficients should consider availability of water and the 

environmental conditions as well as actual field coefficients of per¬ 

meability and swell. 

70 



REFERENCES 

1. Kaplar, C. W., "Phenomenon and Mechanism of Frost Heaving," High- 
way Research Record 30U, Highway Research Board, National Research 

Council, Washington, D. C., 1970, pp 1-13. 

2. Dempsey, B. J., "Climatic Effects on Airport Pavement Systems; 
State of the Art," Contract Report S-76-12, Jun 1976, U. S. Army 
Engineer Waterways Experiment Station, CE, Vicksturg, Miss; pre¬ 
pared by B. J. Dempsey under Contract No. DACW39-75-M-1651. 

3. Johnson, L. D., Sherman, W. C., Jr., and MeAnear, C. L., Field 
Test Sections on Expansive Clays," Proceedings, Third International 
Conference on Expansive Soils, Jul 30-Aug 1, 1973, Haifa, Israel, 

Vol 1, 1973, pp 239-2Í+8. 

4. Jones, D. E., Jr., and Holtz, W. G., "Expansive Soils—The Hidden 
Disaster," Civil Engineering, Vol 43, No. 8, Aug 1973, PP 49-51. 

5. Johnson, L. D. and Stroman, W. R., "Analysis of Behavior of Expan¬ 
sive Soil Foundations," Technical Report S-76-8, Jun 1976, U. S. 
Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss. 

6. Snethen, D. R. et al., "A Review of Engineering Experiences with 
Soils in Highway Subgrades," Report No. FHWA-RD-75-48, Jun 1975; 
prepared for the Federal Highway Administration, Washington, D. C., 
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, 

Miss. 

7. Wong, H. Y., Unsaturated Flow in Clay Soils, Ph. D. Thesis, Depart¬ 
ment of Civil Engineering and Applied Mechanics, McGill University, 

Montreal, Quebec, 1974. 

8. Johnson, L. D. and Snethen, D. R., "Review of Expansive Soils," 
Journal, Geotechnical Engineering Division, American Society of 
Civil Engineers, Vol 10lT No. GT2, Feb 1975» PP 213-214. 

9. Ullrich, C. R., An Experimental Study of the Time-Rate of Swelling, 
Ph. D. Thesis, Department of Civil Engineering, University of 

Illinois, Urbana, 1975. 

10. Skempton, A. W., "Long-Term Stability of Clay Slopes," Geotechnique, 

Vol 14, No. 2, 1964, pp 77-102. 

11. James. P. M., "The Role of Progressive Failure in Clay Slopes," 
Proceedings, First Australia-New Zealand Conference on Geomechanics, 

Aug 9-13. 1971, Melbourne, Vol 1, 1971» PP 344-348. 

12. Johnson, L. D., "Evaluation of Laboratory Suction Tests for the 
Prediction of Heave in Foundation Soils," Technical Report S-77-7, 
Aug 1977, U. S. Army Engineer Waterways Experiment Station, CE, 

Vicksburg, Miss. 

71 



13. Johnson, L. D., "Review of Literature on Expansive Clay Soils," 
Miscellaneous Paper S-69-2I4, Jun I969, U. S. Army Engineer Water¬ 
ways Experiment Station, CE, Vicksburg, Miss. 

lU. Johnson, L. D. and Desai, C. S., "A Numerical Procedure for Pre¬ 
dicting Heave," Proceedings, Second Australia-New Zealand Confer¬ 
ence on Geomechanics, Jul 21-2$, 1975, Brisbane, Australia, 1975, 
pp 269-273. 

15. Jennings, J. E. and Kerrich, J. E., "The Heaving of Buildings and 
the Associated Economic Consequences, with Particular Reference 
to the Orange Free State Goldfields," Civil Engineer in South 
Africa, Vol h. No. 11, Nov I962, pp 22I-2I48. 

16. Abelev, Y. M., Sazhin, V. S., and Burov, E. S. , "Deformational 
Properties of Expansive Soils," Proceedings, Third Asian Regional 
Conference on Soil Mechanics and Foundation Engineering, Sep 25-28, 
1967, Haifa, Israel, Vol 1, I967, PP 57-59- 

17. Donaldson, G. W., "A Study of Level Observations on Buildings as 
Indications of Moisture Movements in the Underlying Soil," Moisture 
Equilibria and Moisture Changes in Soils Beneath Covered Areas, A 
Symposium in Print, G. D. Aitchison, ed., Butterworth, Australia, 
1965, pp 156-163. 

18. Sokolov, M. and Amir, J. M. , "Moisture Distribution in Covered 
Clays," Proceedings, Third International Research and Engineering 
Conference on Expansive Soils, Jul 30-Aug 1, 1973, Haifa, Israel, 
Vol 1, 1973, PP 129-136. 

19. Redus, J. F., "Field Moisture Content Investigation: Oct 19^5- 
Nov I952 Phase," Technical Memorandum No. 3-1+01, Report 2, Apr 1955, 
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, 
Miss. 

20. Womack, L. M., Mathews, M. J., and Fry, Z. B., "Field Moisture 
Content Investigation: Nov 1952-May 1956 Phase," Technical Mem¬ 
orandum No. 3-1+01, Report 3, May I96I, U. S. Amy Engineer Water¬ 
ways Experiment Station, CE, Vicksburg, Miss. 

21. Biot, M. A., "General Theory of Three-Dimensional Consolidation," 
Journal of Applied Physics, Vol 12, No. 2, Feb I9I+I, PP 155-161+. 

22. _, "Theory of Elasticity and Consolidation for a Porous 
Anisotropic Solid," Journal of Applied Physics, Vol 26, No. 2, 
Feb 1955, PP I82-I85. 

23. Josselin De Jong, G., "Application of Stress Functions to Consoli¬ 
dation Problems," Proceedings, Fourth International Conference on 
Soil Mechanics and Foundation Engineering, Aug 12-21+, London, 
Vol 1, 1957, PP 320-323. 

2I+. McNamee, J. and Gibson, R. E., "Displacement Functions and Linear 
Transforms Applied to Diffusion Through Porous Elastic Media," 
Quarterly Journal of Mechanics and Applied Mathematics, Vol 13, 
Feb i960, pp 98-111. 

72 



25. Gibson, R. E., Schiffman, R. L., and Pu, S. L., "Plane Strain 
and Axially Symmetric Consolidation of a Clay Layer on a Smooth 
Impervious Base," Quarterly Journal of Mechanics and Applied Math¬ 
ematics, Vol 16, No. 1+, Nov 1970, pp 505-52O. 

26. Sandhu, R. S. and Wilson, E. L., "Finite Element Analysis of 
Seepage in Elastic Media," Journal, Engineering Mechanics Division, 
American Society of Civil Engineers, Vol 95» No. EM3, Jun I969, 
pp 641-652. 

27. Yokoo, Y., Yamagata, K., and Nagaoka, H., "Finite Element Method 
Applied to Biot's Consolidation Theory," Soils and Foundations, 
Vol 11, No. 1, Mar 1971, PP 29-½. 

28. Christian, J. T. and Boehmer, J. W. , "Plane Strain Consolidation 
by Finite Elements," Journal, Soil Mechanics and Foundation Divi¬ 
sion, American Society of Civil Engineers, Vol 96, No. SM^i. Jul 
1970, pp 11135-1^57. 

29. Hwang, C. T., Morgenstern, N. R., and Murray, D. W., "On Solutions 
of Plane Strain Consolidation Problems by Finite Element Methods," 
Canadian Geotechnical Journal, Vol 8, No. 1, Feb 1971, PP 109-118. 

30. Richards, B. G., "The Use of the Finite Element Method in the 
Solution of the Flow Equations in Soils," Proceedings, First 
International Conference on Finite Element Methods in Engineering, 
University of New South Wales, Australia, 197^, PP 533-537. 

31. Chang, C. S., Analysis of Consolidation of Earth and Rockfill Dams, 
Ph. D. Thesis, Department of Civil Engineering, University of 
California, Berkeley, 1976. 

32. Jennings, J. E. B. and Burland, J. B., "Limitations to the Use of 
Effective Stresses in Partly Saturated Soils," Geothechnique, 
Vol 12, No. 2, 1962, pp 125-1½. 

33. Lytton, R. L. and Watt, W. G., "Prediction of Swelling in Expansive 
Clays," Research Report ll8-lt, Sep 1970, Center for Highway Re¬ 
search, University of Texas, Austin. 

34. Lytton, R. L. and Kher, R. K., "Prediction of Moisture Movement in 
Expansive Clays," Research Report 118-3, May 1970, Center for High¬ 
way Research, University of Texas, Austin. 

35- Selim, H. M. E., Transient and Steady Two-Dimensional Flow of Water 
in Unsaturated Soils, Ph. D. Thesis, Iowa State University, pub¬ 
lished by University Microfilms International, Ann Arbor, Mich., 
I97U. 

36. Elzeftawy, A. A. , Water and Solute Transport in Lakeland Fine Sand, 
Ph. D. Thesis, Department of Civil Engineering, University of 
Florida, Gainesville, 197^+. 

37» Dewet, J. A., "The Time-Heave Relationship for Expansive Clays," 
Transactions, South African Institution of Civil Engineers, 1957, 
Vol 7, No. 9, PP 282-298. 

73 



38. Blight, G. E., "The Time-Rate of Heave of Structures on Expansive 
Slavs." Moisture Equilibria and Moisture Changes in Soils Beneath 
Covered Areas, Symposium in Print, G. D. Aitchison, ed., Butter- 

worth, Australia, 1965» PP 78-88. 

39. Knight, K. and Greenberg, J. A., "The Analysis oí Subsoil Moisture 
Movements During Heave and Possible Methods of Predicting Field 
Rates of Heave," Civil Engineer in South Africa,, Feb 1570, Vol 12, 

No. 2, pp 27-31. 

UO. Johnson, L. D., "An evaluation of the Thermocouple.Psychrometric 
Technique for the Evaluation of Suction in Clay Soils,' Technical 
Report S-7U-I, Jan 197^, U. S. Army Engineer Waterways Experiment 
Station, CE, Vicksburg, Miss. 

41. Snethen, D. R., Johnson, L. D., and Patrick, D. M. , "An Investiga¬ 
tion of the Natural Microscale Mechanisms that Cause Volume Change 
in Expansive Clays," Report No. FHWA-RD-77-75» Jan 1977» U. S. Army 
Engineer Waterways Experiment Station, CE, Vicksburg, Miss.; pre¬ 
pared for the Federal Highway Administration, Washington, D. C. 

42. Snethen, D. R. and Johnson, L. D., "Characterization of Expansive 
Soil Subgrades Using Soil Suction Data," Moisture Influence 011 
Pavement Materials Characterization and Performance, presented at 
the 56th Annual Meeting, Transportation Research Board, National 
Research Council, Jan 24-28, 1977» Washington, D. C. 

43. Olson, R. E. and Langfelder, L. J., "Pore Water Pressure in Unsatu¬ 
rated Soils," Journal. Soil Mechanics and Foundation Division^ 
American Society of Civil Engineers, Vol 91, No. SM4, Jul 1965, 

pp 127-150. 

44. Statement of the Review Panel, "Engineering Concepts," Moisture 
Equilibria and Moisture Changes in Soils Beneath Covered Areasa 
Symposium in Print, G. D. Aitchison, ed., Butterworth, Australia, 

1965, PP 7-21. 
45. Mitchell, J. K., Fundamentals of Soil Behavior^ Wiley, New York, 

1976. 
46 Lytton, R. L., "Theory of Moisture Movement in Expansive Clays," 

Research Report II8-I, Sep I969, Center for Highway Research, 
University of Texas, Austin. 

47. Philip, J. R. and DeVries, D. A., "Moisture Movement in Porous 
Materials Under Temperature Gradients," American Geophysical Union 

Transactions, Vol 38, No. 2, Apr 1957» PP 222-232. 

48. Croney, D., Coleman, J. D., and Black, W. P. M., "Movement and Dis¬ 
tribution of Water in Soil in Relation to Highway Design and Per¬ 
formance," Water and Its Conduction in Soils, Highway Research 
Board Special Report No. 40, 1958, National Academy of Science - 

National Research Council, Washington, D. C., pp 226-252. 

49. Kassiff, G., Livneh, M., and Wiseman, G., Pavements on Expansive 
Clays, Jerusalem Academic Press, Jerusalem, Israel, 196? 

74 



50. Russam, K., "Distribution of Moisture in Soils at Overseas Air— 

Fields," Road Research Technical Paper No. 53, I962, Road Research 
Laboratory, Department of Scientific and Industrial Research, 
London, England. 

51* Richards, B. G., Determination of the Unsaturated Permeability and 
Diffusivity Functions from Pressure Plate Outflow Data with Non- 

Negligible Membrane Impedance," Moisture Equilibria and Moisture 

Changes in Soils Beneath Covered Areas, Symposium in Print. G.-D. 

Aitchison, Ed., Butterworth, Australia, I965, pp U7-5I+. 

52. Skempton, A. W., "Effective Stress in Soils, Concrete, and Rocks," 

Proceedings, Pore Pressure and Suction in Soils. London, I96I, 
pp *+-16. 

53. Richards, B. G., "Moisture Flow and Equilibria in Unsaturated Soils 

for Shallow Foundations," Permeability and Capillarity of Soils. 

Technical Publication 1*17, PP 4-34, Aug 196?, American Society for 
Testing and Materials, Philadelphia, Pa. 

5!*. Lytton, R. L. and Meyer, K. T. , "Stiffened Mats on Expansive Clay," 

Journal, Soil Mechanics and Foundations Divisio:i. American Society 

of Civil Engineers, Vol 97, No. SM7, Jul I97I, pp 999-1019. 

55- Department of the Army, "Engineering Design: Laboratory Soils 

Testing," Engineer Manual EM 1110-2-1906, Nov I970, Washington, 
D. C. 

56. Lambe, T. W. and Whitman, R. V., Soil Mechanics. Wilev. New York 
1969. 

57. Leonards, G. A., Foundation Engineering. McGraw-Hill. New York, 
1962, p 576. 

58. Russam, K. , "Estimation of Subgrade Moisture Distribution," 

Transportation Community Monthly Review. Vol I76, I96I, pp I5I-I59. 

59* Skempton, A. W., "Notes on the Compressibility of Clays," Quarterly 

Journal, Geological Society of London. Vol C, Parts I and II, 
Nos. 397-398, 19^4, pp 119-134. 

60. Newmark, N. M., "Simplified Computations of Vertical Pressures in 

Elastic Foundations," Circular No. 2k, 1935, Engineering Experi¬ 
ment Station, University of Illinois, Urbana. 

61. Bowles, J. E., Foundation Analysis and Design. McGraw-Hill. New 
York, 1968. 

62. Collins, L. E., "A Preliminary Theory for the Design of Underreamed 

Piles," Transactions. South African Institution of Civil Engineers. 
Vol 3, No. 11, Nov 1953, pp 305-313. ' - 

63. Department of the Army, "Engineering and Design: Procedures 

for Foundation Design of Buildings and Other Structures (Except 

Hydraulic Structures)," Technical Manual TM 5-818-I, Aug I965, 
Washington, D. C. 

75 



6k. U. S. Army Engineer District, Fort Worth, "Investigations for 
Building Foundations in Expansive Clays," Vol 1, Apr I968, Fort 
Worth, Tex. 

65. Johnson, L. D. and McAnear, C. L. , "Controlled Field Tests of 
Expansive Soils," Bulletin, Association of Engineering Geologists, 
Vol XI, No. k, 19Tk, pp 353-369. 

66. Johnson, L. D. , "Properties of Expansive Clay Soils: Report 1, 
Jackson Field Test Section Study," Miscellaneous Paper S-73-28, 
May I973, U. S. Army Engineer Waterways Experiment Station, CE, 
Vicksburg, Miss. 

67. _, "Swell Behavior of NAF-II Sigonella Foundation Soil," 
Miscellaneous Paper S-77-13, Sep 1977, U. S. Army Engineer Water¬ 
ways Experiment Station, CE, Vicksburg, Miss. 

68. Moore, W. H. et al., "Hinds County Geology and Mineral Resources," 
Bulletin 105, 1965, Mississippi Geological, Economic and Topograph¬ 
ical Survey, Jackson, Miss. 

69. Redus, J. F. , "Experiences with Expansive Clay in Jackson (Miss.) 
Area," Moisture, Density, Swelling and Swell Pressure Relationships, 
Highway Research Board Bulletin No. 313, pp 1+0-U6, I962, National 
Academy of Sciences - National Research Council, Washington, D. C. 

70. Krinitzsky, E. L. and Turnbull, W. J., "Loess Deposits of Missis¬ 
sippi," Special Paper No. 9^+, 1967, Geological Society of America, 
Boulder, Colo., p U. 

71. Buck, A. K. , "Mineral Composition of the Yazoo Clay by X-Ray Dif¬ 
fraction Methods," Journal of Sedimentary Petrology, Vol 26, No. 1, 
1956, p 67. 

72. U. S. Army Engineer District, Fort Worth, "Geological and Founda¬ 
tion Investigation, Lackland Air Force Base, San Antonio, Texas," 
Apr 1967, Fort Worth, Tex. 

73. Knight, D. K., "Foundation Design on Soft Shale," Eleventh Annual 
Conference on Soil Mechanics and Foundation Engineering, April 11, 
1963, Center for Continuation Study, General Extension Division, 
University of Minnesota, pp 29-39. 

7^. Hart, S. S., "Potentially Swelling Soil and Rock in the Front 
Range Urban Corridor, Colorado," Environmental Geology No. 7, 
197^+, Colorado Geological Survey, Department of Natural Resources, 
Denver, Colo. 

75» Spanner, D. C., "The Peltier Effect and Its Use in the Measurement 
of Suction Pressure," Journal of Experimental Botany, Vol 2, No. 5, 
1951, PP II+5-I68. 

76. Frazer, J. C. W., Taylor, R. K., and Grollman, A., "Two-Phase 
Liquid-Vapor Isothermal Systems, Vapor Pressure Lowering," 
International Critical Tables, Vol 3, p 298. 

76 



. 

77. Jennings, J. E. et ai., "An Improved Method for Predicting Heave 
Using the Oedometer Test," Proceedings, Third International Con- 
ference on Expansive Clay Soils, Jul 30-Aug 1. 1973, Haifa. Israel. 
Vol 2, 1973, pp 11+9-154. — -1-* 

78. Jennings, J. E. B. and Kerrich, J. E. , "The Heaving of Buildings 
and the Associated Economic Conseqv. nces, with Particular Reference 
to the Orange Free State Goldfields," Transactions, South African 
Institution of Civil Engineers. Vol 5, No. 5, May I963, pp 129-130. 

79* Kunze, R. J, and Kirkham, D., "Simplified Accounting for Membrane 
Impedance in Capillary Conductivity Determinations," Soil Science 
Society of America Proceedings. Vol 26, No. 5, Sep-Oct I962, 
pp 421-1+26. 

80. Klute, A., "Water Diffusivity," Physical and Mineralogical Prop¬ 
erties, Including Statistics of Measurement and Sampling, Methods 
of Soil Analysis, Part 1, American Society of Agronomy, Madison, 
Wis., 1965, pp 262-272. 

81. Johnson, L. D., "Influence of Suction on Heave of Expansive Soils," 
Miscellaneous Paper S-73-17, Apr 1973, U. S. Army Engineer Water-’ 
ways Experiment Station, CE, Vicksburg, Miss. 

Black, W. P. M. , "A Method of Estimating the California Bearing 
Ratio of Cohesive Soils from Plasticity Data," Geotechnique. 
Vol 12, No. 1+, I96I, pp 271-282. ^ 

83. McDowell, C., "The Relation of Laboratory Testing to Design for 
Pavements and Structures on Expansive Soils," Quarterly, Colorado 
School of Mines, Vol 5I+, No. 1+, Oct 1959, PP 127-153. 

81+. McKeen, R. G. , "Characterizing Expansive Soils for Design," pre¬ 
sented at the Joint Meeting of the Texas, New Mexico, and Mexico 
Sections of the American Society of Civil Engineers, Oct 6-8, 1977, 
Albuquerque, N. Mex. 

85. Nayak, N. V. and Christensen, R. W. , "Swelling Characteristics of 
Compacted Expansive Soils," Clays and Clay Minerals. Vol 19. No. 1+ 
197^. PP 25I-261. - 

86. Seed, H. B. , Woodward, R. J., Jr., and Lundgren, R., "Prediction 
of Swelling Potential for Compacted Clays," Journal, Soil Mechanics 
apd Foundations Division, American Society of Civil Engineers, 
Vol 88, No. SM3, Jun I962, pp 53-87. 

87. Schneider, G. L. and Poor, A. R., "The Prediction of Soil Heave and 
Swell Pressures Developed by an Expansive Clay," Research Report 
TR-9-7I+, Nov 197^, Construction Research Center, University of 
Texas, Arlington. 

88. Vijayvergiya, V. N. and Ghazzaly, 0. I., "Prediction of Swelling 
Potential for Natural Clays," Proceedings. Third International 
Conference on Expansive Clay Soils, Vol 1, Jul 30-Auc 1. 1973 
Haifa. Israel, pp 227-231^ -- * 

77 



89. Vijayvergiya, V. N. and Sullivan, R. A., "Simple Technique for 
Identifying Heave Potential," Proceedings, Workshop on Expansive 
Clays and Shales in Highway Design and Construction, Federal High¬ 
way Administration, Washington, D. C., Vol 1, May 1973, pp 275-29I+. 

90. Van der Merwe, D. H. , "The Prediction of Heave from the Plasticity 
Index and Percentage Fraction of Soils," Civil Engineer in South 
Africa, Vol 6, No. 6, Jun I96U, pp 103-105. 

91. Prendergast, J. D. et al., "Concept Development for Structures on 
Expansive Soils by the Pattern Language Design Methodology," Tech¬ 
nical Report M-I5I, Oct 1975> Construction Engineering Research 
Laboratory, Champaign, Ill. 

r 

78 



Table 1 

Factors Influencing Magnitude and Rate of Volume Change 

Factor Description 

Composition of 
solids 

Composition of 

pore fluid 

Soil Properties 

The type and amount of clay minerals determine the 

ability of the soil to expand. Montmorillonites are 

usually highly expansive. Clay minerals of smaller 

particle sizes promote expansive characteristics 

Pore fluids containing high concentrations of cations 

tend to reduce the magnitude of volume change from 

suppression of the double layer; however, swell from 

osmosis (diffusion of relatively pure water external 
to the soil into the soil mass to dilute the pore 

fluid) can become significant over long periods of 
time 

Dry density Larger dry densities result in closer particle spac- 

ings and larger swells caused by greater forces from 
the microscale mechanisms 

Soil fabric and Flocculated particles tend to swell more than dis- 

structure persed particles. Highly cemented particles tend to 

reduce swell. Fabrics that slake readily may pro¬ 

mote swell from reorientation and separation of the 
particles 

Climate 

Water table 

depth 

Drainage 

Environmental Conditions 

The climate greatly influences the initial water con¬ 

tent and soil suction, especially in well drained 

areas with deep water tables. Arid climates promote 

desiccation, while humid climates promote wet soil 
profiles 

Shallow water tables provide a source of moisture for 

heave of soils above the water table. Placement of 

impervious covers reduces surface evaporation and 

transpiration from vegetation; soil moisture will 
increase from capillary rise 

The drainage pattern greatly influences the water con¬ 

tent ; poor surface drainage leads to moisture accumu¬ 

lation or ponding which can provide moisture for 

(Continued) 



Factor 

Table 1 (Concluded) 

Drainage 

(Continued) 

Vegetative cover 

Confinement 

Field 

permeability 

swell by infiltration from the surface or ^ 

Vegetation such as trees sh-ruVia = ^ 
ducive to moisture movement grasses are con¬ 
spiration. Moisture tend«? + dePletion by tran- 

areas denuded of vegetation aCCUmulate beneath 

Larger confining pressures reduce swell Cut 
are more likely to swel - ' •= ^ ’ C 1 areas 
fining pressure, while\ n ! Í ^e+crea^s in con- 

in underlying soils, tatím JresîlLedUCe ^11 

equal vertical overturden p^ss^es n0t 

'^rrSetii^r6 fas*er rates °f -U. 
permeability. Permeabilitv^ sl®niflcantllr increase 

the „ater ^Tus^ °' 



Table 2 

Suction Model Soil Input ParaT^.^o 

Parameter* 

G 

WC 

EO 

PI 

ALPHA 
A, B 

AKO 

PERM 

Description 

Specific gravity, Gs 

Initial water content w0 , percent 

Ulth°Ut COnfinin« pressure, e. 

Compressibility factor, a 

Soil suction A and B parameters. Equation 12 

CoeffiM horizontal to vertical stress in situ K_ 

retire f rrzzy of saturatäd so11 at ^ 

EPO 

ES 

PO 
PS 

CC 

CVS 

pore^e^s^e0!“ ^ 

'“pressé Tllrt l™*™ ^ P°re vate 
Initial soil overburden pressure p 
Swell pressure ps , tsf 
Compression index, Cc 

Coefficient of swell c , ft2/day 

tsf 

vs 



Parameter 

Table h 
Assumptions and Limitations of Input Parameters Describing 

Roll Properties 

■-- Remarks __ 

Ron Ruction Model 

Initial void 
ratio, eQ 

Compressibility 

factor 

Degree of sat¬ 
uration 

Lateral pressure 

Osmotic suction 

Initial void 
ratio, eQ 

Swell pressure, 

ps 
Compression 

index, Cc 

Degree of sat¬ 
uration 

Lateral pressure 

Secondary swell 

Initial void ratio determined without surcharge pressure 

The slope of the specific volume, (l ♦ e)/Gs , 
cal with the slope of the matrix suction Tm 

is input i o , ULTRAT will set50 

with water content w is identi- 
with applied pressure. If a 

a 

a 
a 
a 

0.0275PI - 0.125 
= 1 

PI < 5 
5 < pi < UO 

PI < 5 

PI - plasticity index 

= 1 in the suction index CT , 
initial pore water pressure uy 
to the water table. Figure 1. 

IiXX > DGWT 

Equation 11, when settlement occurs and the 
is positive or the depth DXX > DGWT , depth 

a » 1 , Equation 16, when uw is positive or 

Heave is computed for any degree of saturation 

Heave is computed for lateral pressures determined by using the ratio of total 

horizontal to vertical pressures in situ, K^, 

Swell from osmosis of external water diluting soluble salts in the pore water is 

not considered 

Mechanical Swell Model 

Initial void ratio determined after the vertical surcharge pressure prior to 

construction is placed on the specimen 

The swell pressure may be less than the overburden pressure po to evaluate 

settlements, but pg must be greater than 0.1 tsf 

The slope of the line between p, and p0 , Figure 3b, is suivaient to tee 

compression index if p8 » the maximum past pressure Pmax °r 

to the recompression index if Pmx * Ps • iB P _ ’ 
sets Cc - 0.007(liL-10)59 where LL - liquid limit 

The final degree of saturation is unity 

Lateral pressures are ignored 

Swell in excess of primary swell is not considered 



Parameter 

Elastic strains 

Lateral creep 

Horizontal layers 

Fraction of volu¬ 
metric heave, N 

Ap 
st 

Foundation loading, 
<1 

Humber of problems, 
NPROB 

Hater table depth, 
DGWT 

Equilibrium moisture 
profile (drainage) 

Table 5 

Assumptions and Limitations of Input Parameters DescHMn., 

Environmental Condition« 

Hemarks 

M ™ “"'a ^ ” ■«•«tin, 

"0cÎ™rf‘iv1Sïï™i”*1 ln fo«,a.tlon, on .lop,, 
caused by lateral creep of soft clays are not considered 

Each stratum of soil is horizontal 

ÜVÏ* V*rt1“1 11 ■”««' ». voluoetrlo 

rr1“ ^ 
el«tic, homogeneous, semi-infinite ifotr^ic's'u'vith no^h^e'“' 

^ersÄtdedf0^h°en UZT ^ T ^ 
that may be input is zero ’ quation 36 " minimum value of q 

A of the ^onnda- 

^tÄ^r final Wter taMe depth “hould be 3»Put to predict the 

^acT^d'di^^ve^icair^i^is^ ^ the sur- 
dation; hydrostatic (HYD) for sons # be surface beneath the foun- 
groundvater from the bottom^f*th» drain*«e “d diffusion of 

t0 C“e 3 for tria^r^SÄ^r-- 



Table 6 

Equations for the Increase In Soil Pressure From the Foundation and Superstructure 

Type of Footing Location Reference 

Rectangular Center 60 z* 
w 

[2A V V2 + 1 ✓ 2A V 

777 ' "T" * (777 
en e \ e n^J 

BLEN • BWID „2 
A * -— V 
^ li / T\ W\ ^ ^ 

(M)2 , (ME)2 , ,m)s 

U(DXX)C (DXX)‘ 

Rectangular Corner 60 APb 
W 

2A V 
n 0 

V2 + A2 
Le n 

V2 ♦ 1 

JL^~ 
e 

♦ Arctan (¾)] 
A , BLEW • BWID y2 _ (BLEW)2 * (BWID)2 + (DXX)2 

n (DXX)2 * (DXX)2 

Circular Center 61 AP, 
b<l 

[-wT 

Long-continuous Center 61 DXX 

BWID 
< 2.5 

DXX 

BWID 
> 2.5 

Long-continuous Edge 6l -0.157-0.221 

.10 

Wote: Ap^ = increase of pressure at base of foundation, tsf 

DXX “ depth below bottom of foundation, ft 

BLEW • Length of foundation, ft 

BWID • width of foundation, ft 

RAD ” radius of circular foundation, ft 
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Table 8 

Regulta of Soil Suction Tests 

Natural Initial 

Water Void Suction Parameters Pressure, tsf 

Sample Depth, ft Content, vn Ratio, en A B tSn Po Ps 

3 3.5-^.0 SU.O 
U 6.5-T.O 32.0 
5 T.0-8.0 142.0 
6 9.0-10.0 U0.8 
T 10.1-11.1 I4I4.5 

11 I5.O-I6.I I48.9 
25 30.1-30.6 I45.O 

Clinton Test Site. March 1973. Boring No. 1 

O.72I4 3.T6I4 
0.850 3.69I4 
l.lUo U.50U 
1.185 5.5I4I4 
I.I80 I4.12I4 
1.390 5.50I4 
1.290 I4.76U 

O.161 0.76 0.27 
0.130 O.3I4 0.I4I 
0.III4 0.51 0.U6 
O.15I4 0.23 0.57 
0.100 O.I47 0.63 
0.II6 0.67 0.91 
0.095 3.09 I.7U 

O.I43 
O.UO 
0.U8 
0.10 
0.77 
1.U8 
1.93 

Lackland Test Site. April 1973. Boring No. 1 

2 0.5-1.0 
3 3.2-U.2 
U L.3-5.2 
5 6.2-6.7 
6 6.7-7.6 

10 13.1-1*4.2 
11 1*4.3-15.3 
12 16.0-17.1 
13 17.2-18.3 
1*4 22.6-22.9 
15 27.3-28.3 
17 29.O-3O.O 
18 30.1-31.1 
21 35.0-36.1 
23 37. *4-38.7 
27 I45.I4-I46.I4 
28 L6.5-*47.*4 
29 I47.8-I48.5 

1 1.1-2.3 
2 2.6-3.6 
3 3.7-1».7 
*4 5.7-7.O 
5 7.5-8.9 
6 9.O-9.9 
7 11.2-12.1 
8 12.U-13.3 
9 13.5-1*4.6 

10 1*4.7-15. T 
12 16.9-17.*4 
13 17.6-18.6 
1*4 18.7-19.7 
15 19.8-20.8 
16 20.9-21.9 
18 22.9-23.7 
20 2*4.7-26.0 

1 1.5-3.5 
2 *4.0-5.5 
3 6.5-8.0 
*4 11.5-12.5 
5 16.5-17.5 
6 23.0-2*4.5 

23.0 0.890 
33.0 0.970 
32.0 1.0*40 
30.0 0.910 
30.0 O.95O 
33.0 0.870 
32.0 0.870 
30.1 0.890 
29.8 0.880 
32.7 0.950 
30.7 0.870 
29.8 0.870 
29.8 0.830 
29.8 0.830 
29.8 0.830 
29.8 0.830 
29.8 0.810 
29.8 0.770 

7.60*4 0.303 
6.77*4 0.250 
14.5*4*4 0.135 
5.0*4*4 O.I67 
5.0*4*4 0.167 
6.565 0.208 
*4.70*4 0.130 
6.565 0.208 
6.565 0.208 
6.70*4 0.196 
5.690 O.I67 
5.859 0.179 
5.690 0.167 
5.690 O.167 
7.30*4 0.222 
6.135 O.I85 
*4.26*4 0.120 
*4.806 0.1*45 

*4.30 0.05 0.01 
U.01 0.22 0.01 
1.70 0.27 0.30 
1.00 0.36 O.UO 
1.00 0.*42 0.20 
0.50 0.78 1.10 
3.5O 0.87 *4.00 
2.00 O.96 0.80 
2.30 1.02 1.00 
2.00 1.3*4 1.00 
3.60 1.65 2.50 
3.30 1.77 I.60 
5.20 1.82 *4.60 
5.20 2.07 *4.60 
5.00 2.25 3.60 
*4.10 2.7*4 3.20 
*4.90 2.80 5.00 
2.90 2.86 *4.90 

Fort Cmraon Teat Site. June 1973. Boring BOft-3 

26.0 0.830 
26.0 0.800 
25.5 0.75 
23.2 0.670 
18.3 0.585 
17.0 0.530 
16.3 0.149*4 
16.1 O.I49O 
16.1 O.5IO 
I6.I 0.1430 
15.5 0.510 
15.*4 O.I437 
15.0 O.I4OO 
15.0 O.I420 
15.0 O.I4I4O 
1*4.7 0.380 
j.3.0 O.I4IO 

*4.5*40 0.170 
*4.5*40 0.170 
3.500 0.150 
3.500 0.150 
3.913 0.217 
3.913 0.217 
*4.359 0.256 
*4.359 0.256 
*4.538 0.256 
*4.538 0.256 
*4.3*41 0.2*4*4 
*4.3*41 0.2*4*4 
*4.51*4 0.270 
*4.51*4 0.270 
*4.3*41 0.2*4*4 
*4.636 0.303 
*4.636 0.303 

I.I40 0.12 O.jO 
I.I40 0.18 0.50 
0.50 0.25 0.30 
1.10 0.37 0.70 
0.90 0.50 0.20 
1.70 O.6O 0.60 
1.60 0.7*4 0.60 
1.80 0.8*4 0.70 
2.70 0.90 0.70 
2.70 0.97 3.6O 
3.80 1.10 O.80 
*4.00 1.17 3.10 
3.10 1.2*4 3.90 
3.10 1.32 2.70 
5.00 I.I43 3.00 
1.60 1.55 2.8O 
5.20 1.67 l.*40 

Slgonella Test Site. Norember 1976. Boring Ho. 1 

30.5 0.900 
30.2 0.930 
32.1 0.9*40 
29.6 0.810 
22.5 O.66O 
28.6 0.820 

5.O69 0.172 
5.069 0.172 
5.5*45 O.I82 
*4.39*4 0.152 
2.14*48 0.109 
3.52*4 0.119 

0.67 0.20 0.33 
0.75 0.30 0.21 
0.50 O.I42 0.27 
0.78 0.72 0.70 
1.00 1.03 0.6*4 
1.30 l.*46 1.06 

Compressibility 

Factor 

_0_ 

0.I4I 

0.73 
1.00 
0.89 
O.89(est) 

0.95 
0.87 

1.00 
0.9*4 
0.9*4 
O.91 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
0.96 
0.96 
0.96 
0.96 
1.00 
1.00 
1.00 
1.00 

0.73 
0.73 
0.8*4 
0.78 
0.75 
0.76 
0.67 
0.75 
0.91 
0.91 
0.90 
0.91 
O.7I4 
0.7*4 
0.75 
0.80 
0.7*4 

0.93 
0.83 
0.87 
0.88 
0.3*4 
0.89 

Suction 

Index 

ct_ 

O.O69 
0.151 
0.237 
O.I60 
0.2*46 
0.227 
0.251 

0.087 
0.105 
0.19*4 
0.151 
0.157 
0.13*4 
0.212 
0.13*4 
0.13*4 
0.1*42 
0.158 
0.1*48 
0.159 
0.159 
0.123 
0.1*48 
O.228 
O.I88 

0.120 
0.120 
0.155 
0.1*43 
0.096 
0.096 
0.072 
O.O8O 
0.098 
0.098 
0.103 
0.103 
0.075 
0.075 
0.085 
0.072 
O.O67 

0.151 
0.13*4 
0.13*4 
0.158 
O.O85 
0.209 



Table 9 

Ratio of Total Horizontal to Vertical Stresses 

In Situ. Clinton Test Site 

Sample Depth, ft 

*+ 6.5-7.00 

5 7.0-7.95 

6 9.0-10.00 

7 10.1-11.10 

11 15.0-16.10 

Pressure, tsf 

lag Po 

0.3»+ 0.07 0.1+1 

0.51 0.10 0.1+6 

Q.23 0.l6 0.57 

0.1+7 0.19 0.63 

0.67 0.3I+ O.91 

Ratio rf Total Horizontal 
to Vertical Stresses, Kt 

1.0 

1.5 

0.5 

1.1 

1.2 

* Pore pressure profile of August 1971. 

Sample 

10 

12 

13 

ll* 

15 

17 

21 

23 

27 

28 

29 

Table 10 

Ratio of Total Horizontal to Vertical Stresses 

In Situ, Lackland Test Site 

Depth, ft 

13.1- 11+.2 

16.0-17.1 

17.2- I8.3 

22.6-22.9 

27.3- 28.3 

29.O-3O.O 

35.0-36.1 

37.1+-38.7 

1+5.1+-1+6.1+ 

1+6.5-1+7.1+ 

1+7.8-1+8.5 

Pressure, tsf 
Tmo Po 

1.0 0.22 0.78 

2.0 0.30 O.96 

2.3 O.3I+ 1.02 

2.0 O.5O I.3I+ 

3.6 0.66 I.65 

3.3 0.72 1.77 

5.2 0.87 2.07 

5.0 O.6O 2.25 

l+.l 0.31 2.71+ 

I+.9 0.38 2.8O 

2.9 0.1+0 2.86 

Ratio of Total Horizontal 
to Vertical Stresses. Kt 

0.9 

2.5 

3.1+ 

2.3 

3.3 

2.9 

3.9 

3.2 

1.9 

2.3 

1.3 

* Profile of September 1972. 



Table 11 

Ratio of Total Horizontal to Vertical Stresses 

In Situ, Fort Carson Test Site 

Sample Depth, ft 

3 3.7-U.7 

^ 5.7-7.0 

5 7.5-8.9 

7 11.2-12.1 

II+ I8.7-I9.7 

15 19.8-20.8 

18 22.9-23.7 

Pressure, tsf 

Tap -Uw* P-Q 

0.5 0.00 0.3 

1.1 0.06 0.U 

0.9 0.12 0.5 

1.6 0.22 0.7^ 

3.1 0.1+7 I.2I+ 

3.1 0.50 1.32 

1.6 0.59 1.55 

Ratio of Total Horizontal 

to Vertical Stresses, Kt 

2.0 

3.8 

2.6 

3.2 

3.8 

3.6 

1.8 

* Profile of October 1971+. 

Table 12 

Ratio of Total HorizonteJ. to Vertical Stresses 

In Situ, Sigonella Test Site 

Sample 

3 

k 

5 

6 

Depth, ft 

6.5-8.0 

11.5- I2.5 

16.5- I7.5 

23.0-24.5 

Pressure, tsf 

T&o uy Po 

0.50 0.15 0.42 

0.78 0.31 O.72 

1.00 0.46 1.03 

1.30 0.70 1.46 

Ratio of Total Horizontal 

to Vertical Stresses, Kt 

1.8 

1.7 

1.6 

1.5 

# Profile of 30 January 1977 



Table 13 

gvell Data on Clinton Test Site Sample« 

Sample 

3 
It 

T 
12 
25 

2 
3 
5 
7 
8 

3 
5 
9 

17 
29 

U 
10 
18 
26 

Depth, ft Ga 

3.5-11.9 2.70 
6.0-7.0 2.70 

10.1-11.1 2.78 
16.1- 17.1 2.73 
30.1- 31.2 2.73 

5.1-6.1 2.70« 
9.0-10.It 2.72* 

15.0-15.9 2.75* 
20.2- 21.1 2.73* 
29.3- 30.2 2.71* 

2.3-3.U 2.68 
^.^-5.¾ 2.68 
9.1*-10.2 2.71* 

19.7-20.8 2.73 

31(.8-35.9 2.71 

3.5-1*.3 2.68 
11.0-12.1 2.71* 
21.0-22.1 2.73 
31.0-32.1 2.71 

_ -Void Ratio_ Pressure, tsf 
^01 * -Sû— -Spa - es Pn pB _Cj 

Swell Overburden, No. 1, Mar 197? 

26.O 0.730 
32.0 O.85O 
1*1*. 5 I.I80 
1*9.7 1.300 
1*5.5 I.150 

O.73I* 0.737 
0.81*9 O.851 
1.225 1.21*8 
1.327 1.361* 
1.199 1.21*0 

0.23 1.10 
0.38 0.26 
0.6I 1.50 
1.00 1.50 
1.77 13.00 

Constant Volume Swell. FU-3. Oct lo¿o 

22.1 
37.1 
1*7.1* 
1*3.9 
1*1*.6 

22.1* 

25.1 
1*3.8 

1*7.9 
38.2 

0.600 
0.985 
1.261* 
1.215 
1.200 

0.71*0 
0.701 
1.190 
1.275 
1.030 

O.615 

0.991 
I.285 
1.230 
1.213 

0.71*5 
0.710 
1.310 
1.31*0 
1.070 

0.31 
0.55 
O.90 
1.20 
1.70 

0.15 
0.31 
0.55 
1.15 
2.03 

1.15 
1.20 
1.60 
I.80 
2.70 

1968 

0.26 
0.1(0 
1.70 
2.60 
5.00 

0.621* 
I.OI6 
1.382 
1.298 
1.295 

Improved Simple Pedometer, PU-2. Dee 

0.71*7 
0.720 
1.390 
1.1*1*0 
i.no 

Pressure Plate. PO-P 

0.006 
o.ooi* 
0.051 
0.053 
O.051 

0.020 
0.030 
0.100 
0.075 
O.O67 

0.015 0.20 
0.030 0.20 
0.11*0 0.1*1* 
O.O9O O.52 
0.030 0.25 

gvs 
ftg/dav 

k 
ft/day 

0.050 
0.003 
0.003 
0.003 
0.003 

0.010 0.001*0 
0.0010 

0.007 0.0001 
0.005 0.0001 
0.007 0.0001 

23.0 O.693 
50.0 1.368 
1*6.7 1.288 
1*3.8 1.188 

0.0006 
0.0001 
0.0001 
0.0001 



2 
5 
9 

3 
1* 

11 
15 
17 
23 
28 

2 
5 
9 

It 

17 

3 
6 

h 
17 

3 
6 

12 
36 

Table lU 

Sveil Data on Lackland Test Site Samples 

Depth, ft 

1.2-2.3 
5.0-6.0 

12.9-13.7 

3.2-U.2 
It.3-5.2 

1U.3-15.3 
27.3-28.3 
29.0-30.0 
37.1t-38.7 
U6.5-U7.1* 

1.2-2.3 
5.0-6.0 

12.9-13.7 

U.3-5.2 
29.0-30.0 

2.5-3.6 

6.1-7.1 

U.3-5.2 
29.O-3O.O 

2.5-3.6 

6.1-7.1 
17.0-17.6 
U6.9-lt8.lt 

2.68 
2.71 
2.75 

2.69 
2.78 
2.76 
2.75 
2.75 
2.73 
2.73 

2.68 
2.71 
2.75 

2.78 
2.76 

2.73 
2.73 

2.78 
2.76 

2.69 
2.70 

2.75 
2.78 

Void Ratio Pressure, tsf 

wo. t en epo Cs Po JEfi— -£§— 

Swell Overburden, PU-7. Dec 1970 

18.U 
2U.0 
30.9 

O.708 0.810 
O.756 0.773 
0.852 O.878 

O.83U O.18 
0.798 0.U0 
0.933 0.90 

2.30 0.092 
1.00 0.0U2 
2.50 0.057 

Swell Overburden. Wo. 1. Apr 1973 

31.6 

3U.5 
31.9 
31.2 
28.5 
30.U 
30.0 

0.930 
I.OUU 
O.902 
0.823 
0.832 
0.793 
O.7U3 

O.9U3 
I.0U5 
0.923 

0.867 
O.86I 
0.832 
0.778 

0.951 
1.051 
O.9U8 
0.887 
O.92O 
O.856 
O.80U 

0.2U 

0.29 
1.00 
1.80 
1.8U 
2.50 
3.00 

1.20 0.020 
o.uo 0.080 
6.70 0.026 
33.10 O.O3U 
6.U0 O.OU9 

33.10 0.03U 
33.10 0.03U 

Constant Volume Swell. PU-7. Dec 1970 

17.9 O.80O O.8U7 O.860 0.18 
23.8 O.7U5 0.752 0.770 O.UO 
31.0 0.838 O.86O O.91O 0.90 

2.20 0.050 
0.70 0.030 
2.U0 0.052 

Constant Volume Swell. No. 1. Apr 1973 

33.5 1.006 1.007 1.011 0.29 0.30 0.090 
29.O 0.88U 0.892 O.95U 1.8U 2.85 0.052 

Improved Simple Pedometer. PU-7. Dec 1970 

20.8 0.790 O.96O 0.978 0.23 2.U0 
15.9 O.66O 0.680 0.711 0.50 0.80 

Improved Simple Pedometer. Ho. 1. Apr 1973 

32.9 l.OlU 1.021 1.039 0.29 0.39 0.070 
20.9 0.802 O.881 0.968 1.8U 8.00 0.050 

Pressure Plate. PU-7 

20.8 0.800 
2U.8 0.756 
31.1 0.872 
29.1 0.802 

gV8 
ft /¿ay. 

0.203 
O.25O 
0.005 

0.010 
0.27 

0.012 
O.II6 

0.20 
O.OOU 
O.OO6 

0.26 
0.20 

0.22 
O.I8 

0.27 
0.13 

k 
ft/day 

0.003U 

0.0155 
0.0035 

0.0057 
0.0013 

O.O5UO 
O.OO8U 

0.0003 
0.0009 

0.0001 
0.0001 
0.0001 
0.0001 
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Table IT 

Input Data For Parametric Analysis 

Parameter 

A 

B 

Plastic limit 

Initial void 
ratio, e 

o 
Compressibility 

factor, a 

Initial water 
contents 
wq, percent 

Plasticity Index (Soil Type) 
10 20 1+0 GO 

Suction Model 

2.609 2.56? 

0.217 0.149 

18 20 

0.4 0.5 

2.586 2.592 

0.101 0.077 

24 28 

0.7 0.8 

80 

2.582 

O.06I 

32 

0.9 

0.15 0.43 1.00 1.00 1.00 

7 10 
8 12 
9 14 

10 16 

16 21 26 
18 24 30 
20 27 34 
22 30 38 

PI 

80 

60 

40 

20 

10 

26 
30 
34 
38 

21 
24 
27 
30 

16 
18 
20 
22 

10 
12 
14 
16 

T° , tsf p , tsf e 
mo’ *0’ _0 

Mechanical Swell Model 

9.91 1.0 0.900 
5.65 1.0 0.900 
3.22 1.0 0.900 
1.84 1.0 O.9OO 

9-44 1.0 0.800 
5.55 1.0 0.800 
3.26 1.0 0.800 
1.91 1.0 0.800 

9.33 1.0 0.700 
5.86 1.0 0.700 
3.68 1.0 O.7OO 
2.31 1.0 O.7OO 

11.94 1.0 0.500 
6.01 1.0 0.500 
3.03 1.0 O.5OO 
1.52 1.0 0.500 

1.341 1.783 
1.233 1.675 
I.I25 I.567 
1.017 1.459 

1.142 1.492 
I.O61 1.411 
O.98O 1.330 
O.899 1.250 

O.959 1.227 
O.905 1.173 
O.85I 1.115 
0.797 I.O65 

O.578 O.65I 
0.557 O.629 
0.535 0.607 
0.513 0.586 

7 12.30 
8 7.46 
9 4.53 

10 2.75 

1.0 0.400 
1.0 0.400 
1.0 0.400 
1.0 0.400 

0.420 0.439 
o.4i6 0.435 
0.412 0.431 
0.408 0.427 

LL 

112 

88 

64 

4o 

28 



Table l8 

Empirical Methods For Predicting Heave 

Method 

McDowell 

McKeen 

Nayak and 

Christensen 

Seed, Woodward 

and Lundgren 

Schneider and 

Poor 

Vijayvergiya 

and Ghazzaly 

Reference 

83 

8U 

85 

86 

87 

88 

_Description_ 

A procedure based on swell test results of 

many specimens of compacted Texas soils, 

usually applied in design of highway sub¬ 

grades. Field heave is estimated from a 

family of curves using Atterberg limits, 

initial water content, and surcharge pres¬ 

sures of each soil stratum. The poten¬ 

tial vertical rise (PVR) is 1/3 the 
volume change. The initial water content 

is compared with maximum (0.U7LL + 2) and 
minimum (0.2LL + 9) water contents 

A procedure of relating soil suction with 

percent swell including effect of sur¬ 
charge pressure. Requires use of graphs, 

shrinkage limit, PI, LL, percent clay 

fraction, and estimates of initial and 

final soil + ions 

Sp = 0.0229PI1'1+5C/wo + 6.38, C = percent 
clay fraction for compacted soil and 

1 psi surcharge pressure, w0 = percent 

initial water content, S = percent swell 
, 2 ^ 

S = O.OO216PI ’ , PI = percent plasticity 
Pindex, for soil compacted at optimum 

water content at maximum density to sat- 

uration for 1 psi surcharge pressure 

Logarithm 

of per¬ 

cent 

swell 
given 

for soil 

below 

various 

depths 
of fill 

LogiQ Sp = 1/12 (O.UltLL - w0 + 5*5) from 

initial water content to saturation for 

0.1 tsf surcharge pressure, LL = percent 

liquid limit 

Surcharge, ft 

0 
3 

5 
10 
20 

LOS10 Sp 

0.90(Pl/wo)-1.19 
0.65(Pl/wo)-0.93 
0.51(PI/vo)-0.76 

0.4l(Pl/wo)-0.69 
0.33(PI/wo)-0.62 

(Continued) 



Table l8 (Concluded) 

Method 

Vijayvergiya 
and Sullivan 

Van Der Merwe 

Reference 

89 

__Description _ 

^810 Sp = 0.0526Yd + 0.033LL - 6.8 from 
initial water content to saturation for 
1 psi surcharge pressure, = dry den¬ 
sity, lb/ft3 

90 S = y F (PE) 

P n D=1 D 

D=n 

fD = reduction factor to account for pres¬ 
sure with depth; PE = 1, 1/2, 1/4, 0 in. 

per foot of depth for very high, high, 

medium, and low degrees of expansion, 

respectively; D = 201og F, D = depth, ft. 

The degree of expansion PE is found from 

a chart of PI and percent clay fraction 



Table 19 

Input Parameters For Prediction of Potential 

Heave by Empirical Methods 

_Test Site_ 
Clinton Lackland Fort Carson Sigonella 

Depth of soil H (depth to 5 
water table ), ft 

Plasticity Index, percent 20 
Liquid Limit, percent 45 
Surcharge Pressure q , tsf 0.0T2 
Average pressure in soil, tsf 0.22 
Initial water content wQ , 27 
percent 

Clay content, percent <2 22 
microns _ 

Dry density, Ib/ft-3 100 
Change in soil suction, 0.5 

Ax , tsf 
m 

8 

4o 
6o 

0.072 

0.31 
27 

50 

88 
1.0 

30 
50 

0.072 

0.17 
26 

30 

40 
65 

0.072 
0.22 

30 

60 

112 91 
1.4 0.7 

Table 20 

Predictions of Potential Heave by Empirical Methods 

Method Clinton 

McDowell (volumetric swell) 0.01 
MeKeen 0.06 
Nayak & Christensen 0.39 
Seed, Woodward & Lundgren 0.16 
Schneider & Poor 0.01 
Vijayvergiya & Ghazzaly 0.04 
Vijayvergiya & Sullivan 0.04 
Van Der Merwe 0.08 
Equation 46 (saturated case) 0.02 
Equation 47 (hydrostatic case) -0.11 

Observed in field to date: 

Above water table -0.01 
to 
0.02 

Total heave 0.11 

Extrapolated above water table 0.04 

Test Site Heave, ft_ 
Lackland Fort Carson Sigonella 

0.28 0.02 0.10 
0.45 0.07 0.33 
1.22 0.30 0.80 
1.40 0.26 0.88 
0.11 0.02 0.05 
0.20 0.04 0.07 
0.05 0.17 0.07 
0.44 0.11 0.32 
0.48 0.17 0.11 
0.46 0.14 0.11 

0.11 0.01 

to 

0.05 
0.19 0.02 

to 
0.08 

0.30 0.13 



Table 21 

Input Parmetere For Prediction of Heave 

-Teat Site 

Initial Plasticity 
Specific Initial Vater Void Inde* PI, 

p<!Pthi n Gravity. g. Content. vn < Ratio. e„ Percent 
Caapreaeibllity 

factor, a 

Suction 
Parsaetera 
* B 

Clinton 0.0-5.0 2.TO 
5.0-T.O 2.70 
T.0-8.0 2.75 
8.0-10.0 2.76 

10.0-15.0 2.76 
15.0-25.0 2.75 
25.0-50.0 2.7lt 

lackland 0.0-5.0 2.70 
5.0-8.0 2.75 
8.0-13.0 2.75 

13.0-20.0 2.76 
20.0-30.0 2.76 
30.0-50.0 2.76 

Port Careon 0.0-5.0 2.80 
5.0-7.0 2.77 
7.0-10.0 2.77 

IO.O-16.O 2.76 
16.0-20.0 2.76 
20.0-30.0 2.71» 
30.0-50.0 2.71 

Sic mella 0.0-5.5 2.79 
5.5- 6.5 2.72 
6.5- 11.0 2.80 

11.0-15.5 2.7k 
15.5- 21.5 2.72 
21.5- 25.0 2.79 

Suction 

27.0 0.72k 20 
32.0 0.850 35 
k2.0 l.lko 56 
k0.8 1.185 TO 
kk.5 1.180 TO 
k8.9 1.390 70 
k5.0 1.290 70 

25.0 0.970 ko 
30.0 0.950 ko 
30.0 0.870 ik 
30.0 0.890 55 
30.0 0.870 55 
30.0 0.830 55 

26.0 0.830 30 
23.5 0.670 30 
18.O 0.585 30 
16.1 0.k9k 30 
15.0 0.k20 30 
13.0 O.klo 30 
10.0 O.klO 30 

32.0 0.900 kO 
27.5 0.750 25 
32.1 0.9k0 ko 
31.0 0.810 ko 
22.5 O.66O 20 
29.0 0.820 kO 

0-kl 3.76k 0.161 
0.73 3.69k 0.130 
1.00 k.50k 0.11k 
0.90 5.5W, 0.15k 
0.90 k.l2k 0.100 
0.95 5.50k 0.116 
0.87 k.76k 0.095 

0.9k 6.77k 0.250 
1.00 5.0kk O.167 
0.26 5.0kk 0.167 
1.00 6.565 0.208 
1.00 5.B59 0.179 
1.00 6.135 O.I85 

0.T3 k.5k0 0.170 
0.78 3.500 0.150 
0.T5 3.913 0.217 
0.67 k.359 0.256 
0.7k k.51k 0.270 
0.7k k.636 0.303 
0.7k 1(.636 0.303 

0.88 5.069 0.172 
0.3k 2.kk8 0.109 
0-87 5.5k5 0.182 
0.88 k.39k 0.152 
0.3k 2.kk8 0.109 
0.89 3.52k 0.119 

Ratio of Total Horlaontal 
to Vertical Stress 
-In Situ. KT_ 

1.0 
1.0 
1.0 
0.5 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 

3.0 
3.0 
2.0 

2.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Void Ratio Pressure, tar 

Clinton 
SO 0.0-7.0 

7.0-15.0 
15.0-28.0 
28.0-50.0 

CVS 0.0-7.0 
7.0-12.0 

12.0-18.0 
18.0-28.0 
28.0-50.0 

ISO 0.0-3.5 
3.5-7.0 
7.0-15.0 

15.0-28.0 
28.0-50.0 

Lackland 
so 0.0-5.0 

5.0-13.0 
I3.O-25.O 
25.0-50.0 

CVS 0.0-5.0 
5.0-13.0 

13.0-25.0 
25.0-50.0 

iso 0.0-5.0 
5.0-13.0 

13.0-50.0 

Port Carson 
so 0.0-5.0 

5.0-10.0 
10.0-25.0 
25.0-50.0 

CVS 0.0-5.0 
5.0-10.0 

10.0-25.0 
25.0-50.0 

ISO 0.0-25.0 
25.0-50.0 

Slgonella 
CVS 0.0-5.0 
ISO O.O-k.O 

k.O-5.5 
5.5- 6.5 
6.5- 11.0 

11.0-15.5 
15.5- 21.5 
21.5- 25.0 

2.70 
2.78 
2.73 
2.73 
2.70 
2.72 
2.75 
2.73 
2.71 
2.68 
2.68 
2.7k 
2.73 
2.71 

2.69 
2.78 
2.76 
2.76 
2.68 
2.71 
2.75 
2.76 
2.73 
2.73 
2.76 

2.75 
2.76 
2.78 
2.7k 
2.75 
2.76 
2.78 
2.7k 
2.75 
2.7k 

2.79 
2-79 
2.78 
2.72 
2.80 
2.7k 
2.72 
2.79 

26.0 
kk.5 
k9.T 
k5.0 
22.1 
37.1 
kT.k 
k3.9 
kk.6 
22. k 
25.1 
k3.8 
kT.9 
38.2 

31.6 
3k.5 
31.9 
28.5 
17.9 

23.8 
31.0 
29.O 
20.8 
15.9 

28.9 

15.8 
18.1 
15.8 
10.0 
17.2 
18.1 
Ik.7 
10.3 
16.3 
11.1 

29.6 
29.6 
25-2 
27.5 
33.3 
28.2 
22.2 
26.3 

Mechanical Bvell Model 

0.730 
1.180 
1.300 
1.150 
0.600 
0.985 
1.26k 
1.215 
1.200 
O.TkO 
0.701 
1.190 
1.275 
1.030 

0.930 
l.Okk 

0.902 
0.832 
0.800 
0.7k5 
O.838 
0.88k 
0.790 
O.660 
0.802 

0.582 
0.k99 
0.510 
0.305 
0.525 
0.520 
0.k2k 
0.30k 
0.k85 
0.305 

O.906 
0.875 
0.8k6 
0.7k0 
0.979 
0.766 
0.685 
0.756 

0.73k 
1.225 
1.327 
1.199 
0.615 
0.991 
1.285 
1.230 
1.213 
0.7k5 
0.710 
1.310 
1.3k0 
1.070 

0.9k3 
1.0k5 
0.923 
O.861 
0.8k7 
0.752 
0.860 
0.892 
0.960 
0.680 
0.881 

0.60k 
0.503 
0.512 
0.308 
0.527 
0.520 
0.k2T 
0.306 
0.507 
0.315 

0.91k 
0.926 
0.832 
0.736 
0.991 
0.768 
O.669 
O.TkB 

0.737 
1.2k8 
1.36k 
1.2ko 
0.62k 
1.016 
1.382 
1.298 
1.295 
O.TkT 
0.720 
1.390 
l.kko 
1.110 

0.951 
1.051 
0.9k8 
0.920 
O.860 
0.770 
O.9IO 
0.95k 
0.978 
0.711 
0.966 

O.611 
O.509 
0.526 
0.316 
0.53k 
0.529 
0.k39 
0.318 
0.516 
0.330 

0.922 
0.9k6 
0.857 
O.TkS 
1.022 
0.800 
0.700 

0.795 

0.23 
0.61 
1.00 
1.77 
0.31 
0.55 
0.90 
1.20 
1.70 
0.15 
0.31 
0.55 
1.15 
2.03 

0.2k 
0.29 
1.00 
1.8k 
0.18 
O.kO 
0.90 
1.8k 
0.23 
0.50 
1.8k 

0.29 
0.k5 
0.85 
1.88 
0.29 
0.k5 
0.85 
1.88 
0.29 
1.88 

0.21 
0.21 
0.33 
0.37 
0.k6 
0.73 
1.00 
l.ko 

1.10 
1.50 
1.50 

13.00 
1.15 
1.20 
1.60 
I.80 
2.70 
0.26 
O.kO 
1.70 
2.60 
5.00 

1.20 
O.kO 
6.70 
6. ko 
2.20 
0.70 
2.kO 
2.85 
2. ko 
O.8O 
8.00 

1.00 
1.06 
0.9k 
3.U 
O.kl 
0.k5 
l.kT 
2.37 
I.06 
k.60 

0.k3 
l.ko 
0.22 
0.27 
0.80 
0.8k 
0.50 
1.10 

Coapression 
Inde* C 
_c 

0.20 
0.20 
0.50 
0.25 
0.20 
0.20 
O.kO 
0.50 
0.25 
0.20 
0.20 
0.20 
0.50 
0.25 

0.27 
0.27 
0.20 
0.13 
0.27 
0.27 
0.20 
0.13 
0.22 
0.18 
0.13 

0.12 
0.12 
0.12 
0.05 
0.12 
0.12 
0.12 
0.05 
0.12 
0.05 

0.20 
0.20 
0.20 
0.19 
0.19 
0.20 
0.19 
0.18 



Table 22 

Predictions of Potential Heave (Uncorrected) 

_Test Site_ 
Clinton Lackland Fort Carson Sigonella 

Observed Data 

Depth of soil H, ft 
Initial groundwater 
level, ft 

Heave observed to H, ft 
Total heave observed a^ 

ground surface, ft 
Extrapolated heave above 

H, ft 

25 34 30 
5 8 3 

0.05 0.15 0.08 
0.11 0.19 0.08 

0.10 0.50 0.20 

25 
5 

Equilibrium 
Model Moisture 

Suction Sat 
Hyd 

Mechanical 
Swell 

SO Sat 
Hyd 

CVS Sat 
Hyd 

ISO Sat 
Hyd 

Predicted Heave 

0.08 
0.01 

0.34 

0.33 

0.29 
0.28 

0.88 
0.86 

Depth H 

0.62 0.38 
0.52 0.36 

0.31 0.15 
0.29 0.14 

0.42 0.08 
0.38 0.07 

1.75 0.27 
1.65 0.26 

0.21 
0.14 

0.06 
0.03 



Depth of soil H (water 
table depth), ft 

Heave observed above the 
water table, ft 

Extrapolated heave above 
water table, ft 

Total heave observed at 
ground surface, ft 

5 8 3 

-0.01 o.ll 0.05 
to 
0.02 

0.01* 0.30 0.13 

0-11 0.19 0.08 

5 

Equilibrium 
Model Moisture 

Predicted Heave to Depth H 

Suction Sat 

Hyd 

Mechanical 
Swell 

SO Sat 
Hyd 

CVS Sat 
Hyd 

ISO Sat 
Hyd 

0.10 0.U6 
0.04 0.36 

0.01 0.01+ 

0.01 0.02 

0.06 0.15 
0.05 0.11 

0.02 0.53 

0.00 0.1+3 

0.17 0.11+ 
0.15 0.07 

0.05 
0.05 

0.01 0.03 

0.01 0.01 

0.05 0.11 
0.05 0.08 



Table 2k 

Predictions of Potential Heave from 

Rising Water Table 

_Test Site_ 
Clinton Lackland Fort Carson Sigonella 

Observed Data 

Initial groundwater 5 
level, ft 

Rise in water table, ft 2 
Depth containing initial 5 to 25 

groundwater level, ft 
Heave observed for rise 0.03 

in water table, ft 
Extrapolated heave for 0.0^ 

rise in water table, ft 

5 1.5 3 
8 to 31* 5 to 30 5 to 25 

0.04 0.03 

0.08 0.06 

Equilibrium 
Model Moisture 

Predicted Data, ft 

Suction Sat 

Hyd 

Mechanical 
swell 

SO Sat 
Hyd 

CVS Sat 
Hyd 

ISO Sat 
Hyd 

0.10 0.11 0.02 
0.13 O.I9 0.03 

0.01 0.11 0.01 
0.02 0.13 0.01 

0.03 0.07 0.01 
0.03 0.10 0.01 

0.05 0.11 0.02 
O.O6 0.21 0.03 

O.I6 
0.21 

0.10 
0.14 



Table 25 

Predictions of Potential Heave (Corrected), ft 

Clinton 

Depth of soil H, ft 25 
Initial groundwater 5 

level, ft 
Rise in groundwater 2 

level, ft 
Total heave observed in 0.05 

soil to depth H, ft 
Extrapolated heave ob- 0.10 

served in soil to 
depth H, ft 

Total heave observed at 0.11 
ground surface, ft 

_Test Site _ 
Lackland Fort Carson Sigonella 

3I+ 30 25 

8 3 5 

5 1.5 3 

0.15 O.O8 

0.50 0.20 

0.19 O.O8 

Equilibrium 
Model Moisture 

Suction Sat 
Hyd 

Mechanical 
swell 

SO Sat 
Hyd 

CVS Sat 
Hyd 

ISO Sat 
Hyd 

0.20 
0.17 

0.02 
0.03 

0.09 
O.O8 

0.07 
O.O6 

0.57 
0.55 

0.15 
0.15 

0.22 
0.21 

0.6U 
0.6U 

0.19 
O.I8 

O.O6 
O.O6 

0.02 
0.02 

0.07 
0.07 

0.30 
0.28 

0.21 
0.22 
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Figure IT. Profile of pressure head at the Lackland test site 
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Figxire 18. Vertical surface movement with time 
at the Lackland test site 
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legend 

PORE PRESSURE HEAD, FT 

20. Profile of pore pressure head 
at the Fort Carson test site 
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Figiire 21. Vertical surface movement with time at 
the Fort Carson test site 
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Figure 2k. Profile of the pore pressure head at 
the Sigonella test site 
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Figure 26. Schematic diagrams of void ratio - log pressure 
relationships of three types of swell tests 
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Figure 27. Schematic diagram of percent swell-log 
pressure relationships of SO test results 
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Figure 28. Volumetric compressibility factor as a 
function of the plasticity index 
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Figure 29. Comparison of the initial matrix soil 
suction with the suction swell pressure 
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Figure 30. Swell overburden test results, Clinton 
test section, March, 1973 
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Figure 31. Percent swell-log pressure relationships from 

results of swell overburden tests of boring samples from 
the Lackland test site 
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Figure 35- Comparison of heave with time between different 

element thicknesses for saturated profile of 10 ft depth, 

plasticity index 80, initial water content 30 percent, and 

permeability 0.0001 ft/day 
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Figure 36. Comparison of heave with time between depths for 
saturated profile of plasticity index 80, initial water con¬ 

tent 30 percent and permeability 0.0001 ft/day 
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Figure 37- Comparison of heave with time between depths for 
saturated profile of plasticity index Ho, initial water con¬ 

tent 16 percent, and permeability 0.0001 ft/day 
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Figure 38. Comparison of heave with time between depths for 
saturated profile of plasticity index 20, initial water con¬ 

tent Ik percent, and permeability 0.0001 ft/day 
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Figure 39. Comparison of heave with time between the 

suction and mechanical swell models for the saturated 

profile of 5 ft depth 



a. CLINTON TEST SECTION 

b. LACKLAND TEST SECTION 

e. FORT CARSON TEST SECTION 

Figure 1*0. Extrapolated heave at the field test sections 
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TIME, DAYS 

c. FORT CARSON TEST SECTION 

Figure 4l. Comparison of extrapolated and computed heaves 

at the field test sections 
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Figure 1*2. Comparison of observed and predicted heave 
with time beneath the Clinton test section 
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Figure HS. Comparison of observed and predicted heave 

with time beneath the Lackland test section 
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0.3 

FORT CARSON 
DEPTH = 30 FT 

T T T 

EQUATION 49 Ks = 0.0001 FT/DAY 

EQUATION 50 Cvs = 0.02 FT2/dAY 

1000 2000 3000 4000 5000 

TIME, DAYS 

Figure 41+. Comparison of observed and predicted heave 
with time beneath the Fort Carson test section 



APPENDIX A: SOIL SUCTION AND 
VOLUMETRIC WATER CONTENT 



1. The partial of soil suction with respect to volumetric water 

content is assumed herein as 

3x 3t . 
m = m dw 

30 3w 30 
(Al) 

where 

T = matrix soil suction, tsf 
m 
0 = volumetric water content, V /V 

3 
V = volume of water, ft 
w 3 
V = total volume, ft 

w = water content, percent dry weight 

2. The derivative of Equation 12 is 

3t° 
t-“ = - 2.3Bt° 
3w m 

(A2) 

3. The derivative of Equation U at constant confining pressure is 

3t° = 3t 
m m 

(A3) 

U. The volumetric water content may be given as 

0 = 
100 - aw + aw 

TO o 

(AM 

where 

VT0 * (1 + e0)/GS 
a = constsuit compressibility factor 

5. The derivative of Equation kb with respect to 0 is 

3w (100 VT0 - awQ + aw)2 10,000 V^,2 
_ , _____ “““ 

10° VT0 - awo 
(A5) 

6. Combining Equations Al, A2, A3, and A5 leads to 

A2 



2 
23,000 B T° VT 

30 " " 100 VT0 - ctvo 
(a6) 

which is identical with Equation 21, but in terms of void ratio rather 

than specific total volume. 

A3 



APPENDIX B: VOLUME PARAMETER C 



7 
1. The volumetric water content in terms of water content in per¬ 

cent of dry weight is 

V wG 
_ _ 3 
= V " 100(1 + e) 

2. The aerivative of Equation 11 is 

aG 8t° 
„_s__m 
3e 230 B t° 

m 

(Bl) 

(B2) 

3. Substitution of Equations 21, A3, Bl, and B2 into the last 

term of Equation 8 leads to 

3t 3e aG w 3x 
_m _ _ _s_m 

100(1 + e ) - aw G 3t 
o os 

3t 
= -0 

m 
3t 1 + e 30 3t 

(B3) 



APPENDIX C: CLASSIFICATION DATA OF THE 
CLINTON TEST SITE 
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APPENDIX : CLASSIFICATION DATA OF THE 

LACKLAND TEST SITE 
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APPENDIX E: CLASSIFICATION DATA OF THE 
FORT CARSON TEST SITE 
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APPENDIX F: CLASSIFICATION DATA OF THE 

SIGONELLA TEST SITE 
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APPENDIX G: COMPUTER PROGRAM ULTRAT 



Organization 

1' The COde ULTRAT is composed of a main program and two subrou- 

The main program reads in input data and computes vertical over' 

burden and surcharge pressures exerted by soils and the overlying foun¬ 

dation and superstructure. The first subroutine HSTAND computes heave 

and heave with time from results of laboratory swell tests using the 

mechanical swell model. The second subroutine HSL'JT computes heave and 

heave with time from results of suction tests and permeability data 

using the soil suction model. The program is set with statement 

PARAMETER NL=10, NQ=8l where NL is the maximum number of soils NMAT and 

NQ is the maximum number of nodal points NNP. The capacity of the pro¬ 

gram may be increased by increasing NL and NQ. 

Input Data 

2. Input data are as follows: 

STEP 

1 

2A 

2B 

3 

1+A 

4b 

The code will print = : 

recommended 

DATA_ 

A description of the problem is 

The code will print after carriage return' 

NOPT, NPROB, NRATE, NSUCT, NBPRESS ,NNP, NBX, NMAT, DX 
= Input the above variables. Table G1 

DT,N™,?NOUT(lKl=i,NTIME)de ^ Carriage return; 
= Input the above variables, Table G1 

The code will print after carriage return- 
M,G,WC,EO 

= Input the above variables. Table Gl, for soil M=1 

If NSUCT=0, the code will print after carriage return ster 
M,ALL,EPO,ES,PO,SP,CVS,CC 1 

= Input the above variables. Table Gl, for soil M=1 

If NSDGT^!, the code will print after carriage return ster 
M,A.B,ALPHA,AKO ,PI ,PERM P 

3: 

3: 

= Input the above variables. Table Gl, 

The code will repeat steps 3 and 1+ until 

M=NMAT are read into the computer 

for soil M=1 

all soils from M=1 to 

G2 



DATA 
STEP 

Th^T^,0de Wil1 Print after carriac:« return- ~ --- 
ELEMENT,NO. OF SOIL return: 

~ Ijl should be input 

= S t?' -ilUtn^“S ln ln°—in« 

be inPUt “ (deepest) £Jement fur 

Q.B»,mD,MwbiomSN?wS!fK return up to Krli0B: 
Input the above variables. Table G1 

^(»BPRlseJ)1 prf after oarrIa8e ■•eturn for rectensulsr 

LOCATION: CENTER=0 * CORNER/EDGE*!^^^"^^ fOU”datl°ns: 

^ - o or 1 Should be input for MRECT, Table G1 
Steps 6 and 7 will be reoeat^ • 

Of the problem until the numbe? SOlUtl0n 

Output Data. 

Mechanical swell rnn^»i 

3. If N0PT=1 and NRATE=1 
all computed data will be printed: 

OTiltir 

1 B”eacheDr,re EXCESS PRESSURE,TSE 

2 DELH = 6 ement WÍ11 be Printed belov the ab°ve heading 
FEET 

Total heave will be printed belov the above heading l„ feet 

3 TIME.DAÏS HEAVE.ÍT 

Time required to achieve 20 Un An an 
will be printed below the above haadf0’ “c 9° percent of DELH 

only if N0PT=0 and NRATE'-O. Steps2and ^ WÍ11 be printed 
NOPT=0 and NRATE=1. The nomenni 2 ^ 3 will be printed if 
fined in Table G3. -lature for the output data is de- 

Soil suction modoi 

STEP If B0PTl1 ^ computed to** ‘'HI be printed 
- ----DATA 
1 ELEMENT 

Data of each mCTI°K EXCESE! ^SSUEE.TSP 
each element will be printed belov the above heading 

G3 



STEP DATA 

2 DELH = FEET 

Total heave will be printed above in feet 

3A DEPTH,FT FRACTION HEAVE EXCESS SUCTION,TSF 

Data of each element for each increase of time NOUT will be 
printed below the above heading 

3B TIME = DAYS HEAVE = FT FRACTION = 

Time required to achieve heave and fraction of DELH will be 
printed above for each increase in time NOUT. Step 2 will be 
printed only if NOPT=0 and NRATE=0. Steps 2 and 3B will be 
printed only if N0PT=0 and NRATE=1. The nomenclature for the 
output data is defined in Table G2. 

GU 



Table Gl 

Nomenclature of Input Data 

Symbol 

NOPT 

NPROB 

NRATE 

NSUCT 

NBPRES 

NNP 

NBX 

NMAT 

DX 

DT 

NTIME 

NOUT(I) 

M 
G 

WC 

EO 

M 

ALL 

EPO 

ES 

PO 

SP 

CVS 

CC 

Step _Description_ 

2A Option for amount of output: =0 for heave beneath the 

foundation; =1 for depth, fraction heave, excess 

pressure (or suction for suction model) and heave be¬ 

neath foundation 

2A Number of loading cases using the same material proper¬ 

ties and soil profile 

2A Option for heave with time: =0 not used; =1 heave with 

time computed and printed 

2A Option for model: =0 for mechanical swell model; =1 

for soil suction model 

2A Option for foundation: =1 for circular or pier; =2 for 

rectangular or slab; =3 for long, continuous or strip 

2A Total number of nodal points, NEL+1. NNP is set at the 

depth of the active zone X below which no changes 

in moisture are expected 

2A Number of nodal point at bottom of foundation 

2A Total number of different soil layers 

2A Increment of depth, ft. A DX of 0.5 is usually 

satisfactory 

2B Increment of time, days for NSUCT=1 and NRATE=1. A DT 

of 1 is usually satisfactory 

2B Total number of times that heaves are printed for vari¬ 

ous increases in time 

2B Number of time iterations; DT-NOUT(l) = time, days 

3 Number of soil layer 

3 Specific gravity of soil layer M , G 
3 Initial water content of soil layer M , w percent 

3 Initial void ratio of soil layer M , eQ 

1+A Number of soil layer 

bA Liquid limit of soil layer M , LL percent 

bA Void ratio at PO following saturation of soil layer M , 

epo » Figure 3, Table 3 
bA Void ratio at 0.1 tsf following saturation of soil 

layer M , es , Figure 3, Table 3 
1+A Original overburden pressure of soil layer M , p0 

tsf. Figure 3, Table 3 
1+A Swell pressure of soil layer M , p tsf. Figure 3, 

Table 3 S 

1+A Coefficient of swell of soil layer M , cvs sq ft/day 

1+A Compression index of soil layer M , Cc ; = 0.00T(ALL- 

10) if set equal to 0 or a negative number 

(Continued) 



Table Gl (Concluded) 

Symbol Step 

M 4b 
A UB 

B 4b 

ALPHA 4b 

AKO 4b 

PI 4b 

PERM 4b 

ELEMENT 5 
NO. OF 5 
SOIL 

NEL 5 
NMAT 5 

Q 6 
BLEN 6 

BWID 6 

DGWT 6 
IOPTION 6 

IVOL 6 

IK 6 

MRECT T 

_Description_ 

Number of soil layer 

Suction parameter of soil layer M , tsf 

Suction parameter of soil layer M , dimensionless 

Compressibility factor of soil layer M ; if Alpha= 0 

or negative, alpha is given by Equation 32 

Ratio of total horizontal to vertical pressure of soil 

layer M , K^, 

Plasticity index of soil layer M , percent 

Coefficient of saturated permeability k of soil 

layer M , ft/day 

Number of soil element. Figure 1 

Number of soil layer M 

Total number of soil elements. Figure 1 

Total number of soil layers 

The following are input up to NPROB for each of the 

above variables. This provision permits variation 

in structure loading pressure, foundation dimensions, 

water table depth, type of equilibrium moisture pro¬ 

file, use of volume parameter C and use of variable 

permeability for the soil suction model 

Foundation and superstructure pressure, tsf 

Radius of circular foundation (NBPRES=l); length of 

rectangular foundation (NBPRES=2); =0.0 for long, 

continuous foundation (NBPRES=3), ft 
0.0 if circular foundation (NBPRES=l); width of rectan¬ 

gular foundation (NBPRES=2) and long, continuous 

footing (NBPRES=3), ft 
Depth to the water table, ft 

Equilibrium moisture profile: =0 for saturation (Fig¬ 

ures 4 and 5); =1 for negative hydrostatic head con¬ 

tinuous to depth of water table (Figure 4); =2 only 
when NSUCT=1 for negative hydrostatic head continuous 

to depth of active zone (DGWT should be set to depth 

of active zone or deeper 

Option for volume parameter C of soil suction model: 

=0 not used; =1 if used 

Option for variable permeability of soil suction model: 

=0 for constant k; =1 for variable k 

Option for location: = 0 for center of rectangular 

(NBPRES=2) or long, continuous foundation (NBPRES=3); 
=1 for corner of rectangular foundation or edge of 

long, continuous foundation. Not used if NBPRES=1 

where results are printed only for center of circular 

foundation 



Table G2 

Nomenclature of Output Data 

Symbol 

ELEMENT 
DEPTH, FT 
FRACTION 
HEAVE 

EXCESS 
PRESSURE, 
TSF 

DELH 

TIME, DAYS 
HEAVE, FT 

ELEMENT 
DEPTH, FT 
FRACTION 
HEAVE 

EXCESS 
PRESSURE, 
TSF 

DELH 

DEPTH, FT 
FRACTION 

HEAVE 
EXCESS 

SUCTION 
TSF 

TIME 
HEAVE 
FRACTION 

Step _Description 

Mechanical Swell Model 

1 Number of element 
1 Depth of center of element, ft 
1 (e^ - eo)/(l + eQ) of the element. Equation 9 

1 Ps “ Pf t*16 element. Figure 3; a measure of the 
additional confining pressure needed to avoid swell 
for the assumed equilibrium moisture profile 

2 Total heave AH , ft. Equation 9 

3 Accumulated time from start of heave, days 
Accumulated heave up to TIME, ft 

Soil Suction Model 

1 Number of element 
1 Depth of center of element, ft 
1 DELTA(l)/DX of the element. Equation 11 

1 Difference between the calculated initial in situ 
suction Tmo and assumed final in situ suction 
Tmf » Equation l6, tsf; the initial in situ suction 
of the element if IOPTION=0 

2 Total heave AH , ft. Equation 9 

3A Depth of the element, ft 
3A Accumulated DELTA(l)/DX of the element up to TIME 

3A Difference between initial and final in situ suction 
remaining at TIME, tsf 

3B Accumulated time from start of heave, days 
3B Accumulated heave up to TIME, ft 
3B Fraction of total heave DELH accumulated up to TIME 

(Continued) 



Table G2 (Continued) 

Exemple Problem of Slab Foundation Above 

Water Table 

♦ RUN 
=LACKLAND ABOVE WATER TABLE 8 FT 

NOPT,NPROB,NRATE,NSUCT,NBPRES,NNP,NBX,NMAT,DX 

=1,2,0,0,2,17,1,2,.5 
M,G,WC,E0 

=1,2.69,31.6,.930 

M,ALL,EPO,ES,PO,SP,CVS,CC 

=1,60,.9^3,.951,.21+,1.2,.01,.27 
M,G,WC,E0 

=2,2.78,3U.5,1.0UU 

M,ALL,EPO,ES,PO,SP,CVS,CC 

=2,60,1.01+5,1.051,.29,.1+0,.01,.27 
ELEMENT,NO. OF SOIL 

=1,1 
=11,2 
=16,2 
Q,BLEN,BWID,DGWT,I0PTI0N,IVOL,IK 

=.072,100,100,8.,,1,1 
LOCATION : CENTER=0,CORNER/EDGE=l 

=0 

Mechanical Swell Model 

ELEMENT DEPTH,FT 

1 0.25 

2 0.75 

3 I.25 
1+ 1.75 
5 2.25 

6 2.75 

7 3.25 

8 3.75 

9 I+.25 
10 1+.75 
11 5.25 

12 5.75 
13 6.25 

lit 6.75 
15 7.25 

16 7.75 

DELH = 

FRACTION HEAVE 

O.OII58 
0.01022 

O.OO917 
O.OO833 
0.00777 
O.OO762 
0.00755 
O.OO717 
0.00666 
O.OO62I 
O.OOOI+3 
0.00030 

0.00017 

0.00005 
-O.OO21I+ 

-O.OO596 

0.03755 FEET 

(Continued) 

SO TEST 

EXCESS PRESSURE,TSF 

1.11367 
I.O85OI 
1.05640 
I.O2852 
I.OO702 
1.00078 

0.99775 
0.98124 

O.95562 
O.92758 
O.O9908 
O.O7052 
0.04194 

0.01336 

-O.OI522 
-0.04380 



Table G2 (Continued) 

Q,BLEW,BWID,DGWT,ÏOPTION,IVOL,IK 
= .072,100,100,8. ,1,1,1 
LOCATION : CENTER=0,CORNER/EDGE=1 
=0 

ELEMENT 
1 
2 

3 
1+ 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

DEPTH,ET 

0.25 
0.75 
1.25 
1.75 
2.25 
2.75 
3.25 
3.75 
U.25 
U.75 
5-25 
5.75 
6.25 
6.75 
7.25 
7.75 

FRACTION HEAVE 
0.00542 
0.00526 
0.00510 
0.00496 
0.00489 
0.00500 
0.00515 
0.00514 
0.00502 
0.00488 
0.00005 
0.00000 

-0.00180 
-0.00357 
-0.00426 
-0.00596 

EXCESS PRESSURE,TSF 
0.87148 
0.85845 
0.84546 
0.83320 
0.82733 
O.83672 
0.84931 
0.84843 
0.83843 
0.82602 
0.01314 
0.00021 

-0.01274 
-O.O257O 
-0.03084 
-0.04380 

DELH = 0.01764 FEET 

Soil suction model 

♦ RUN 
=LACKLAND ABOVE WATER TABLE 8 FT DEPTH 
NOPT,NPROB,NRATE,NSUCT,NBPRES,NNP,NBX,NMAT,DX 

=1,2,0,1,2,17,1,2,.5 
M,G,WC,E0 
=1 2.7 25. .97 
M,À,B,ALPHA,AKO,PI,PERM 
=1,6.774,.25,.94,1.,40,.008 
M,G,WC,EO 

=2,2.75,30.,.95 
M,A,B,ALPHA,AKO,PI,PERM 
=2,5.044,.167,1.,1.,40,.008 
ELEMENT,NO. OF SOIL 

=1,1 
=11,2 
=16,2 

(Continued) 



Table G2 (Continued) 

Q,BLEN,BWID,DGWT,IOPTION,IVOL,IK 

=.072,100,100,8.,,1,1 
LOCATION: CENTER=0.CORNER/EDGE=1 

=0 

ELEMENT 

1 

2 
3 
k 

5 
6 
7 
8 
9 

10 
11 
12 
13 
lit 

15 
16 

DEPTH,FT 

0.25 

0.75 
1.25 

1.75 

2.25 

2.75 
3.25 

3.75 
U.25 

U.75 

5.25 

5.75 

6.25 

6.75 
7.25 

7.75 

FRACTION HEAVE 

0.0831+6 

0.07735 

O.O7257 
O.O6873 
O.06622 
0.06570 
O.O6556 
O.O639O 
O.061I+5 
O.O5902 
0.01+929 

O.OI+575 

O.0I+25I 
O.O395I+ 

O.O3679 
O.O3I+23 

DELH 0.1+6603 FEET 

EXCESS PRESSURE,TSF 

3.26169 
3.23653 
3.2111+1 

3.I8698 
3.16855 
3.161+1+6 

3.16339 
3.1I+965 
3.I273I+ 
3.IO276 
0.79939 

0.77077 
0.71+213 

O.713I+9 
0.681+81+ 

O.65619 

Q,BLEN,BWID,DGWT,IOPTION,IVOL,IK 

=.072,100,100,8.,1,1,1 
LOCATION : CENTER=0,CORNER/EDGE=l 

=0 

ELEMENT 

1 

2 
3 
1+ 
5 
6 
7 
8 
9 

10 
11 
12 

13 
ll+ 

15 
16 

DEPTH,FT 

0.25 

0.75 

1.25 

1.75 

2.25 

2.75 

3.25 

3.75 
I+.25 
1+.75 
5.25 

5.75 
6.25 

6.75 

7.25 

7.75 

FRACTION HEAVE 

O.O5233 
O.O5168 
O.O5IO5 
O.O50I+8 
0.05030 

O.O5IO5 
O.O5202 
0.05215 

O.O5169 
0.05110 

O.O395I+ 
0.03826 

0.03703 
0.03581+ 

O.O3I+68 
0.03356 

EXCESS PRESSURE,TSF 

3.OI95O 
3.00997 

3.OOOI+7 
2.99167 
2.98886 

3.OOOI+O 
3.OII+95 

3.OI68I+ 

3.01015 
3.00120 

O.713I+5 

0.7001+6 

0.6871+1+ 
O.67I+I+2 
0.6611+0 
0.61+838 

DELH = O.36639 FEET 
(Continued) 
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Table G2 (Continued) 

Listing 

2774T 01 0«-U*77 14.6J7 

IDOOC 
moc 
1S20C 
1030 
IO4O 
1050« 
1060« 
1070« 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1100 
1190 
1200 
1210 
1220 
1230 

&8 

ills 
1290 

1300 
1310 

1338 

l34o 
I35O 
1360 
1370 
1380 

1400 
1410 
1420 

l«3o 

&8 
1460 
1470 
1480 
1490 
1500 
1510 

PREDICTION QF ULTIMATE AND RATS OF H|AVE-ÜLTRAT 
BASED ON MCCH*NICAL SWELL AND SOIL SUCTION MODELS 
DEVELOPED R* L. D. JOHNSON 
PARAMETER NL*10iNQ*81 
COMMON AINL».B(NL),GtNL>.WB(NLi.EOlNL).EPO(NL).ESINL),PO<NL»i 
SP<NL>»cVS<NL>,aLL{NL).PI(NL)»aLPHa<NL).P|RMINL»»NOUTINL). 
GCIn, I.AKOlNtf.PiNQItlElNOiDiNBX.NEr.DXX^DX.CAW.IOPTION.NRATE, 
DT.nTiMR^NB^NOP^DGWT, IVOLf IN L 
READ 3 
3 FORMAT(30M 
8AM«0,03125 
NP»1 
PRINT 5 
9 FORMAT(«bHNOPTjNPKQB^NRATEtNSUrT.NBPRlS.NNP^NBX.NMAT.uX» 
READ,N0gT#NPRQ8,NnATl*NsuCT»NBPREs*NNPiNBX,NMATiDX 
NEL*NNP-t 
IMNSUCT.EQ.O.OR.NRATE.EO.OiGO TO 14 
PRINT 7 
7 FORNAT<27HDT,NTIME|<NOUTU»,I*1,NTJmE) 
REaD«DT»NTIME*(NOUT(J)|I*1íNTINE) 
14 PR]fc,T 10 
10 FORMAT(9MM|GiRCiEO) 
READ'M,G(M),WC(M),EO«M) 
IF(NSUCT,EQ«i»GO TO 8b 

;rNMÍMAT (2bHM,A(.L*EP0,ES,P0¿SP,CVS,CC) 
READ»M,ALL(M)»EPO(M)«ES(M)ÎPO(M)fSR(M)*CVS(M)iCC(M| 
•ü TO 2o 
25 PRlfftlT 8 
0 FORMAT(23UM|A.B,ALPHA»AKO.PI«PERM) 
READ»M>A(M),B(M)« ALPHA!M)»AKO(M)»P1(M)iPEBM(M) 
IF(ALPHA(M),LE 10,)G0 TO !6 
GO TO 2a 
16 ALPHA(M),l027b»PI(M)-|12b 
1F (PMM),LF.5,)ALPHA<H)»0(0 
IF(PHM),Gç,40, )ALPHAIM)a1, 
20 IF<NHaT-M)26.27,14 
26 PRIrT 17 « u 
17 FORMAT(20H ERROR IN MATERIAL #15) 
STOP 
27 LsQ 
PRINT 3Q 
30 F ORMAT(19HELEMENT «NO• OF SOIL) 
4 y REAPiN«IE(N«i) 
bn L*L*i 
IF<N.L)«6,60,70 
70 IE(L « 1)* IE< L~li1) 
60 T0 5Q 
6U IF(NEL-L)80»60«40 
80 CONTINUE 
200 PRINT 90 
90 FORMAT«32H0#BIEN,BWIO,D6WT, lOPTjON. IVOL,!K) 

(Continued) 
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1520 
1530 
1540 
1550 
1560 
1570 
1580 
1590C 
1600 
1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700C 
1710 
1720 
1730 
I74O 
1750 
1760 
1770 
1780 

t¡90 

IM 
1*20 
1930 
1940 
1950 
i960 
1970 
1980 
1990 
1*00 
1910 
1*20 
1*30 
1*40 
1*50 
1*60 
1*70 
1*80 
1*90 
2000 
2010 
20?0 
2030 

RhAD'U.eUN'BUID'DGWT' I0PT|0NilV0l.«IK 
ihnsuct.éq.q.and, ioptjon.çt.imoptiqnii 
IF(NBPRkS,EQ,2'i0R,NBPF(ES,60,3)80 TO *2 
GO TO 9« 
92 PRINT 96 
96 FORM4TÍ32hlOCATjONI CENTER'D,CORNgR/EDOE«!) 
READ « MRECT 
calculation of surcharge pressure from sou 
94 DXX,PX 
pil)*0,0 
DO 100 J»2,NNP 
MTYP«IE(I-l»l> 
WCC*WC(uTYp)/100, 
SAMH4G(MtVP>*GAW»(1,*WCC )/(1,*E0IMtTP)) 
!F(DXX,ÇT,OGHT,ANU|NSUÇT,fcf)âô ;8AMMfGAMM«G|W 
PUJ*P( J-1)*DX»GAMM 
DXX'DXX'DX 
100 CONTINUE 
palculaTjOn of surcharge pressure from structure 
ANBX'NBX 
ANBX*ANBX'OX 
DXXaO,0 
BPRÉSfQaPtNBX) 
DO 120 J *NqX,NNP 
1F(NBPRE$.EQ,1)G0 TO 122 
IF(NBPRE$.EQ.3)G0 TO 127 
IF(DXX.LT.0iO1)GO TO 123 
IF (MRfcCT *EQ »1)GO TO l2i 
BLEN'BLEN/? t 
BWlDsBWlD/2, 
121 Vfc2F(BLEN'*2,*BW|D'a2,*PXX»«2.»/iDXX»*2.) 
VE«VE2*»0,5 1 
AN»BLfcN»BwID/»DXX#*2',' > 
AN2fAN**2, 
BNH>(2,«AN*VE/(VE2»AN2))«(VE2«li)/VE2 
FNM*2,»AN'VE/(VE2-AN2) 
lF(HRECT,EQ.l>BRRES«BPRES/4i 
IBUTAN(FNM) 
|F(FNM,lT,0,)AB«3.1416*AB 
U)»P< I)*BPRES*(ENHtAB)/3,141i 

60 TO 125 
122 IFIDXX.LT.O.ODGQ TO 124 
PS«i.*(BLEN/DXX)#*2, 
PS«PS*«1.5 
P(I)*P<I)*BPRES*(11«1 ,/PS) 
GO Tq 125 
127 DBiDXX/BulD 
PS«-,157-,22»PB 
TF(MRECT.EQ.O,AND,DB.LT,2,1)PS6at29«DB 
PS«iúi«»PS 
PU)*P(|)*RPRES*PS 
«0 TO 12* 

) 

(Continued) 
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2040 
2Q50 
2060 
2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 

it«8 
21701 

It'S 
2200C 
2210 
2220 
2230C 
2240 
2250 
2260 
227q 
2280 
2290 
2300C 
2310C 
2320 
2330 
2340 

i3«eí 
23708 
2380 
2390 

ür. 
2420 
2430 
2440 
2450 

24^0 
2470 

ii‘8 
2500 
2510 
2520 
293g 
2540 
2550 

123 p(J )»p< |)*BPHES 
125 If UOPTJON.EQol.AND.NSUÇfïEÜ.OlGP TO 130 
60 TO 140 
130 AJ,1-1 
tfNa{DGWT/Dy)-Al 
AL)XX*ANBX + f)XX 
I f ( AIÏXX.GE.DGWTIGO T0 I40 
PU>*PU>*qN*DX«GAW 
140 D*X«0X<*DX 
120 CONTINUE 
IMN0PT,E0.0)G0 TO 147 
PRINT i45 
145 r08MiT(/,33Htl,EMENT DEPTH,FT FRACTION HEAVE, 
21H EXCESS PRESSURE,TSF) 
f47 DXX«ANBX*DX/2, 
IF(NSgCT.EQ;i)G0 TO 150 
CASES FOR MECHAN.CAL. SweLL HODE^ 
CALL HSTAND 
60 TO IftO 
CASES FOB SOIL SUCTION MODEL 
150 CALL HSUCT 
160 NP,NP*1 
IFCNP,GT,NPROB)GO TO 180 
60 TO 200 
180 stop 
END 

egwuiJNE HejAND 
RAHEtEB NL*10,NQ*8l 
MMON AtNL),B(NL),G<NL>,H|tNL»,EOtNL),EP0<NL»»ES<NU#P0<NL)i 
(NL>.ÇVS(NL>.ALL(NL>.PljINL)*4LPHS<HL).PlRMNL»»N0UT(NL). 

DT ,nT JmE»4nBX,nOPT,D6HT, IVOi,, Ip 
DIMENSION AMV(NQ) 
DELHiO.O 
DU 10 IVNBXiNEL 
M’YP6iE(111) 
PR»íPjI)*P(I*1))/2| 
IF(PR,GT.SP<MTYP))GO TO 50 
IMSPFMTÏRI.LT.POIMTVPJ.AND.PR.LT.SPIHTTPJÎGO TO 25 
IF<PR|GT,PO(MTYP),ANDiPOtMTyp),GT.0,|)GO TO 3q 
lF(PR,LS*POIMTYP).ANDtPO(MTYP),GT.0,i)GO TO 4q 
IF(PRiLR•0'1)00 TO 20 
2^ C2*0«1<'SP(MTYP) 
CS2«(ES(MTYP).EO(MTYP))/aL0G1OTC2> 
AMV( i)*-0,435«CS2/m,4E0(MTvP||«PR) 

C7PR/SPtHTyp) 
E,EOFMTrP»*CS2»ALOG10<C> 
60 TO *0 
20 01fPO(MTYP)/0,l 
CSlf (bS(MTYP)«EP0(MTYP))/AL0Gl*<C3>» 

(Continued) 
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2560 
2570 
2560 
2590 
2600 
2610 

28?0 
2630 
2640 
2650 
2660 
2670 
966 0 
2690 
2700 
2710 
2720 
2730 
2740 

2770 
2780 
2790 
2«00 
2610 

2840 
2650 
2860 
2870 
288qC 
2690 
2900 
2910 
2920 
2930 

2960 
2970 
2980 
2990 
3000 
3Q10 
3020 
3030 
3Q40 
3050 
3060 
3070 

AMVJ I )* 0,4354081/( (l,*EQ<MTYPn4P*> 
C»PR/0•4 

E*ES<"TYP>-CSl**LOG10(C> 
80 Tq 60 
30 C2?PQ<MTyP>/SP<MTyP> 
CS2,(EP0(HTyP)-E0<MTYP> )/AI,0G16<C2í 
AMVjnB*0'4354CS2/Ui.*EO<PTYPM»P*> 
e«PR/SP<MTYP) 
g*EO{MTyP»*pS2«ALOGl0<p) 
60 TO 60 
40 ClYO.l/PP.MTYP) 
CSl«<ËS{MTYP)-ÈPOCMTYP))/Ai,OGie<Cl» 
AHVn)«f0i435«CSl/((l,*E0(MTYP»|4P8) 
C»PR/PO|MTYP) 
E*EPO(MTTP)*CSl»ALOG10(Ci 
60 TO 6Q 
50 CCC*CC(MTYP) 
IF ( CGC, LE, 0,00001 )CCC*0,00?« ( ALU (MTYP) •'lOH ) 
AH VI n*P|A35»ÇCC/((Íl*E0(MTYPM §PR ) 
C«SPiHTyP)/PR 
EfEOlHTyP)*CCC#ALOGl0(C> 
60 UpL»(p-pO(HTYP)OtHfyP)) 
IFInOPt,6Q;o7GO t0 75 
DELP«SP|HTYP)-PR 

PRINT 7otI#OXX,DEL.DELP 
70 FORRATI15,PIO,2^15,5,5x^15.5) 
75 PELH»nELH*DX»UEL 
Dxx«nxxtDx 
10 CONTINUE 
PR!Nt 80,OELH 
00 F0RMATt/,10H DEIN « *F10fl|7H FEET./j 
IF(NRATE.EO.OIGO TO 200 ' 
60MPUTE RATES of heave FROR OE0OHE1ER TgSTS 
AKTaO,0 
BKTvOiO 
D° 100 I*N9x(NEL 
RTYPaJElIII) 
AKT,AKTtBX/<CVSlMTYP|»AHy(H) 
BKTfBKTfAHvH UDX 
too continue 
ABaAKT*8KT 
tí¿«o.oiq»ar 
TASO.Q50*AB 
T6«0,163*AB 
T8»0.A35«AB 
T9«0.722«AR 
M2«0,2«PELH 
H4>0.4*PELH 
H6«0.6#PELH 
M8«o »6*PELH 
H9>o.*»PEI.h 
PRINT H# 

(Continued) 
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3080 

l!o8 
3110 
3120 
3130 
3140C 
3150C 
3160 
3170 
3180 

3190* 
3200« 
3210« 
3220 
3230 

iUl 
3260 
3270 
3280 
3290 
3300 

;;;g 
3330 
3340 
3350 
3360 
3370 

3380 
3990 
3400 
3410 
3420 
3430 
344q 
3450 
3460 
3470 
3480 
3490 
3900 
3910 
3920« 
353q 
3940 
3950 
3960 
3970 
3980 
3590 

110 FQRMAT(/«20H TIME » DA|S WEAVE,FT) 
PHINT i2fliT?*H2*T4,H4iT6,H6»T8#H8*T94H9 „ _ . 
120 FQPMAT(/*2ElO,3#/»2ElO,3¡/ir2bl0.3,/j2ElO,3,/»2ElO,3,/) 

200 CQNTINUE 
RETUPN 
END 

8uBR0yTlWf HsuCt 

COMMO^MNU.BÍNLljGÍNLÍrWPlNLltEOtNLÍfEPBlNLÍiESlNUjPOjNL), 
SP(NL),CVS(NL).«U<NL).PI(NU»ALPH4<NL).'PERM<KL)»N0UT(Nu)i 
BCCNUíA^OCND.PlNQJ^EINQaíiNBX.NEL.OxXiOX.SAW.lOPTlON.NRATE, 

DlMENSlQNAUINÍT(NO),U(NQ)»§yÑoí,DEl.TA(No)¡GEE<NO),HSS(NO) 

M»0 
NtJ»NEI.*l 
r«nbx*i 
aneC»nei. 
A«feU*ANiL*DX 
IF,I0PTIQN,EQ,2)G0 TO 9 
60 TO 7 
6 MATNEU«IEINEL*1) 
FNNP» < i » *2 , »AKOIMATNEL. ) ) /31 
8yCTI»AiMATNEL)«B(MATNEU)»BC<MATNEL) 

SOcTl»10.t»SUCÎl . , % 
TnfSUCTl-p<NN>»FNNp#Al.pHA<pAT|YRL> 

7 DELH*0,0 
DO 10 IfNBXiNEU 
RTYP4]E(1i1) 
r«(i»*2l*AKQ(MTTP))/3* 

Bn*.<D<?w*/DX)-A! 
BO*BN»l, 

1F(I¿PTlQN,EO.t,OR,D¥X,GT,BGWT)TF*lBW*BO)»DX«GAW/2, 
íF(IOPTÍqN;EOÍ2»TFÍTFU<ANit-D|X)»9AW 

PH«<p|M*pn*i)i/2, 

AlPtVHAÍmTYP) 
1F(DXX.9T«0OwY)ALP41,0 
TAUFiTFtALP»PR«F 
fF(TAUFiQT,0,000001)GO TO 15 

|0INTFORflAT(3lHNEGATlVE FIRAL EFFECTIVE STRESS, 
PlO,9,12M in ELEMENT,15) 
J»M*J 3 

Î5 T TAUI?A(MTYP)-B(MTJtP)«Wp(MTyP> 
TAUI4iO,»»TAUt 
TI«TAUI**ALP»PR«P 
OlNIT(I)«Tt»TF 
CT.ALPHA(HTYP)«G<MTYP)/(100»«®^TY">> 

(Continued) 
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3600 
3610 
3620 
3630 
364O 
3650 
3660 
3670 
3680 
3690 
3700 
3710 
3720 
3730 
3740 

3^ac 3760 

3791 
3792 
3793 
3794 

3800 
3810 
3820 
3830 
3840 
3*41 
3842 
3843 
3850 
3860 
3870 
j880 
3890 
3900 
3910 
3920 
3930 
3940 
3950 
3960 
3*70 
3?B0 
3990 
4000 
4010 
4020 

CT»CTm.*EO<MTVP> ) 
RtA(j*t*U^TaU^ 
Dfcl.TAUi«CT»AUOGlO(RTAU) 
!F(DBLT4U ).17,0.0. AND! DXX.ST.DÇMTlCíLTAín «DELTA (!)/ALPHA(MTYP) 
ÍF {DELTAU),LT.0.0,AND.TI,tT,0,0)DSLTA.( ! >4CELTA( ! »/ALPHA<MTVP) 
IF (NOPT,EO,0)GO TO 33 
PRiNT SQm.DXX.DElTAI.I.UiN.Tí,» 
30 FO^HAt«I5*Fl0,2|Fl5,5|5X»fl5.9) 
33 DELH«DELH*DX*DELTA(I ) 
35 UX3«DXX*Dx 
to continue 
IFCM.üT,0)(50 TO 200 
PRINT 40.DELH 
40 F0»MAT(/,10H DELH , tFlI.Si/M FEIT,/) 
íf<nrats,eq;q)go TO 200 
COMPUTE RATES OF HEAVE FHOM PERMEABILITY DATA 
tFIIOPTlQN.EQ.l.OR^OPTIO^EQfíIGO TQ 45 
0IN1T(NN)*UINIT(NEL) 
QtNBX)«0» 0 
VtNBX)«Q.e 
PTYP*JEtNBX,1 ) 
B*EOfFT¥P>*<DELTA<NBwU(lf*EO(FTyP»») 
8EEÍNBX)«<E*(1,*E0(FTYP)))/<E0TFTYP)*(^;*|)) 
TAUI«A(FTYP)-B(FTYP)4HC<FTJ(P) 
TAUflO.»«TAUI"UINIT(NBX) 
BSSjtNBX)«IA(rTYP)-ALOG10(TÄU)).6<FTYP)/(100,#i(FTYP)#E) 
Go TQ 47 

INIT(NBx>,.JINIT<NBX*t» 
«U<HRX*1» 

91NBX)*UiNPX » 
oInit(nnUo,o 
FTYPfIE< N$X11) 
«EEJNgXlU, 
M8S|nBX)«HC(FTYP)*G<FTYP)/UOO,«EO<FTYP)) 
47 DO 50 I«N,NN 
DU)*UIN!T(I) 
V»J)»UINIT(l) 
50 continue 
nct«8 
m«o 
TiME»0.0 
l>0 nct»nct*i 
8J»2«N1 
DO *0 JTNiNEL 
IF (JJ|EQ. NOT )GO TO 60 
T«J 
1F(U( I’D .LT.O.O.AND'.UI I I.GT.0,p)UU)«0'.O 
lF<utl-l> ,GT.Otp.AND,U(I)tl,T.O,0)UUl«O’.O 
80 TO 7Q 
80 I«NEL*N-d 
1F( U( ItD,LT. 0,0. AND.Ul I »»IT.O.DUt I )>0,U 
TF(UiI*3).GT.0,Q,AND,Um,LT;0,P)UU)«0;0 

UlNBxV 

(Continued) 
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4030 
O4O 
050 
060 
070 
080 

110 
120 
130 
140 

Ù 
170 

200 
210 
215 
22o 
225 
230 
240 
245 
250 
260 
270 
280 
290 
300 
310 

ill 
340 
350 
360 
3?« 
380 
390 
400 
410 
420 
43o 

455 
456 
460 
470 
48g 
490 

70 MTYP«Jp(I>1) 
NTYP*IE(!*1»1] 
PP«<P{Ul»*P(I)>/2, 
F«ti;*2,iAPo<MTvP)>/3V 
A1P4AUPHA(HTyP) 
YAUi«A(HTYP)-B(MTYPi«WC(MTJ[P) 
T*Ulflot»»TAUJ 
tF(DXX,ÇT,DGWT)ALP«1.0 
TI«TaUNaLP.PP.F 
TFsT ] -U I T ( I ) 
tau»uu)*alp*pr*f^tf 
!FtTAU,Li.0,001)TAU.YAUI 
TtHPt»l01..*<1,*EO(HTVP) )-AUPHAIHTYP)tWC(MYYP)fG«MTVP) 
TEmPI^A^cHa(MTYP)»G(MTYP)•< A(MTyP)»ALO8l0(T au )) 
lF(TltLi,0,0)60 TO 65 
YfcMP4<B<flTYP)•TEmPi *TEHPb )**2« 
SE«i SORT < TEMP ).100 (•BiHTYPMtU^-ÊO (HT Yp)J 
«fcEn)«6E/(E0(MTYP)#SQRT(TgMP)) 
MS«TEHP2/ÍALPHA(mTyP)»(SORT<TEHP)-100.»B^TyPU I 
IF (HS•GT.1,)HS|1, 
HSS( ! )»H8#*3 » 
PERRtPERH(NTYP)«GEEU-l>»HSS(I» 
PERYRERH(HTyP)»GEE( I )^88( 1 ) 

1) 

!F( IK,Ey.0)pER«pERH(HTyp) 
1F (ÍK,EQ,0)PEPR*PERM<NTYP) 
0V«75,73*PEH»TAU*TEMP/(G(HTÏP)RB(MTYP)«TEHP1) 
•0 TO 6ft 
65 DW«0,435»G(MTYP)/Í100I»B<MTYP)#U,*60(HTYP))6TAU) 
DV«pERM|MTYp)/(GAW»DV> 
*6 R*PiPR/PER 
dr«dv*dt/idx«dx, 
C0NT41.#TEMP2/(Ô(HTYP)»TEMPI) 
1F< IVQL»EO.0>CONT«l, 
IF(R.GT,10000,)R«10000, 
FR*(1,-I)/(1.*R) 
1F(JJ,E9« NOT)GO TO 75 
si.uu*;)*(un*i>-v(]-i>)»FR 
Um*(DG«lU< I-i )-Um*SI)*U<I>»CONT)/<DR*eONT> 
60 TO 89 
75 3l»U(l-l)*(V<l*l)rU<I*l))»FP 
y* I )•( DR*<,.( I*l)-y*ll*SI)*u<l) »CONT )/< DR*e0NT ) 
90 contHue w 
!F(JJ,NE,NCT)N1,n1*1 
IFdOPTlPN.EOiglGO TO 85 
0(NBX)*U<NBX+i> 
Y*NBX)«U(NRX) 
6eeíNuX)*Gfe(NBX«1> 
MSS<N*X)»Hss<NBX*1) 
GO TO 87 
85 U(NN)aU*NEL) 
Y FNN ) »U ( (|H ) 
87 TIHEfTIME+DT 

(Continued) 
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4500 
4510 
4520 
4530 
4540 
455g 
4560 
4570 
4580 
4590 

46°2 4610 
4620 
4630 
464Q 
4650 
4660 
4670 
4680 
4690 
4700 
4710 
4720 
4j30 
«740 
47sJ 
4760 
4770 
4780 
4790 
<«004 
48IO 
4820 
4830 
4840 
4850 

»NTIHE 

11Ö 

185 

FRACTION heave 

po 90 
90 V<I>»U<I> 
DO 100 I«l, 
S«NOUT(I ) 
1F(NCT,69,j)GP To 
100 COSTlNUe 
80 TO 159 
110 IF INOPT|EQ,0)Q0 TO 
PWINT !20 
120 FORHaT(//(44hdePTh.FT 
125 OKLHTbqi g 
PXXMNBX-PX/2, 
DO 130 I»NpX.NEL 
HTTP4IEn,l) 
TAUl*A(MTvP>-B(MTyP>*WC(HT«P) 
TAUI410,4«TAUI 
TAUF*TAgi-U!NITU ) 
TAU»TAUI*U(I)-UlNlTm 
R'AU«Taü|^taUf 
rtavtaui/tau 

IF<NOPT,EQ.O)GO TO 135 
PHINT l6p#DXX*DEL»UU) 
14p F0RNAT(F?,2,Fi5l5«5xiF*5a5l 
135 DXX*0XX*DX 
130 CONTINUE 
Ratio » DcLhT/DcLh 

íI2ít,me'°elht.'RAtIO 
f5u rTr0B”AT(/*5HTíME*íF8,2|14N DAVS 
I5« FT FRACTI0N«|F7,4> 
IF(NCT >9Q•NOUT(NTIHE))QO TB 9Q8 
60 TO 158 * 
200 CÛNT 
RE tuRN 
END 

EXCESS SUCTION,T|F) 

HEAVE.ÏF8.4, 

'iNUE 



APPENDIX H : NOTATION 



NOTATION 

A* 

AKO* 

ALPHA* 

AREA 

B 

BLEN* 

BWID* 

c 
vs 

c ,CVS* 
vs 

C 

C 

c ,CC* 
c 

s 

CVS 

C 
T 

D 

T 

DELTA(i) 

Soil suction parameter corresponding to the intercept on 
the ordinate of the soil suction-water content relation¬ 
ship, tsf 

Ratio of total horizontal to vertical stress in situ, 

Compressibility factor, a 

2 
Area of base of pier, ft 

Soil suction parameter corresponding to the slope of the 
soil suction-water content relationship 

Length of foundation, ft 

Width of foundation, ft 

2 
Average coefficient of swell, ft /day 

Coefficient of swell, ft2/day 

Soil cohesion, tsf 

Dimensionless volume parameter 

Compression index 

Swell index 

Constant volume swell test 

Suction index 

2 
Moisture diffusivity, ft /day 

Time parameter, days/ft 

Dimensionless time parameter 

2 
Thermal diffusivity for liquid water, ft /daydeg C 

Potential volumetric swell of soil element i , fraction 

* Capitalized symbols used in ULTRAT. 
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DGWT* 

DT* 

DX* 

DXX* 

ef(i) 

e0(i) 

e ,E0* 
o 

e ,EPO* 
po’ 

eg,ES* 

E 

E25 

F 

F(i, t + 1) 

Ge,GEE* 

G ,G* 

H 

H 

HYD 

Depth to the ground water table from the ground surface, ft 

Increment in time t , days 

Increment of depth, ft 

Accumulative increments of depth from bottom of the 
foundation, ft 

Void ratio 

Final (equilibrium) void ratio 

Final void ratio of element i 

Initial void ratio of element i 

Initial void ratio 

Void ratio under the overburden pressure p when the 
pore water pressure is zero 0 

Void ratio under the pressure 0.1 tsf when the pore 
water pressure is zero 

Void ratio at time t 

Microvolt output at temperature t 

Microvolt output at 25 C 

Fraction of total potential heave at some given time 

Fraction of the potential volumetric swell of soil 
element i at time t + 1 

Void ratio factor, (et/(l + et))/e /(1 + e )) 
o o 

Specific gravity 

Depth of soil, ft 

One-half of the thickness of the specimen for sorption 
from both top and bottom of the specimen, in. 

Hydrostatic equilibrium moisture profile, u = u + 
Y (DXX-X ) wf wa 
w a 

* Capitalized symbols used in ULTRAT. 
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ISO 

k 

k ,PERM* 
s ’ 

n 

K 
o 

K 
T 

L 

LL* 

M 

n 

N 

NBX* 

NEL* 

NPROB* 

P 

Improved simple oedometer test 

Coefficient of vertical permeability, ft/day 

Initial coefficient of vertical permeability of saturated 
soil at void ratio eQ , ft/day 

Coefficient of vertical permeability at time t , ft/day 

Coefficient of vertical permeability of soil layer n at 
time t , ft/day 

Ratio of intergranular pressure on horizontal and vertical 
planes, coefficient of earth pressure 

Ratio of total horizontal pressure to total vertical 
pressure in situ 

Vertical load applied at top of pier at ground surface, 
tons 

Liquid limit, percent 

Coefficient of volume change, tsf-1 

Gram-formula veight per 1000 grams of water 

Thickness of soil layer 

Fraction of volumetric swell that occurs as heave in the 
vertical direction 

Number of nodal point at bottom of the foundation 

Total number of elements 

Number of problems 

Total vertical applied pressure, tsf 

Pressure at base of foundation, tsf 

Final total vertical pressure including pressure from the 
foundation, tsf 

Pfo Final total soil vertical overburden pressure, tsf 

* Capitalized symbols used in ULTRAT. 

HU 



Pfo(NBX) Total vertical overburden pressure of surrounding soils 
at bottom of the foundation, tsf 

Pj. Final vertical effective pressure, tsf 

Pq'-PC** Initial total vertical pressure, tsf 

Ps-SP* Swell pressure, tsf 

P st 

PI* 

PL 

PVR 

q,Q* 

R 

RAD 

RH 

S 

SAT 

SO 

S 
P 

t 

s 

T 

Vertical pressure due to the foundation and super¬ 
structure, tsf 

Plasticity index, percent 

Plastic limit, percent 

Potential vertical rise, ft 

Total foundation and superstructure pressure, tsf 

Ideal gas constant, 86.81 cc-tsf/mole-deg K 

Radius of pier shaft, ft 

Relative humidity, fraction 

Degree of saturation, fraction 

Saturated equilibrium moisture profile, u = 0 
wf 

Swell overburden test 

Swell or potential heave, percent 

Time, days 

Time to complete 90 percent of primary swell, min 

Absolute temperature, deg K 

Time factor needed to complete 90 percent of primary 
swell, 0.848 

Surface tension of liquid water, ton/ft 

Uplift forces, tsf 

* Capitalized symbols used in ULTRAT. 
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U 
w 

U 
wa 

wf 

u 
wo 

V 

V 

w 

vo,WC* 

X 

a, ALPHA* 

as 

w 

irT 

A 

Pore water pressure, ttf 

Pore water pressure at bottom of active zone, tsf 

Final (equilibrium) pore water pressure, tsf 

Initia] pore water pressure, tsf 

Volume of a mole of liquid water, 18.02 cc/mole 

Total volume, ft^ 

Volume of water, ft^ 

Specific total volume, (l + e)/G 
S 

Initial specific volume, (l + e )/G 
o s 

Water content, percent dry weight 

Initial water content, percent dry weight 

Vertical coordinate or elevation head above a reference 
datum, ft 

Depth below which no change in moisture occurs or volume 
changes are negligible, ft 

Volume compressibility factor 

Volume compressibility factor for change in volume 

Compressibility factor for change in mean normal 
confining pressure 

Moist unit weight, tons/ft3 

Dry density, tons/ft3 

Unit weight of water, 0.0312 tons/ft3 

Relationship between surface tension of water and temper¬ 
ature, deg C-1 

Change in; e.g.. At 

* Capitalized symbols used in ULTRAT. 
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AH 

AHT 

0 

ae 

3e/9t 

9T 
s 

9x 

a 

a 
o 

a 
o 

T 

T 
m 

T 
mo 

T o 
m 

Potential vertical heave at the bottom of the foundation 
from swelling in soil of depth H , ft 

Potential vertical heave at time t + 1 at the bottom 
of the foundation, ft 

Increase in pressure at base of foundation, tsf 

Increase in pressure due to the foundation and super¬ 
structure, tsf 

Change in specific total volume 

Change in water content, percent dry weight 

Volumetric water content, fraction 

Partial derivative of volumetric water content, fraction 

Partial derivative of volumetric water content with time 

Partial derivative in surface tension of liquid water 
ton/ft ’ 

Partial derivative of vertical coordinate or elevation 
head above a reference datum, ft 

Total mean normal confining pressure, tsf 

Final total mean normal confining pressure, tsf 

Final effective mean normal confining pressure, tsf 

Initial total mean normal confining pressure, tsf 

Initial effective mean normal confining pressure, tsf 

Total soil suction under surcharge pressure, tsf 

Matrix suction under surcharge pressure, tsf 

Initial in situ matrix soil suction, tsf 

Final (equilibrium) in situ matrix soil suction, tsf 

Osmotic suction, tsf 

Total soil suction without surcharge pressure, tsf 

Matrix suction without surcharge pressure, tsf 

H7 



surcharge pressure, tsf 
T o 
mo Initial matrix soil suction without 

Final (equilibrium) matrix soil suction without 
pressure, tsf surcharge 

$ Pore pressure potential, ft 

<J> Angle of internal friction, deg 
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In accordance with letter from DAEN-RDC, DAEN-ASI dated 
22 July 1977, Subject: Facsimile Catalog Cards for 
Laboratory Technical Publications, a facsimile catalog 
card in Library of Congress MARC format is reproduced 
below. 

Johnson, Lawrence D 

Predicting potential heave and heave with time in swelling 
foundation soils / by Lawrence D. Johnson. Vicksburg, Miss. : 
U. S. Waterways Experiment Station ; Springfield, Va. : 
available from National Technical Information Service, 1978. 

78, [116j p. : ill. ; 27 cm. (Technical report - U. S. 
Army Engineer Waterways Experiment Station ; S-78-7) 
Prepared for Office, Chief of Engineers, U. S. Army, 

Washington, D. C. 
References: p. 71-78. 

I. Computer programs. 2. Heaving. 3. Permeability (Soils). 
4. Soil suction. 5. Soil swelling. 6. ULTRAT (Computer 
program). I. United States. Army. Corps of Engineers. 
II. Series: United States. Waterways Experiment Station, 
Vicksburg, Miss. Technical report ; S-78-7. 
TA7.W34 no.S-78-7 
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