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FOREWORD 

The Jackson field test section is one phase of a continuing : 
study under the project "Properties of Expansive Clay Soils." The proj

ect was started in 1967 under the sponsorship of the Office, Chief of 
Engineers, U. S. Army, Directorate of Military Construction. The ini
tial studies were performed under the Operations and Maintenance, u. S. 
Army, program. These studies were continued in 1971-1972 under the 
Permanent Construction Materials and Techniques program through the 

U. S. Army Construction Engineering Research Laboratory. The Jackson 
studies through December 1970 are described in this report. 

The project was under the general supervision of Messrs. J. P. 

Sale and R. G. Ahlvin, Chief and Assistant Chief, respectively, of the 

Soils and Pavements Laboratory, U. S. Army Engineer Waterways Experi

ment Station (WES), Vicksburg, Mississippi. This report was prepared 
by Dr. L. D. Johnson under the supervision of Messrs. C. L. McAnear, 
Chief, Soil Mechanics Section, and W. C. Sherman, Jr., Chief, Soil and 

Rock Mechanics Branch. 

COL Levi A. Brown, CE, and COL Ernest D. Peixotto, CE, were Direc
tors of the WES during the conduct of this study and the preparation. 

of this report. Mr. F. R. Brown was Technical Director. 
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. CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

mils 

inches 

feet 

Multiply 

miles (u. s. statute) 

square feet 

tons (2000 lb) 

pounds (mass) per square foot 

pounds (mass) per cubic foot 

tons (force) per square foot 

Fahrenheit degrees 

by 

0.00254 
2.54 
0.3048 
1.609344 
0.092903 

907.185 
4.882429 

16.0185 

95.76o6 
5/9 

To Obtain 

centimeters 

centimeters 

meters 

kilometers 

square meters 

kilograms 

kilograms per square meter 

kilograms per cubic meter 

kilonewtons per square meter 

Celsius or Kelvin degrees* 

* 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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SUMMARY 

Differential swelling and shrinkage of foundation soils are re
sponsible for considerable damages to buildings and other structures 
in many parts of the world. One of these regions is in Jackson, 
Mississippi, and the surrounding area, where many types of structures 
have been damaged from movements of the underlying Yazoo clay formation. 

Field test sections; each containing an instrumented 100-ft
square area covered with an impermeable material simulating a light
weight structure, have been planned for five regions. The first test 
section was constructed near Jackson in October 1969 in an area under
lain by the Yazoo clay formation. Results of field and laboratory in
vestigations conducted prior to construction were used to estimate the 
amount of heave anticipated in the test area. 

The climate at Jackson is warm and humid. The test section was 
constructed on a moist soil profile. Negative pore water pressures of 
about 1 tori/ sq ft have been measured in the laboratory in undisturbed 
samples of Yazoo clay. Accumulative heave of less than 0.04 ft mea
sured during 1-1/4 years of observations shows a pattern of very slow 
change that may require years before the maximum heave is developed. 
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PROPERTIES OF EXPANSIVE CLAY SOILS 

JACKSON FIELD TEST SECTION STUDY 

PART I: INTRODUCTION 

Background 

1. In many parts of the world, considerable damage to small and 

large buildings, such as houses, offices, hospitals, and special pur

pose buildings, has been caused by differential swelling and shrinkage 

of foundation soils. The economic loss resulting from damages to foun

dations, pavements, on-grade floor slabs, retaining walls, canal and 

reservoir linings, and other construction probably can never be f'ully 

estimated. Although the phenomenon of swelling soils has been studied 

for many years, the behavior of expansive soils cannot be predicted 

adequately. Improved foundation design and construction procedures 

need to be developed to effectively control the soil behavior or to 

provide adequate means for a structure to tolerate the predicted 

movements. 

2. Expansive clays o~en heave because transpiration of moisture 

by vegetation and evaporation is inhibited under a structure, allow-

ing soil moisture to accumulate from rainfall, artificial watering, 

and capillary rise from the water table.1- 4 The amount of heave be

neath a structure is a function of the climatic environment, the water 

table depth, the amount and type of clay minerals, and other factors.5' 6 

3. Structures constructed by the Corps of Engineers have under~ 

gone serious distress and have caused operational problems as well as 

architectural nuisances, such as cracked walls, uneven floors, and 

Plaster falling from cracked ceilings and walls, in medical and other 

facilities. These are described briefly in a recent survey report by 

the U. S. Army Engineer Waterways Experiment Station (WES). 7 A project, 

"Properties of Expansive Clay Soils," sponsored by the Office, Chief 

of Engineers, Directorate of Military Construction, was organized by 
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WES to detennine suitable criteria for designing foundations for 

permanent-type structure's founded on expansive soils. Reliable criteria 

must take intn account the yolume-change characteristics of the founda

tion soil and, consequently, the prediction of the ultimate in situ 

heave. The results of this program will be incorporated into a compre

hensive design and construction manual for foundations on expansive 

soils. 

4. WES studies include compilation of all available literature 

on the behavior of swelling clays and heave prediction methods, a field 

study program to determine in situ heave characteristics of soils be

neath pile and slab foundations, laboratory research directed toward 

the measurement of negative pore water pressure, and an analysis of 

construction methods for building on swelling soils. A recent litera

ture survey7 indicated that extensive .investigations into all recognized 

aspects of swelling soils have been conducted in many parts of the world. 

The field study program will facilitate an evaluation of many factors 

influencing the in situ behavior of expansive soils through observa

tions of instrumented test sections located in typical expansive clay 

problem areas in the United States, such as Jackson, Mississippi; San 

Antonio, Texas; Rapid City, South Dakota; Denver, Colorado; and Gallup, 

New Mexico.8 Laboratory studies have resulted in a simple and rapid 

technique for.measuring su?tion pressures by thermocouple psychrometers. 

Observations and analyses of selected structures are also being per

formed to verify design and construction concepts developed from labora

tory and field investigations and from comparative analyses of founda

tion systems. 

-Ptirpo-se and ·scope 

5. The first field seetion was constructed at the former Clinton 

installation of the WES. The test section (herein referred to as the 

Jackson test section) is located on the very expansive, slickensided 

Yazoo clay formation near Jackson, Mississippi. The purpose of this 

report is to review progress of the Jackson test section study and to 
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lay groundwork for future research in this program. The report in

cludes a description of the test area, laboratory analyses of the test 

site soil,- field observations of the site instruments from October 1969 

through December 1970, and an analysis of results. The appendices in

clude details of the laboratory swell tests on samples from the Jackson 

test section and descriptions of the test section instrumentation. 
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PART II: DESCRIPI'ION OF THE JACKSON TEST AREA 

Heave Behavior in the Jackson Area 

6. Many cases of structural damage have been observed in the 

vicinity of Jackson that range from slight movements to displacements 
of as much as 1 ft* in the underlying Yazoo clay formation.9,lO,ll 

All types of structures seem to be affected, including private homes, 
buildings, utility lines, streets, highways, and airfields. 

7. In the case of one four-story building, the bearing walls 

were placed on piling and showed no m.ovement. 9 The partition walls on 

the lowest floor were placed on a slab over a few inches of base course 

material laid directly on the Yazoo clay. Upheaval of this slab forced 

the partition walls upward causing considerable damage to the interior 
walls, floors, and ceilings, up to the top floor. The former WES Con

crete Division building at the Clinton installation is founded on piles 
with grade beams laid on the soil. Whether movement has occurred in 

the piling is not clear; but large cracks on the order of 1 in. in 

width have appeared at several locations in the exterior walls, and the 
interior floor slabs show signs of considerable heave. Other buildings 

in the area with conventional foundations and no piles also have ex

perienced cracked exterior walls and uplifted floor slabs. 

8. After only a few years of service, highways and pavements in 

Mississippi have been plagued with serious distortions from accumulated 
heave. Observations of highways have indicated that roadway distortion 
is more severe within cuts and grade points than in fill sections. 

Laboratory tests and actual flooding of a research highway section have 
shown swells of about l ft in a cut portion.

11 
The east runway of 

the Allen c. Thompson Field (formerly Jackson Municipal Airport) has 

accumulated heaves of up to 6 and 7 in. after ten or more years of 
. 12 service. 

* A table of factors for converting British units of measurement to 
metric units is presented on page ix. 
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9. Differential movement o~en occurs where a subgrade has been 

trenched for utility connections and the trench walls allowed to dry, or 

where dry backfill has been placed around a structure.9 A tipsy side

walk in the front of one home appeared to.have originated from heave 

over a trench that had been cut along the sidewalk for connection of 

utility lines to the house. Heave of 5 in. was observed in the in situ 

Yazoo clay adjacent to a backfill that had been placed against a bridge 

abutment.9 The face of this exposed Yazoo clay would have had ample op

portunity to dry while the bridge was being constructed and before the 

backfill and pavement were placed. Of'ten, during the course of past 

construction, little effort has been made to prevent cut faces or fill 

materials from losing moisture.9 

10. Construction pr~ctices for buildings in the Jackson area 

normally include the installation of piles with sufficient clearance 

under grade beams to allow considerable movement without affecting the 

beams.9 Past experience indicates that most moisture changes occur in 

the upper 8 f't of soil below the surface; hence, piling should extend 

below 8 ft. The top 6 to 8 f't can be lined with some bond-breaking 

material, such as building paper or plastic sheeting, to reduce fric

tion force on the piles.9 The length of piling should be extended suf

ficiently below 8 f't to provide adequate bearing capacity. 

Soil Conditions 

11. The Jackson test area is in a region known as the Jackson 

Prairie which runs in a generally east-west direction across the State 

of Mississippi. The predominant soil of this belt is a fat, stiff 

marine clay o-f the Jackson- group-, called- Yazoo- cl:ay- because- err- its- out-

cropping along the Yazoo River basin.13 The Yazoo clay formation was 

deposited in glacial times with a thickness of about 400 ft in the 

Jackson area. In later periods, a lean clay loessial material, ranging 

in thicknesses from 0 to 12 f't, covered the Yazoo clay.9,l4 

12. The upper 10 to 15 f't of the Yazoo clay weathered whtle it 

was exposed during its early history to a yellowish or greenish-yellow 
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color, frequently stained by limonite and manganese along joints. 

Shrinkage cracks that had developed in the weathered clay closed during 

later periods when the overburden was placed but remained as joints 

or slickensides.9,l3 Gypsum crystals in the selenite fonn are common 

at outcrops and are found at depths up to 40 ft. The gypsum probably 

fonns by effects of the decomposition o~ pyrite on fossils and lime in 

the clay. At greater depths, the Yazoo clay is unweathered and not 

jointed. It is fairly homogeneous and consists of blue-green to blue

gray calcareous, fossiliferous clay with some pyrite.13 Atterberg 

limits of samples of Yazoo clay indicate liquid limits from 50 to 120 

and plasticity indices from 30 to 8o.9,l5 Swell tests of the constant

volume type described in Appendix A indicated soil swell pressures from 

0.8 to 1.8 tons/~q ft. 15 When wetted, air-dried Yazoo clay slakes 

quickly, while the structure of the material previously kept at natural 

water content is affected very little by the addition of water.9 

13. The mineralogical composition of a minus 2 micron fraction of 

an unweathered Yazoo clay sample, taken about 1/2 mile from the test 

site at an elevation of 300 ~ above mean sea level, is given in 

table 1.16 On the basis of this analysis, the montmorillonite content, 

the component heavily responsible for the swelling in clay soils, is 

on the order of 30 percent of the minus 2 micron fraction. The chem

ical analysis of a specimen from a boring sample in this type of soil 

located 24 miles north of the test site is also given in table 1. The 

soil down to.26 ~of depth is leachedlO and does not contain appre

ciable quantities of calcium and sodium, although gypsum crystals are 

found in the weathered clay. The calcium content below 26 ~ is 5.7 

to 7.5 percent with minor a.mounts of sodium, suggesting that the ex

pansive clay is a calcium montmorillonite. 

Description of the Test Site 

14. The testing area is located near the town of Clinton, sev

eral miles west of Jackson, on the crest of a rolling hill at an eleva

tion of 328 ft with drainage sufficient to avoid ponding. Rainfall near 
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and on the covered section flows to the northwest corner by way of 

shallow drainage ditches adjacent to the section perimeter. A gravel 

road with drainage ditches circles around the southern and eastern 

sides of the section. The road comes within 34 ft of the southeast 

corner of the test area but is several feet lower in elevation. The 

climate of the area is warm and humid with about 50 in. of rainfall 

and open-pan evaporatio'n annually. A schematic diagram and photo of 

the instrumented and covered test section are shown in figs. l and 2, 

respectively. Instrumentation includes a permanent bench mark, 

piezometers, surface and deep heave plugs, soil suction thermocouple 

psychrometers, soil temperature thermocouples, and a weather station. 

Water contents were determined by nuclear moisture probes passed down 

aluminum access tubes. A temperature thermocouple was located with 

each of the thermocouple psychrometers. The weather station was located 

about 125 ~ southeast of the test section center as viewed in fig. 2. 

Details of these instruments are given in Appendix B. An impermeable 

cover was placed on a graded level surface which had been stripped of 

0 to 6 in. of vegetation on 6 October 1969 near the end of the dry sea

son. The cover consisted of two 100-ft-square impermeable membranes 

separated by a lay~r of moist concrete sand as shown in fig. 1. Slits 

made in the top cover for instruments were sealed with weather

resistant gray fabric tape. Periodic maintenance was required to re

seal joints in the cover. By 31 December 1970, the top cover showed 

deterioration in the form of cracking, embrittlement, and scaling of 

the vinyl layers to the extent that replacement was necessary. Also, 

the gray tape was found to be ineffective as a permanent seal material. 

The top cover was replaced on 19 January 1971 with a Tl6 neoprene mem

brane that adequately covered the entire section and eliminated_the.se_ 

maintenance problems. 
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Fig. 2. View of Jackson test section 



PART III: LABORATORY ANALYSES 

Soil Classification 

15. Visual classifications of the soil from each boring on sec

tions A-A and B-B of fig. 1 are shown in fig. 3. Sample borings P-5, 

A-1, PU-6, and PU-7 are projected onto section B-B for convenience. 

The notations PU-2, PU-3, PU-6, and PU-7 in fig. 3 refer to undisturbed 

sample borings located at P-2, P-3, P-6, and P-7, respectively, in 

fig. 1. Interpretations made from these borings and test data presented 

in table 2 indicate that the surface soil to a 4-ft depth is a fat, 

brown clay (CH). From 4 to 8 ft, the soil is a lean clay (CL) mixture 

of tan and brown components. Below the 8-~ depth, the soil is fat, 

tan and gray (or yellowish or greenish-yellow), slickensided clay (CH) 

referred to as weathered Yazoo clay of the Jackson group. At about a 

26-~ depth, the clay becomes blue-gray, indicative of the unweathered 

condition. Gypsum is also found below 20-~ depths in the undis

turbed boring samples. 

16. A generalized soil profile based on the above data is given 

in fig. 4 with the specific gravity, Atterberg and shrinkage limits, 

and natural water content w of the soil. The surface stratum down 
n 

to 8 ft is a loess soil, while the remaining soil profile is Yazoo 

clay. The,specific gravity of these soils ranges from 2.68 to 2.75. 

The Atterberg limits plotted in the plasticity chart in fig. 5 show 

that the. data fit into a fairly narrow band above the A-line and below 

the U-line. 

in fig. 6. 
Gradation results for samples from boring PU-2 are shown 

About 20 percent of the soil from 2-1/2- and 5-~ depths 

is finer than 2 microns, while 70 percent of the tan and gray clay 

from 10- and 20-ft depths is finer than 2 microns. The natural water 

content of the soil is near the plastic limit to a depth of about 4 ~ 

but becomes higher than the plastic limit at greater depths, as shown 

in fig. 4. The ratio of the natural water content to the plastic limit 

and the liquidity index are given in fig. 7 and table 3. The liquidity 

index IL is a comparison of the natural water content with the 
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plastic limit, and it is defined by17 

where 

w - w 
I = n p 
L I p 

w = natural water content 
n 

w plastic limit p 
Ip = plasticity index 

A liquidity index near zero shows that the natural water content is 
near the plastic limit. The activity A was originally defined by 

18 19 ' Skempton but later modified by Seed, et al. to 

where 

I 
A= _ _.P_ 

C - N 

C = percent of clay size less than 2 microns 
N = constant 

(1) 

(2) 

The constant N was introduced to adjust for differences in operating 
characteristics of the British and American liquid limit devices, and 
it appears to be about 5 for natural soils in the United States. The 
activities in table 2 were computed from equation 2 with N equal to 5. 
Soils with ~igher activities for a constant percent of clay sizes finer 
than 2 microns have greater swelling ability. 

Swell 

17. Swell characteristics of the soil at the Jackson test site 
were -inveSUga:teCi -by swell pressure, swell (overburden), 20 constant-

21 22 volume swell, and double oedometer tests on undisturbed samples. 
Test procedures are described in Appendix A. 
Swell pressure 

18. Swell pressure tests were performed for estimating the ini
tial negative pore water pressure distribution within the soil. Test 

16 



results on samples from boring PU-2 taken in November 1968 are shown 
in table 4 and indicate pressures up to 1.8 tons/sq ~. Fredlund23 

found that this type of swell pressure test underestimated the actual 
swell pressures in the soil, because small increases in volume produce 
pronounced decreases in the measured swell pressure. Although the dial 
gage reading of the consolidometer can be maintained constant while 
the.specimen is given free access to water, volume change is occur
ring in the specimen as it seats against the porous stones and com
presses the components of the consolidation assembly. 
Swell (overburden) 

19. The swell of samples under the in situ soil overburden loads 
from boring PU-2 (see table 4) was determined without the cover weight. 
Later tests were performed on samples from boring PU-3 taken October 
1969 just before the cover was placed on the section. The overburden 
loads were applied in two increments: one equal to the soil weight, 
and an additional increment of o.o6 tons/sq ft to simulate the weight 
of sand in the s'ection cover. The measured swells for boring PU-3 
given in table 5 average about 1 percent, and the values are generally 
greater than those from boring PU-2. Laboratory tests on PU-2 were 
performed by the Soils and Pavements Laboratory at the WES, while tests 
on PU-3 were performed by the Southwestern Division Laboratory at Fort 
Worth, Texas. Differences in equipment, experimental error, and sample 
location may account for the differences in results between boring 
samples PU-2 and PU-3. Reasons for these differences are not apparent 
from the comparison of Atterberg limits and water contents listed in 
table 3. 
Constant-volume swell 

20. The constant-volume swell method described by Sullivan and 
McClelland21 is founded on- the- princ±p-le- of- eff'e-cti-ve stress. The t-est
resuJ.ts are usef'ul for determining in situ negative pore water pressure, 
as well as swell properties. 23 ,24 This test may underestimate the 
suction in partly saturated soils because the fraction of applied pres
sure effective in changing the pore water pressure may be less than 
one. In other words, the total influence of the suction pressure 

17 



cannot be mobilized against the external pressure unless the pressure 

is a gas. Observations have shown that for a relatively dry clay, the 

swell pressure may be about one/tenth of the suction.25 , 26 Data on 

samples from boring PU-3 shown in table 5 and fig. 8 indicate that 

swell pressures P of from 1.1 to 2.8 tons/sq ~ existed in the soil 
s 

during October 1969. The difference between P and the overburden s 
pressure P is the suction or negative pore water pressure for satu-

o 
rated soils. The degree of saturation data (S values) in table 5 show 

that these soils are essentially saturated. 

Double oedometer 

21. The basis of the double oedometer test procedure described 

by Jennings and Knight22 is the principle of effective stress. The re

sults of the double oedometer tests on undisturbed samples of the PU-2 

boring are given in table 6 and fig. 9. The curves of consolidation 

from natural water content were adjusted to coincide with the corres

ponding high-pressure portions of the curves of consolidation a~er swell 

at seating load, as shown in the figure. Jennings27 has observed that 

such an adjustment sometimes can lead to a gross overprediction of 

heave. Although certain soils tend to heave under lower applied pres

sures, they may collapse under higher pressures, which is a phenomenon 

that does not obey the effective stress principle. 

22. Falling head permeability tests were performed on the speci

mens used in determining the consolidation a~er swell at the seating 

load for stircharge loads of 2, 4, 8, and 16 tons/sq ft. These results 

are plotted in fig. 10. Estimates of the in situ saturated permeability 

of the soil as a function of depth, found from this figure by deter

mining the void ratio of the soil at its overburden load from fig. 9, 
are given in table 7. In some instances, the straight-line relationship 

had to be extrapolated in fig. 10 to consider the in situ saturated void 

ratio of the soil for the particular overburden load. 

r Suction Pressure 

23. Total suction pressure measurements were made with experi

mental thermocouple psychrometers designed and developed as part of this 

18 
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project to measure negative pore water pressure in swelling soils. The 

description and characteristics of these test psychrometers are given 

in Appendix A. Background information concerning the theory and appli

cation of thermocouple psychrometers for the measurement of total soil 

suction can be found in references 6, 28, 29, and 30. Total suction 

includes both matrix and osmotic contributions. Laboratory tests were 

made on specimens without overburden loads. 

24. Laboratory suction pressures of disturbed soil samples 

taken in December 1968 are given in table 8. These measurements are 

on the order of 1 to 3 tons/sq ~ of total suction pressure at natural 

water contents. Total suction measurements were also performed on 

irregularly shaped 1-in.-diam pieces of undisturbed samples from boring 

PU-6 taken in November 1968. These specimens were air-dried for various 

periods of time to determine the suction versus water content relation

ship of the clay on drying. The results given in table 9 and plotted in 

fig. 11 show a generally steep gradient of suction change with small 

changes in water content. The suction pressure at natural water content 

is small, on the order of 1 or 2 tons/sq ~. This determination is con

firmed by the suction measurements on soil from the jar samples. The 

close agreement of these data with swell pressure results strongly in

dicates a leached soil with very little osmotic component of suction. 
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PART IV: FIELD OBSERVATIONS OF INSTRUMENTS 

Introduction 

25. The instruments were monitored regularly a~er 23 September 

1969, two weeks prior to the placement of the section cover. The cover 

simulated a lightly loaded structure that inhibits evaporation of mois

ture, thereby promoting heave beneath the covered area. Field observa

tions had occasionally been made earlier to check the instruments and 

to determine initial soil characteristics. Preliminary readings indi

cated that the field psychrometers would not yield useful quantitative 

data because of low in situ negative pore water pressure. Data were 

regularly recorded from the meteorological instruments, piezometers, 

soil temperature thermocouples, nuclear probe moisture gages, and heave 

plugs. 

Meteorological Instruments 

26. Meteorological readings in fig. 12 include temperature, rel

ative humidity, rainfall, and open pan evaporation data as of October 

1969. Official weather data were·obtained from stations at Jackson 

4NW {temperature), Jackson Airport {relative humidity), and the WES 

Clinton installation (rainfall).31 

27. Soil moisture conditions can be evaluated from rainfall and 

temperature data by Thornthwaite's method.32 , 33 ,34 The overall avail

ability of moisture during the year is given by Thornthwaite's moisture 

index (MI) b;32,33 ,34 

where 

MI = 

S =water surplus, in. 

D =water deficiency, in. 

lOOS - 60D 
l'E 

PE = potential evapotranspiration, in. 

24 
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Although the moisture index is an empirical relationship between po

tential evapotranspiration and mean air temperature, it appears to 

provide a satisfactory measure of soil moisture conditions.34 The PE 

is an estimate of the total possible loss of water from a sizeable 

field by transpiration from vegetation and evaporation from the soil 

with adequate water reserves. The surplus includes both surface run

off and subsurface drainage. The water deficiency can be found from 

the amount of water available in the soil given b~3 

where 

M = Cf+ Rf - PE 

M = a.mount of available water in the soil, in. 

Cf = field water capacity of the soil, in. 

Rf = rainfall, in. 

PE = potential evapotranspiration, in. 

(4) 

If M is negative, then this amount of water is the water deficiency. 

The field capacity is the amount of readily available water which the 

soil can store within the root zone of vegetation at the site. The 

soil moisture conditions in the Jackson area for the last several years 

determined by the Thornthwaite method are shown in fig. 13. These de

terminations were made assuming the soil had 4 in. of water capacity, 

a normal amount for clays. The water deficiencies shown in this 

figure indicate that the normal dry season is in the latter part of 

the summer, ending about October. The large positive MI's show that 

the climate is very humid, although it was less humid in 1969 than 

during 1968 or 1970. 

Piezometers 

28. A water table was not observed in the Casagrande piezometers 

with tip elevations of 285 (45 ft in depth) and 255 (75 ~ in depth) ~. 

Readings of the 150-~-deep P-3 piezometer given in fig. 14 showed an 
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apparent deep water table about 127 f't below ground surface in early 

1971. This water table rose about 1 ~ during 1970. Additional 

Casagrande piezometers installed in May 1971 with tips at depths of 

10 (P-8) and 20 (P-9) f't below the ground surface indicated a perched 

table at a depth of 5 ft in August 1971. 

Soil Temperature Thermocouples 

29. Soil temperatures at depths of 5, 10, 20, and 30 ~were 

monitored once monthly, and the results are shown in fig. 15. Tempera

ture readings were first made with a very high quality nanovoltmeter 

and associated apparatus specifically oriented toward the measurement 

of suction pressures from the field thermocouple psychrometers. Af

ter suction readings were discontinued due to the low observed magni

tudes, a thermoelectric portable Minimite pyTometer indicator was 

tried during August and September of 1970, but its readings were not 

sufficiently reproducible and accurate to be of any value. All subse

quent readings were made with a portable precision potentiometer. 

Fig. 15 also shows monthly mean air temperatures. Thermocouple readings 

show that the influence of the air temperature on the soil becomes 

less with increasing depth, presumably because the soil is a heat in

sulator. The temperature at 30 ~ is very near that at 20 ~ and is 

subject to annual fluctuations of about 10 deg or about one half of 

that for soil at the 5-ft depth. Temperatures beneath the cover in 

the upper 10 ~ of soil are usually several degrees warmer than those 

outside of the cover. Heat absorbed by the dark cover from the sun's 

radiation and loss of cooling from evaporation can be contributing 

factors. A very slight shrinkage from tnermoosmosis is possible for 

this temperature differential. 

Nuclear Moisture Gages 

30. Readings from nuclear depth moisture probes permitted compu

tation of the water content in percent dry weight w from 

29 



90 

:- 80 
... w 

0:: 
::::> 
I-
< 70 
0:: 
w 
ll. 
:l 
w 
I-

0:: 
60 

:;( 
z 
< w 

50 :l 

40 

DEPTH - 5 FT 

DEPTH - 10 FT 
:- 80 

w" \ 0:: 

'-::::> 
I-
< 70 
0:: 
w 
ll. 
:l 
w 
I-

.J 
60 

0 
Ul 

DEPTH - 20 FT 
70 

60 

DEPTH - 30 FT 

Fig. 15. Ambient and soil temperatures versus time 



where 

re 
w = ----- x 100 

rm - re 

'}'e =water content, pcf 

'}' = wet density, pcf 
m 

(5) 

The water content in pounds per cubic foot was measured with a Troxler 

depth moisture probe Model 1255, and the wet ~ensity was measured with 

a Model 1351 depth density gage. Two 1-min radiation count periods 

were taken at each 2-1/2-ft interval of depth in the water content 

access tubes (WCAT). The average count was converted to the water content 

or wet density in pounds per cubic foot from calibration curves deter

mined by the equipment manufacturer. Comparisons of the laboratory 

wet densities of the undisturbed boring samples with those determined 

from the most closely dated nuclear probe readings are shown in fig. 16. 

The volume of the laboratory specimens was about 200 cc. 

31. The soil water content profiles, computed on a dry weight 

basis, located along sections A-A and B-B (fig. 1) of the test site are 

shown in figs. 17 and 18, respectively. Laboratory water contents de

termined from jar samples of soil taken from the WCAT borings in Decem

ber 1968 are also included in these figures. The water contents based 

on the factory calibration curves for the nuclear probes generally ap

pear greater than those from the soil samples down to about 10 ft, 

but appear less at the deeper depths. Variations observed in water 

content by the nuclear probe measurements amounted to 3 or 4 percent at 

a particular depth, from March 1969 to April 1970. This band of water 

contents is probably caused by experimental error, because very little 

vertical ground movement has occurred during this period. A 3 percent 

increase in water content of 10- or 20-~-thick Yazoo clay wnuld_bf:>~ex~ 

pected to cause several tenths of a foot of heave. 

Heave Plugs 

)2. Accumulative heave profiles of the test section up to 23 

December 1970 are given in table 10. Level readings of the surface 

31 
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heave plugs showed a differential heave of several hundredths of a foot 

at the perimeter of the covered area, as illustrated in fig. 19. Move

ment was not uniform, and there were heaves of up to 0.04 ft concen

trated on the western and northern sides with some settlement in the east 

area. Part b of fig. 19 shows that almost the entire instrumented N-E 

quadrant initially settled, probably from the weight of the cover, but 

the section appeared to be heaving by December 1970. The heave profile 

determined from level readings of the deep heave plugs shown in fig. 20 

again indicates early settlement under the covered area, but heave ap

pears to be accumulating by December 1970. 
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PART V: ANALYSIS OF RESULTS 

Introduction 

33. Studies by Gromko
8 

and additional comparison of the data in 

table 1 with a diagram of potential expansiveness35 show that the 

ability of the Jackson soil to swell should be high, except for the 

layer of lean clay between 4 and 8 :rt in depth. The degree of expan

sion is converted to a swell potential and total volume expansion for 
some overburden loads in table ll.l9,35- 3B Although the test site soil 

should possess considerable ability to swell, the actual a.mount of 

heave a:f'ter placement of the cover depends on the conditions that lead 

to changes in soil moisture. Factors that largely control the original 

moisture profile were considered prior to evaluation of heave proper

ties of the test section. 

Original Soil Moisture Profile 

34. The quantity of water in soil depends on a variety of fac

tors that include the a.mount of rainfall, evaporation, transpiration 

from vegetation, drainage conditions, and depth to the water table. 

The amount of moisture that is retained in the soil profile from ex

posure to these field conditions can be expressed in terms of a driving 

force for moi~ture retention referred to as total soil suction.30 Mech

anisms responsible for the development of total suction pressure in

clude water fixation by polar absorption, osmotic imbibition, and cap

illary surface tension. Total suction is commonly considered as the 

smn of osmotic and matrix components. 

u 
w 

35. --1n _s_itu -soil is subject to -a -negatiYe pore -water pressure 
given by25,39,4o 

u = aa-,. w 

38 

(6) 



where 

u = pore water pressure 
w 
a = compressibility factor 

cr = applied pressure 

T = suction pressure free of external load 

The compressibility factor a is the fraction of applied pressure that 

is effective in changing the pressure of the soil water and can be mea

sured by determining the slope or rate of change of the bulk volume per 

dry weight of soil in grams per cubic centimeter multiplied by the unit 

weight of water (1.0 g/cc) versus water content.40 This factor may be 

zero for incompressible soils such as clean sands at low saturation; 

but it is nearly one for all saturated soils, because the pressure is 

effectively transferred to the pore water. 25 ' 3~ The compressibility 

factor for heavy clays is commonly set equal to one, because these soils 

remain saturated over a wide range of water contents. If the applied 

pressure is caused by a gas, then this pressure is transferred to the 

pore water regardless of the degree of saturation, and the compressi

bility factor is also one. 

36. The negative pore water pressure distribution prior to place

ment of the cover, determined from the laboratory swell tests, is given 

in fig. 21. These tests did not include any osmotic contribution to 

the suction pressure. Negative pore water pressures by the free swell 

method were determined from pressures required to reduce the volume of 

an undisturbed specimen saturated under a light load of 0.02 ton/sq ~ 

to the original volume of the specimen prior to saturation. These 

data are shown as consolidation ~er swell at seating load double 

oedometer results in fig. 9 and are related to soil suction by25 

where 

P1 = maximum swell pressure 

c/c' = complex factor dependent on several variables 

T = soil suction without overburden load 

39 

(7) 
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The factor c/c' depends on the slope of the water content/suction 

curve, the f'raction of the applied pressure effective in changing the 

pore water pressure during swell, the specific gravity, the surface 

tension of water, the void ratio of the soil, and the radius of curva

ture of gas bubbles in the soil. The ratio c/c' approaches one for 

saturated clays; 25 hence, the swell pressure can be assumed as equiv

alent to the suction pressure for the nearly saturated soils of this 

test site. The in situ negative pore water pressure u is deter-w 
mined from swell (suction) pressure results by equation 6 with a 

set equal to one. The constant-volume test is another source of swell 

pressure data. The negative pore water pressure from constant-volume 

swell tests, as shown in fig. 21, reaches a maximum of -0.4 ton/sq ~ 

at about a 10-ft depth. The maximum observed pore water pressure at 

10 ~ is located where the permeability is about 10 times less than 

the permeability at 5 ~ (see table 7). This change may tend to 

contribute to a maximum pressure head at 10 ft. Fig. 21 shows that 

negative pore water pressures contributed by capillary rise40 , 41 from 

the deep water table do not exert appreciable influence on the actual 

soil moisture. The original soil pore water pressure profile during 

October 1969, for the purpose of heave computations, is considered as 

that given by the constant-volume swell test results of fig. 21. Heaves 

are estimated without regard to actual field moisture condition for 

the purpose of evaluating various heave prediction techniques on the 

basis of laboratory tests. The swell pressures determined from the 

consolidation tests are in agreement with suction pressures at natural 

water content determined by thermocouple psychrometers (fig. 11). If. 

the soil specimens had not been nearly saturated, the consolidation 

tests would not have given suction directly, because of the relation

ship expressed by equation T. 

Moisture Change Beneath the Covered Area 

37. The important causes for change in negative pore water pres

sure or water content of in situ soil given by Jennings and Kerrich3 
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are summarized in table 12. According to the information of this table 

with regard to the Jackson test site, evaporation and transpiration of 

water from the soil will occur only outside the perimeter of the cover. 

Some absorption of heat beneath the cover appears to be probable on 

the basis of the higher temperatures recorded beneath the cover in the 

top 10 ~ of soil compared with the temperatures outside of the covered 

section shown in fig. 15. Infiltration of rainwater will occur in the 

surface soil outside the perimeter of the section and should control 

the moisture conditions.beneath the cover in the absence of a shallow 

water table.42 The climatic influence should become less towards the 

section center.32 These qualitative characteristics suggest that a 

seasonal heave and shrinkage from rainfall and lack of rainfall will 

occur at the perimeter of this test section and diminish towards the 

section center. Additional heave from lack of evaporation should ul

timately occur beneath the cover and diminish towards the perimeter. 

38. All of the differential vertical movements observed up to 

the present time have been small, indicating the long-term nature of 

the heaving problem. The appearance of most heave .in the western and 

northern areas of the covered section may be attributed in part to 

drainage conditions. Surface rainwater flows into the shallow drain-

age ditches adjacent to the covered section and is discharged from 

the northwest corner. Rainfall runoff flowing during previous years 

in the drainage ditches of the gravel road near the southeastern parts 

of the section may have contributed to moisture in these areas. The 

thickness of the sand layer along the western perimeter is also about 0.1 

ft less than in the remaining area, thus contributing to a lower over

burden pressure. Some methods are presented in the following paragraph 

for estimating the quantitative values of a final moisture profile be

neath the covered area, based on climate, soil suction, and water 

content/plastic limit ratio measurements, but these are empirical and 

usually disregard local field conditions. 

39. For covered areas where a shallow water table does not exist, 

moisture conditions at a given depth in the soil are controlled by the 

moisture balance between rainfall and evaporation.6 If meteorological 
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factors such as the amount of rainfall, evaporation, and transpiration 

are expressed by the Thornthwaite MI, the negative pore water pressure 

can be considered a £Unction of the Mr. 32 For MI values calculated 

from Mississippi climatological data for 1968 and 1969 in the vicinity 

of Jackson, Mississippi, 31 the equilibrium negative pore pressures un

der a covered area shown in table 13 were estimated to be in the range 

of -0.25 to -0.7 ton/sq fi according to Russam and Coleman's relation

ship for heavy clays in Australia at 1-1/2- and 10-ft depths. 6 ,32 ,33 

These results appear to be in good agreement with the negative pore 

water pressures computed from laboratory results on undisturbed boring 

samples taken before the cover was placed; and, consequently, only a 

small amount of heave is expected, based on the Australian data. 

40. For covered areas with deep groundwater levels and an annual 

rainfall greater than 10 in. and for a known depth of seasonal moisture 

change, the final equilibrium negative pore water pressure is estimated 

by30 

where 

( h ) = (h ) + z - z 
m z m zo o 

(hm)z =negative pore water pressure at depth 
head 

z in feet of 

(h ) 
m z 

0 

= negative pore water pressure at the depth of seasonal 
moisture change z in feet of head 

0 

Richards6 suggested that the depth of seasonal moisture change for 

arid areas is 10 ft before a structure is built. Assuming that this 

depth is also applicable to the Jackson site in consideration of 

(8) 

Redus' experience of little water content change below 8 fi,9 the final 

negative pore water pressure computed from equation 8 using a z 
0 

of 

10 fi is shown in table 14-. Thes-e- pressure- calculations- hr terms- of'-
-

tons (force) per square foot indicate a slight wetting of the soil 

beneath the section cover. 

41. Where the water table is. deep, it has been found that, 

within a specific climatic zone, the ratio of field water content to 

j 43 44 
plastic limit (w wp) for road subgrades tends to be constant. ' 
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Equilibrium w /w ratios beneath pavements in several locations of 
n P . 

Israel and beneath highway pavements in Oklahoma were determined to be 

between 1.1 and 1.3.43,44 The initial w /w ratio of the Yazoo clay 
n p 

of the Jackson site from 8 to 20 ft is already greater than 1.3, but 

that for the loess above 8 ft is less (fig. 7). 
42. The effects of initial soil moisture on damages to structures 

from heave in the southeast United States were evaluated to indicate 

that liquidity indices in excess of 10 percent.on the average denote 

that severe damage would not occur·on exposure to water.10 As shown 

in fig. 7, most of the soil profile had a liquidity index greater than 

10 percent, except for the surface soil. Other data directly appli

cable to the Jackson site show that the equilibrium water content in 

·the humid southeast, where the soil is protected from evaporation, is 

equivalent to that at which the swell pressure equals the vertical over

burden stress.10 This saturated or equilibrium condition should be 

assumed as the basis of design for lack of additional information on 

actual field moisture changes. 

Prediction of Heave Beneath the Covered Area 

43. The analysis of heave prediction techniques cannot be com

plete until enough field data have been collected to indicate the ul

timate heave and moisture profiles beneath the covered area. Field 

data thus far have shown that changes in the soil conditions will be 

slow and will require years of observation for accurate predictions. 

Based on laboratory data accumulated up to this time, some preliminary 

estimates of an ultimate heave profile and total heave are shown in 

fig. 22. All of these estimates assume a saturated final profile of 

zero negativ...e _pore -water pressure -down to the d-eep wat-er table. Posi

tive pore water pressures of a possible perched water table were not 

considered. The assumed initial negative pore water pressure is shown 

by the dashed line in fig. 21. 

44. McDowe1145 suggested a method for estimating heave from 

classification tests that include measurement of the Atterberg limits, 
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percent smaller than a No. !~o sieve, natural water content, and over

burden load. Heave is obtained from empirical curves developed from 

swell data of many soil specimens. On the basis of classification data 

given in fig. 4 for Jackson soil, this method indicated about 0.3 ~ 

of heave. 

45. The constant-volume swell diagrams given in fig. 8 permit 

determination of the void ratio from which the fraction of swell is 

computed by 

where 

Lili 
H 

Lili 1f = fraction of heave for stratum of thickness H 

ef = final void ratio 

e = in situ void ratio of original undisturbed specimen under 
0 overburden load 

46 Heave may also be computed by 

(9) 

(10) 

where 

Lili If = fraction of heave for stratum of thickness H 

Ce = primary expansion index 

e = original in situ void ratio 
0 

-cri = initial effective stress 

crf = final effective stress -if the initial cri and final crf effective stresses are known. The 

primary expansion index Ce is the change in void ratio per log cycle 

of load as the pressure is decreased from 1.0 to 0.1 ton/sq ~; it can 

be computed from the constant-volume swell data in fig. 8. The effec

tive stress is determined from 

cr = P - XUw (11) 
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where 

cr = effective stress 

P = overburde~ pressure 

x = coefficient in unsaturated soil 

u = pore water pressure w 
The coefficient X is one for saturated soils and approaches zero as 
the soil dries. This coefficient may be greater than one for nearly . 4 
saturated soils due to the surface tension of water. 7 An assumed re-
lationship of the coefficient x to negative pore water pressure 
useful for computing initial effective stress is given in reference 21. 
The final effective stress is the overburden load, because the pore 
water pressure is zero. By this method, swell was determined to be 
about o.4 ft. From the swell (overburden) test data of the PU-3 boring 
samples given in table 5 and fig. 22, maximum heave as determined by 
the Corps of Engineers method20 should be about 0.8 ft. 

46. The double oedometer method22 permits heave estimations 
based on initial and final void ratios read from the consolidation from 
natural water content and consolidation a~er swell-curves of fig. 9 
if the pressures are known. Pressures of the consolidation from 
natural water content curves are total pressures and not effective 
pressures; hence, the initial void ratio is determined from the total 
applied overburden pressure. Pressures of the consolidation after 
swell curve are effective pressures, because the pore water pressure 
is zero. The final void ratio is determined from the latter curve by 
noting that the final effective stress is also equal to the total ap
plied overburden pressure. Heave computed from equation 9 by this 
method was 3.8 ft, which is more than four times greater than that 
determined by the othe~ methods·. The- double oedometer testing proce
dure differs from the others, however, in that the specimen is per
mitted to swell completely from access to free water under a small 
(0.02 ton/sq ~) seating load before the overburden load is applied. 
The overburden pressure is applied during the other tests before the 
specimen is given access to free water. 

47. An additional cause of heave in some foundation soils is the 
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chemical oxidation of pyrite and secondary reactions. The crystalline 

gTowth of pyrite oxidation products has been determined as the source 
. 48 

of heaves of up to 1 ft in the shoreline areas of Lake Erie and up 

to 4 in. in ottawa, Ontario,49, 5o over a period of years that may con

tinue for decades. The principal chemical reaction is 

The pyritic oxidation can be catalyzed by autotrophic bacteria 

reactive corn;ponent, such as pyrrhotite.49 The ferrous sulfate 

bine with water to yield limoni te and sulfuric acid b;1 

(12) 

or a 

may com-

(13) 

Limonite is responsible for the characteristic greenish-yellow stain! 

common on the face of fissures toward the bottom of the weathered zone 

in the Yazoo clay. The dehydration of limonite to hematite accounts 

for the reddish stains on the fissures. Gypsum formed from combination 

of lime with sulfuric acid by5l 

(14) 

will migrate in, solution and precipitate as flat crystals along cleavage 

surfaces, thus causing further volume increases. Oxidation of pyrite as 

a source of heave in Yazoo clay appears probable, because pyrite in the 

unweathered soil and characteristic reactant products including limo-

ni tic stains and gypsum crystals in the weathered zone have been ob

served and attributed to the decomposition of pyrite. This mechanism 

-ean -be -expected -to -threaten -the stability of houses and -buildings with 

basements or of any other structure placed in excavations or cuts where 

atmospheric conditions have been brought closer to the unweathered zone. 

A coating of bitumen sprayed immediately on an open excavation appears 

to have given satisfactory protection near Lake Erie.
48 
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PART VI: CONCLUSIONS AND RECOMMENDATIONS 

48. An analysis of the meteorological data showed that the Jack

son, Mississippi, climate is wet, humid, and warm, leading to generally 

moist field soil conditions with corresponding small negative pore· 

water pressures. Laboratory tests showed small negative pore water 

pressures distributed through the soil profile on the order of 1 ton/ 

sq ft. A deep water table appeared to exist approximately 127 ft below 

ground surface. 

49. Most estimations of field heave from laboratory tests showed 

swells from 0.3 to o.8 ft, depending on the method of estimation. The 

double oedometer procedure yielded a potential heave of 3.8 ft, but 

this method permitted swell in the specimen from access to free water 

before the overburden loads were applied. These heaves were based on 

zero final pore water pressures to approximate unfavorable moisture 

conditions. 

50. Heave beneath the covered test section has accumulated slowly, 

amounting to 0.04 ft after 1-1/4 years of observation. A comparison 

of these field data with the ultimate heave predicted in the laboratory 

tests ,points to a slow process that may require years before stabili

zation will occur. 

51. Measurements of in situ water content of the soil profile 

down to 30 ft with nuclear moisture probes did not have sufficient re

producibility at the Jackson test section to be useful indicators of 

moisture changes. Further research into more accurate indicators of 

small moisture changes with depth may be worthwhile. 

52. ~ennocouple psychrometric devices had been developed for 

both laboratory and field measurements of negative por~ water pressure. 

Preliminary results show that these devices are helpful indicators 

of suction pressure leading to swell in foundation clay soils •. These 

devices can be applied to measure changes in water content from suction/ 

water content relationships and may lead to more accurate measurements 

of small changes in moisture above the water table. 
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'I'ype of Mineral* 

Clay 

Nonclay 

Sample Depth 
No.** ft Si02 

AF-40 8.5 to 26.0 59.60 

AF-40 26.0 to 40.5 52.20 

AF-40 40.5 to 50.0 53.62 

Table 1 

Composition of Yazoo Clay 

Mineral Name 

A. Mineralogical Composition16 

Kaolinite group 

Montmorillonite 

Illite 

Quartz, feldspar, carbonate 

Composition, % 

30 

13 

10 

Total 98 

Composition 2 1rI 
Al

2
o

3 
Fe2

o
3 CaO ~ 

Na2
o K20 3- P205 ~ 

B. Chemical Composition13 

20.82 6.26 0.12 1.77 0.09 0.78 1.52 0.13 8.57 

18.14 6.61 7.47 1.79 0.10 0.75 o.64 0.12 9,19 

19.56 6.22 5.72 2.14 0.09 0.92 0.22 0.11 9.12 

Total 

99.66 

97.01 

97,72 

* Sample was taken about 1/2 mile from the Jackson test section at an elevation above mean 
sea level of 300 ft. 

** Samples were from a boring that was 24 miles north of the Jackson test section. 

Table 2 

Classification of the Jackson Test Site Soil 

Natural Colloid 
Clas- Shrink-: Plas- water Content 

Depth sifi- Specific Plastic Liquid age ticity Content °/o, <.2 Act iv-
~ Color cation Graviti Limit Limit Limit Index ~ microns ~ 

0 to Brown CH 2.68 20 to 50 to 28 to 20 to 22 1.6 to 
4 26 58 34 25 1.9 

4 to Tan and CL 2.71 15 to 35 to 19 17 to 25 to 19 1.2 to 
8 brown 20 50 32 35 2.0 

8 to Tan and CH 2.73 to 17 to 60 to 15 43 to 35 to 67 to 0.7 to 
26 gray 2.75 28 117 89 50 72 1.4 

>'26 Blue and CH 2.71 28 to 91 to 59 to 37 to ~1 
gray 32 101 73 48 (est) 



Table 3 

Natural Water Content to Plastic Limit and Consistenc~ Ratios 

Natural 
Natural Water Liquidity water Content/ Index 

Liquid Plastic Plasticity Content Plastic 
IL Boring De:Eth 2 ft Limit Limit Index °12 Limit 

A-1 1.5 58.7 25.9 32.8 22.4 o.86 -0.11 
5.5 41.3 20.0 21.3 21.8 1.09 0.08 

PU-2 2.3 to 3.4 51.2 22.3 28.9 22.6 1.01 0.01 
4.4 to 5.4 37.2 20.0 17.2 24.4 1.22 0.26 
9.4 to 10.2 . 103.0 27.3 75.7 42.5 1.56 0.20 

19.7 to 20.8 110.5 28.9 81.6 46.8 1.62 0.22 
34.8 to 35.9 91.5 32.7 58.8 38.8 1.19 0.10 

PU-3 5.1 to 6.1 40.6 18.5 22.1 22.0 1.19 0.16 
9.0 to 10.4 99.2 25.7 73.5 40.3 1.57 0.20 

15.0 to 15.9 107.7 28.5 79.2 47.4 1.66 0.24 
20.2 to 21.l 108.2 29.2 79.0 43.5 1.49 0.18 
29.3 to 30.2 100.3 28.3 72.0 44.7 1.58 0.23 

Table 4 
Test Data 2 PU-2 Undisturbed Boring Samples* 

Swell ~Overburden~ Test 
Dry Initial Final 

Depth Below Density Surcharge** Height w s Height w s Swell 
Grade 2 ft 12cf tonsLsg ft in. ..L ..L in. ..L,i 12 _j_ 

2.3 to 3.4 97,5 0.15 1.1549 23.8 89.1 1.1579 25.3 96.0 0.26 
4.4 to 5.4 101.4 0.31 1.1436 23.3 96.5 1.1467 24.1 100.0+ 0.27 

19.7 to 20.8 74.3 1.15 1.1487 47.2 99.7 1.1488 48.7 100.0+ 0.01 
34.8 to 35.9 80.0 2.03 1.1374 39.7 96.7 1.1489 41.6 100.0+ 0.99 

-s-well Pressure ·Test 
Dry Void Initial Final Swell 

Density Ratio w I s w s Pressure 
:ECf e ..L r1£ .:L 12 tonsbg, ft 

2.3 to 3.4 96.4 0.736 22.6 82.3 25.0 91.0 0.60 · 
4.4 to 5.4 98.4 0.702 24.4 93.2 25.4 97.0 0.04 
9.4 to 10.2 77.9 1.19 42.5 97.5 43.5 99.8 0.56 

19.7 to 20.8 96.1 1.33 46.8 96.1 49.7 100.0+ 1.05 
34.8 to 35.9 82.5 1.05 38.8 100.0+ 39.8 100.0+ 1.80 

Note: w denotes water content; S denotes degree of saturation. 
* Boring was located 7 ft NE of test section center and was drilled 20 Nov 1968. 

** Excludes load from cover. 



Table 5 

Test Data 2 PU-3 Undisturbed Borin~ Samples* 

Swell ~Overburden~ Test 
Dry Surcharge Initial Final Swell, °/o, 

Sample Depth Below Density tons/ ~e/(l + e ) e ..:_r_ ~ Grade 1 ft ECf sg ft _o_ ~ ...L...! ~ Ll 0 

2 5.1 to 6.1 105.0 0.36 0.590 21.9 98.0 o.6o6 22.5 100.0 1.00 
3 9.0 to 10.4 81.6 0.61 1.01~4 40.3 100.0+ 1.068 39.8 100.0+ 1.17 

' 5 15.0 to 15.9 74.3 0.96 1.277 47.3 100.0 1.308 48.4 100.0+ 1.36 
7 20.2 to 21. l** 77.5 1.25 1.160 43.2 99.0 1.180 41.8 97.0 0.92 
8 29.3 to 30.2** 75.1 1.75 1.198 44.9 98.0 1.224 45.1 100.0 1.18 

Constant-Volume Swell Test 
Under Surcharge Load 

Dry Load 
p - p t 

Initial Final 
Density e ...:r_ 

tons/ 
I?Cf _ o_ ~ ~ ~ ~ ~ _e _ 

2 5.1 to 6.1 lo4.l 0.610 22.1 97.0 0.606 23.5 100.0+ 0.30 0.600 
3 9.0 to 10.4 84.9 1.003 37.1 100.0+ 1.016 37.4 100.0 0.55 0.987 
5 15.0 to 15.9 74.8 1.293 47.4 100.0+ 1.384 50.7 100.0+ 0.90 1.267 
7 20.2 to 21.1** 75~9 1.242 43.9 97.0 1.297 46.4 98.0 1.19 1.216 
8 29.3 to 30.2** 75.6 1.229 44.6 98.0 1.295 46.5 97.0 1.69 1.200 

Note: e0 denotes original void ratio; er denotes final void ratio; ~ denotes change. 
* Boring was located 15 ~ NE of the NE section corner and was drilled 14 Oct 1969. 

s 0 

tons/ 
sg ft 

0.85 
o.4o 
0.63 
0.56 
0.93 

** Samples contained gypsum; water contents were determined by a 14o F drying temperature. 
Sample 7: 10% gypsum. Sample 8: 20"/o gypsum. 

t Ps = swell pressure; P
0 

= overburden pressure. 

Table 6 

Double Oedorneter Consolidation Data from Undisturbed Boring Sa!!JEles of PU-2 

Consolidation from Consolidation After 
Natural Water Content Swell at Seating Load 

Dry Dry 
Depth Below Density e wo' °lo . so, 'to Density e w ' 'fo so, 'lo 

Grade 1 ft I?Cf _o_ I?Cf __ o_. . 0 

A. Initial Pr~erties 

2.3 to 3.4 95.9 0.745 22.4 80.8 95.6 0.750 22.5 80.5 
4.4 to 5.4 97.2 0.721 25.1 93.3 96.9 0.727 25.4 93.8 
9.4 to 10.2 77.6 1.20 43.8 100.0 76.0 1.24 45.4 99.9 

19 .7 to 20.8 73.7 1.31 47.9 99.6 73,5 1.32 47.6 98.4 
34.8 to 35.9 82.8 1.04 38.2 99.5 81.9 1.07 39.4 100.0 

Void Ratio at Indicated Void Ratio at Indicated 
Pressure DeI?th Below Grade 1 ft DeI?th Below Grade 1 ft 
tons/ 2.3 to 4.4 to 9.4 to 19.7 to 34.8 to 2.3 to 4.4 to 9.4 to 19.7 to 34.8 to · 

sg ft ~ ~ 10.2 20.8 ~2'9-2 ~ ~ 10.2- 20.8- ~c:.n 
.J/•7~ 

B. Consolidation from Natural Water Content C. Condolidation After Swell at Seatins Load 

0.015 0.745 0.721 1.20 1.31 1.045 0.759 0.738 1.427 1.465 1.119 
0.25 0.732 0.705 1.17 1.29 1.034 0.735 0.710 1.361 1.42 1.101 
0.5 0.727 0.696 1.15 1.28 1.024 0.726 0.698 1.311 1.39 1.092 
l 0.719 o.686 1.13 1.27 1.010 0.713 0.685 1.249 1.35 1.081 
2 0.706 0.671 1.11 1.25 1.000 0.697 0.667 1.175 1.29 1.064 
4 o.686 0.653 1.08 1.22 0.990 0.672 o.644 1.086 1.23 1.034 
8 o.646 0.620 1.01 1.15 0.975 0.631 o.6o5 0.987 1.15 0.996 

16 0.589 0.572 0.91 1.05 0.939 0.574 0.553 0.873 1.04 0.949 
32 0.524 0.516 0.79 0.89 0.865 0.516 o.496 0.738 0.867 0.873 
Rebound 
8 0.538 0.531 o.88 1.00 0.934 0.529 0.510 0.853 0.993 0.947 
2 0.553 0.545 0.95 1.11 0.958 0.543 0.524 0.944 1.14 1.017 
0.015 0.578 0.581 1.04 1.17 0.964 o.642 0.629 1.408 1.62 1.167 



Table 7 
Estimate of In Situ Saturated Coefficient 

of Permeability from Laboratory Tests of PU-2 Boring 

Coefficient of 

Overburden Load Permeability 

Sarn12le No. -De]2th 2 ft tonslsq ft 10-7 cm/sec 

3 2.5 0.15 13.00 

5 5.0 0.31 3.00 

9 10.0 0.58 0.36 
17 20.0 1.15 0.31 

29 35.0 2.03 0.12 

Table 8 

Suction Pressure of Jar Sam12les 

Natural 
Location* Suction Pressure 2 tons[s~ ft Water 

Depth of Heave Ps~chrometer No. Average Content 
ft Flu~ ....!.2_ - 28 15 23 Pressure $ 
5 2 0.5 1.5 1.0 23.5 

6 1.5 1.5 1.5 24.o 
10 1.25 1.0 2.25 1.5 25.0 
14 1.0 1.0 1.5 1.25 24.o 

10 4 1.5 1.0 2.0 1.5 41.0 
8 1.5 1.0 1.75 1.5 4o.o 

12 2.0 1.0 1.5 41.5 
16 2.0 1.5 1.75 42.0 

20 3 0.5 1.0 0.75 48.5 
7 0.5 1.0 0.75 44.8 

11 2.0 1.5 1.75 45.0 
15 2.5 2.0- 3.0 2.5 43.0 

30 1 3.0 3.0 5.0 3.75 44.2 
5 2.0 LO 2.0 1.75 47.0 
9' 2.0 2.5 2.0 2.0 42.1 

13 2.5 2.5 3.0 2.75 46.2 

* See fig. l. 



Table 9 
SuctionLWater Content RelationshiE on Dr:yi!?!!i 

of PU-6 Undisturbed SamEles 

Drying Time in Water Suction 2 tonsZsq ~ 
Air at Room Content Ps~chrometer No. 

DeEth 2 :rt TemEerature 2 hr °12 5 6 28 Avera~e 

4.3 to 4.5 0 24.3 0.75 0.5 0.75 
19* 24.3 1.0 0.75 0.75 0.75 
91* 20.3 1.75 1.75 1.5 1.75 
43* 22.9 2.0 1.75 1.5 1.75 
24 19.0 1.75 1.5 1.25 1.5 
24 9.8 23.0 26.0 24.o 24.o 
72 8.4 53.0 54.o 43.0 49.5 
44 5.9 85.0 85.0 

7.2 to 7.4 0 35.4 0.75 1.0 1.5 1.0 
48* 34.o 1.5 0.75 1.5 1.25 
24 29.8 13.5 15.0 13.5 13.5 
8 29.7 11.5 12.5 11.5 11.5 

48 20.7 54.5 54.5 51.0 53.0 
48 20.0 79.0 71.0 75.0 

18.5 to 18.6 0 49.2 1.5 1.5 2.0 1.75 
4 45.3 3.0 2.0 7.0 4.o 
6 41.0 8.5 9.5 10.5 9.5 

10 37.3 16.o 18.o 18.o 17.0 
24 29.7 38.0 4o.o 32.0 37.0 
30 19.3 77.0 73.0 

31.0 to 31.l 0 4).8 I.O 0.5 2.0 r.2~ 

8 39.4 13.0 · 13.5 12.0 12.5 
24 29.9 42.0 44.o 36.0 41.0 
31 26.8 61.0 58.0 59.0 59.0 

* Air-dried in humid room. 



Table 10 

He~ve Plug Data Points 

Depth 
Elevation B , ft Change in Elevation from E 0 , ft 

0 

Location _fL 1 Oct 62 23 Dec 62 2b Feb zo 16 Jun 70 23 Dec 70 

A. DeeE Heave Pl~s 

2 5 323.659 -0.004 - 0 .006 -0.008 0.001 
4 10 318.572 -0.003 -0.003 -O.Oo4 0.003 
3 20 308.684 -0.002 o.o - 0.002 0.009 
1 30 298.550 - 0.001 -0.001 -0.003 0.004 

6 5 323.639 -0.005 -0.010 -0.012 -0.008 
8 10 318.657 -0.004 -0.008 -0.011 -0.006 
7 20 308.659 -0.001 - 0.001 -0.006 0.001. 
5 30 298.633 o.o -0.001 -0.004 0.0 

10 5 323.654 -0.005 -0.010 - 0.010 -0.005 
12 10 318.644 -0.004 - 0.007 - 0.010 -0.005 
11 20 308.633 o.o -0.001 -0.006 -0.002 

9 30 298.639 -0.002 -0.003 -0.007 -0.005 

14 5 323.683 -0.005 - 0.003 -0.004 o.o 
16 10 318.682 -0.004 -0.006 - 0.007 -0.004 
15 20 308.655 0.002 -0.001 -0.007 -O.Oo4 
13 30 298.626 -0.001 -0.002 -0.007 -0.005 

B. Surface Heave Plugs 

6 328.698 o.o o.o o.o 0.009 
41 328.721 o.o -0.003 -0.013 -0.008 
40 328.870 0.004 0.010 0.014 0.029 
39 328.441 0.006 0.015 0.024 0.038 

Row 1- 1 328.572 0.001 0.002 0.006 0.021 
2 328.596 0.001 0.003 0.005 0.016 
3 328.723 o.o o.o -0.003 0.008 
4 328.729 -0.003 o.o -0.003 0.009 
5 328.701 -0.003 -0.001 -0.002 0.011 

Row 2- 7 328.719 -0.003 -0.003 -0.007 0.002 
8 328.758 -0.006 -0.005 -0.004 0.005 
9 328.734 -0.006 -0.005 -0.007 0.006 

10 328.686 -0.003 -0.001 -0.001 0.009 
11 328 .693 -0.003 0.001 o.oo4 0.014 
12 328.706 -0.009 -0.005 -0.001 0.014 

Row 3-13 328.746 -0.005 -0.007 -0.007 0.006 
14 328.707 -0.002 -0.006 -0.008 0.005 
15 • 328.739 -0.004 -0.007 -0.010 o.o 
16 328.755 -0.005 -0.006 -0.011 -0.002 
17 328.782 -0.007 -0.002 -0.003 0.006 
18 328.717 -0.003 -o.oo4 -0.007 0.002 

Row 4-19 328.699 -0.002 -0.004 -0.007 o.o 
20 328.785 -0.005 -0.008 -0.010 0.0 
21 328.790 -0.005 -0.007 -0.012 -0.006 
22 328.741 -0.006 -0.008 -0.014 -0.008 
23 328.750 -0.005 -0.006 -0.010 -0.003 
24 328.729 -0.003 -0.005 -0.006 0.003 

Row 5-25 328.693 -0.006 -0.005 -0.010 -0.001 
26 328.751 -0.004 -0.005 -0.010 -O.Oo4 
27 328.722 -0.006 -0.007 -0.013 -0.008 
28 328.787 -0.007 -0.009 -0.013 -0.009 
29 328.816 -0.009 -0.010 -0.012 -0.005 
30 328.747 -() .002 -0.004 -0.006 o.o 

Center-38 328.706 -0.006 -0.009 -0.011 -0.003 
37 328.708 -0.005 -0.008 -0.011 -0.005 
36 328.775 -0.005 -0.006 -0.011 -0.007 
35 328.841 -0.006 -0.009 -0.013 -0.009 
34 328.790 -0~008 -0.010 -0.012 -0.006 
33 328.773 -0.008 -0.008 -0.010 -0.005 
32 328.804* -0.004 -0.015 -0.011 
31 329.185 0.001 0.010 0.003 0.005 

* 23 Dec 69. 



Depth 
fi 

O to 
4 

4 to 
8 

8 to 
26 

>26 

Degree of 
Expansion 

High 
(critical) 

Medium-low 
(marginal) 

Very high 
(critical) 

Very high 
(critical) 

Table 11 

Potential Expansion of Test Section Soil 

Volume Expansion, 
Air-Dry to Saturation, %, 

Surcharge load, tons/sq fi 
0.072 0.325 0.500 

(References (Reference (Reference 
19, 35) 36) 37) 

20 to 30, 
35 

>1.5 3 to 10 

Swell Potential* 
Surcharge load 

tons/sq fi 
0.072 0.072 

(Reference (Reference 
19) 38) 

5 to 25 20 to 30 

10 to 20 0.5 to 1.5 1 to 5 1.5 to 5 ·10 to 20 

>30, 35 >1.5 >10 >25 . >30 

>30, 35 >1.5 >10 >25 >30 

* Swell potential is defined as the percent of swell under 144-psf surcharge 
load of a sample compacted at optimum water content to maximum density in 
the standard AASHO compaction test. 

Table 12 

Important Causes of Water Content Changes, Reference 3 

Toward Desiccation 

Evaporation from hard soil surfaces and 
cracks 

Transpiration from plants, particularly 
from trees such as poplars or from 
deep-rooted grasses and crops 

Downward heating under structures such 
as brick kilns or other furnaces 

·Toward Moisture Gain 

Infiltration of rain-water 

Fracture of subsurface drains or poor 
surface drains tending to concen
trate water locally in the subsoil 

Leakage of other hydraulic structures, 
such as reservoirs 

Rise of moisture L:•om the '.n (;er table 



Depth 

Table 13 
Relationship of the Thornthwaite Moisture Index 

to Negative Pore Water Pressure 

Pore Water Pressure, tons/sq ft 

1968 

Thermocouple 
Psychrometer 

ft MI = 44.2 
Undis- Psychrometer 
turbed Jar Samples 

Swell 
Pressure 

PU-2 
Boring MI = 27.3 

-0.7 

Consta.nt
Volume 
swell 
PU-3 

Boring --
-o.4 

-0.45 

5 -o.6 -1.0 +0.25 -0.85 !:. 0.05 

10 -0.25 -0.7 -o.8 o.o -o.4 -0.4 !:. 0.1 

15 -0.63 !:. 0.1 

20 -o.6 -o.8 +0.1 -0.56 !:. 0.1 

30 +o.4 -o.8 -0.93 !:. 0.1 

35 +0.2 

* Accuracy limited to .:!:, 0.8 ton/sq :rt. 

Table 14 
Equilibrium Negative Pore Water Pressure from Suction Data 

Original Pore Water Equilibrium Pore Water . 
Pressure (hm,)z Pressure (1\n) Depth z 0 z 

ft tons/_ss ft tons(_ S9, ft 

2.5 -1.05 (est) -0.63 

5 -0.85 -0.56 

7.5 -o.6 (est) -o.48 

10 -o.4 -o.4 



APPENDIX A: DESCRIPrION OF TESTS 

1. The following is a description of laboratory tests performed 

on the boring samples. The swell' (overburden) and constant-volume 

swell tests on samples taken from boring PU-3 from the test section on 

14 October 1969 were performed by the Southwestern Division Laboratory · 

of the U. S. Anny Engineer Division, Southwestern, Dallas, Texas. The 

remainder of the tests were performed by the Soils and Pavements Labo

ratory, U. S. Anny Engineer Waterways Experiment Station, Vicksburg, 

Mississippi. 

Swell Pressure 

2. The swell pressure test was performed in a fixed-ring consol

idometer with the specimen maintained as closely as possible at con

stant volume. The specimen, initially placed between two air-dry po

rous stones', was allowed free access to water while loads were simul

taneously applied to prevent any significant change of the dial gage 

reading. The swell pressure was considered as the final load at which 

dial readings taken 2 hr apart were substantially the same. 

Swell (Overburden) 

3. The undisturbed specimen was carefully seated in a fixed-ring 

consolidometer with a reservoir. Dry filter paper was placed between 

the specimen and air-dry porous stones. The inside of the reservoir 

was moistened, and the specimen and fixed-ring assembly were covered 

with cellophane to maintain constant moisture conditions. The specimen 

was then allowed to compress under the applied overburden pressure un

til movement had stopped or dial readings taken.24 hr apart were sub

stantially the same. A~er movement.had stopped, free water was added 

to the reservoir, and expansion of the specimen due to swell was 

observed.. 
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Constant-Volume Swell 

4. The undisturbed specimen was carefully seated in a floating
ring consolidometer with dry filter paper between the specimen and air-

·dry porous stones. The inside of the reservoir was moistened, and the 
specimen and ring assembly were covered with cellophane to maintain 
constant moisture conditions. The unsaturated specimen was loaded in
crementally to the total overburden pressure with each loading incre
ment held for time intervals of 1/2 to 1 hr. Loading increments were 
of 0.2, o.4, o.8, and 1.6 tons/sq ft, up to the surcharge load of the in 
situ soil. Free water was then added to the reservoir, and sufficient 
load was applied in small increments to prevent swelling until the 
swell pressure shown by P in fig. 8 was fully developed. The sub-s 
merged specimen was unloaded from the swelling pressure in decrements 
of 0.8, 0.4, and 0.2 ton/sq ft, down to 0.1 ton/sq ft. Each unloading 
decrement was held for a minimum of 24 hr or until movement stopped. 

Double Oedometer 

5. This test was performed in two adjacent consolidometers 
simultaneously in order to minimize any variations of temperature or 
external vibrations that might affect the results. Two consolidom
eters were filled with undisturbed soil specimens cut from adjacent 
positions in the soil boring. The specimen to be saturated was placed 
between air-dry porous stones in a completely dry cell and held under 
a small load (0.02 ton/sq ~) for about 30 min. The deflection gage 
reading at the end of this period was noted and taken as the zero read
ing for this specimen. Water was then added to the cell through both 
the top and bottom porous stones. The soil specimen was allowed to 
swell until two dial readings taken about 24 hr apart were substan
tially the same. Additional loading increments at intervals of 24 hr 
were then applied to produce a conventional void ratio/log pressure 
curve. At the conclusion of the. final load increment, the applied 
pressure was released, and the specimen was allowed to rebound to the 
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initial small load. The second specimen was placed in a consolid.ometer 
between two dry nonabsorbent stones. The interior surfaces of this 
consolidometer not in direct contact with the soil were moistened by 
wiping with a wetted finger. This action should have helped produce a 
practically saturated atmosphere within the cell to prevent the soil 
from either losing or taking up misture. The cell was then sealed 
with a plastic membrane. The same period of 30 min was allowed at the 
small seating load before the initial reading was made. Additional in
crements of load were applied at the same time as those applied to the 
saturated specimen, and the deflection gage readings were noted. 

Total Suction Pressure 

6. The thermocouple psychrometer measures relative humidity in 
the soil by a technique called Peltier cooling. By causing a current 
to flow through a single thermocouple junction in the proper direction, 
that particular junction will cool, causing water to condense on it 
whEn the dew point temperature has been reached. Condensation of this 
water inhibits further cooling of the junction, and the voltage de
veloped between the thermocouple and reference junctions is measured 
by the proper readout equipment. The voltage output ca.n be calibrated 
to indicate total suction from measurements with known concentrations 
of salt solutions. 

7. Laboratory suction pressure measurements were performed with 
the double thermocouple psychrometer sketched in fig. Al and with a 
field design type psychrometer No. 28 similar to the one sketched in 
fig. A2. Characteristics of these devices are presented in table Al. A 
sufficiently stable temperature was achieved by using a 3- by 1- by 
1-:rt plywood box insulated with 2 in. of styrofoam to allow reproduci
bility of suction within the limits indicated in table Al for a read-
out error of 0.5 microvolt. The test psychrometers were inserted in 
pint containers with the soil specimens, and the assembly was sealed 
with No. 13-1/2 rubber stoppers. The apparatus was then placed in the 
plywood box. (Preliminary equipment and procedures will be replaced with 
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I - LONG LEAD THERMOCOUPLE NO. 6 
2 - SHORT LEAD THERMOCOUPLE NO. 5 
3 - HEAT SINKS 
4 - COPPER LEAD WIRE 
5-PLASTIC BODY 

Fig. Al. Laboratory double thermocouple psychrometer 
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LEGEND 

I COPPER SINKS 
·2 POROUS STONE 
3 PLASTIC SPACER 
4 THERMOCOUPLE 
5 COPPER LEAD WIRE 

1, 
I\ 
I\ 
I ' ,_ ,_1 
I 
I 
I 
I 
I 
I 
I 

Fig. A2. Field design thermocouple psychrometer 
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permanent apparatus and procedures developed from the results of these 

and other measurements.) The microvolt output of the psychrometers, 

measured with a Keithley Model 148 nanovoltmeter, was converted to suc

tion pressure by calibration curves detennined from suction pressure 

measurements of known concentrations of potassium chloride solutions. 
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Table Al 

Characteristics of Thermocouple Psychrometers 

Thermocouple Approximate 
Diameter Length/Wire Optimum Cooling Reproducibility 

No. mils mm Current, ma tons/sq ft 

5 2 2 12.5 _±1.3 

6 2 15 12.5 . _±1.3 

15 4 2 45.0 _:3.0 

23 2 2 15.0 _:!:1.3 

28 1 2 10.0 +1.0 



APPEND IX B: rn5TRUMENTATION 

1. The following is a description of the instruments installed at 

the Jackson test section. Installation of most of these instruments was 

completed in December 1968. A weather station, including a hygrothermo

graph placed within a shelter, an evaporation pan, and a manual rain 

gage, was also constructed 125 ft southeast of the test section center. 

Piezometers 

2. Four Casagrande piezometers were installed at a depth of 

44 ft below the ground surface, and one was installed 74 ft below ground 

surface. In May 1971, Casagrande piezometers P-8 and P-9 were installed 

10 and 20 ft below ground surface, respectively, near the northern edge 

of the test section. Because of the relatively impervious nature of the 

clay soils and the relatively long basic time lag of the Casagrande pie

zometers, a Geonor piezometer was also installed in the center of the 

test section 44 ft below ground surface. The Geonor is an electronic 

vibrating-wire piezometer that is very sensitive to small changes in 

pore water pressure. All Casagrande piezometers were installed in 

5-1/2-in.-diam drill holes with a sand filter and grout backfill. The 

Casagrande piezometers were filled with water and then observed at fre

quent intervals until the water levels stabilized in order to deter

mine the location of the piezometric water level. 

3. An additional piezometer, P-3, was installed 150 ft below 

ground surface on 20 October 1969. A sketch of this piezometer is 

shown in fig. Bl; it was located 15 :f't northeast of the northeast cor

ner of the test section. The piezometer tip_ was_ a,_ ~esin .. bonded-,

coarse-grained sand filter cemented over a plastic screen. 

Heave Plugs 

4. The test section was instrumented with two types of heave 

plugs. The deep heave plugs (see fig. B2) were simplified versions 
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of the MIT-type, free-standing bench mark. Placement of the surface 

heave plugs had to await construction of the impermeable cover on 

7 October 1969. 
5. The deep heave plug consisted of a 1/2-in. galvanized pipe 

of the required length attached to a 2-in.-diam conical stainless steel 

tip. The heave plug tips were placed at depths of 5, 10, 20, and 30 ft 

below ground surface in .3-1/8-in.-diam borings. Each boring was drilled 

to within 9 in. of the proposed heave plug tip elevation. The heave 

plug was then placed in the hole and seated at the required eleva-

tion by pushing it with the drill rig's N-rods, which were bearing 

on top of the conical tip. After withdrawing the N-rods f'rom the hole, 

a 1/2-in.-diam pipe was positioned to within 9 in. of the tip, and 

heavy grease (specific gravity= 0.65) was pumped through it to fill 

the borehole to within 6 in. of the ground surface. The grease was 

sealed off at the ground surface by means of a 5-1/2-in.-diam concrete 

cap. Before sealing the grease, the top of the heave plug riser pipe . . 

was protected by inserting it in a 4-1/2-ft by 2-1/2-in.-diam pipe, 

which was extended 2-1/2 ft below ground surface. 

6. Forty-one surface heave plugs were installed in the positions 

shown in fig. 1 of the main text. These plugs were 1 ft high and were 

placed over the bottom membrane of the impermeable cover. The plugs 

were made from 1/2-in. steel rods welded to 8- by 8- by 1/2-in. steel 

plates (fig. B3). 

Water Content Access Tubes 

7. Six 2-in.-diam by 30-ft aluminum tubes for nuclear determina-

tion of -water content wer-e loc-at-ed -a-s -show"n in fig. l. The tubes were 

installed by drilling to a depth of 29 ft below ground surface with a 

2-in.-diam auger. Sections of ~l-3/4-in. drill rod were then inserted 

into the aluminum tube, and both were then hoisted by the drill rig and 

positioned over the borehole. The combined weight of the aluminum tube 

and drill rod was sufficient to sink the tube about 5 ft into the hole. 

The tube was then pushed the remaining di stance by using . a pulley and 



I/ 2 11 STEEL ROD __ _..,_,. 

HEIGHT FROM BOTTOM OF PLATE 
TO TOP OF ROD IS 1.0 FT 

Fig. B3. Surface heave plug 
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cable system. Resistance was encountered during this installation pro

cess from friction forces between the soil and the tube, indicating that 

the tubes would be tightly held by the soil as required for accurate 

moisture readings. 

Thermocouple Psychrometers 

8. The field design thermocouple psychrometer (fig. A2) was 

developed at WES. It consisted of a 4- or 2-mil-diam chromel-constantan 

thermocouple soldered between two 3/4- by 1-1/2- by 1/16-in. copper 

heat sinks that were separated by 1/8-in.-thick sheet of Plexiglas. A 

small 1/4- by 3/4- by 1/16-in. porous stone was cemented over the thermo

couple, forming an air chamber through which free flow of water vapor 

was permitted. 

9. Sixteen psychrometers were installed at depths of 5, 10, 20, 

and 30 fi in 2-in.-diam drilled holes extending down to within 3 fi of 

the intended psychrometer locations. The remaining 3 ft was drilled 

with a 1-1/2-in.-diam auger. The psychrometers were positioned at the 

desired elevations and gently pressed into the bottoms of the holes at 

the locations indicated in fig. 1. The bottom 3 fi of the hole was then 

backfilled with the original soil and compacted. The remaining length 

of borehole was filled with grout to the ground surface. At the ground 

surface, the psychrometer cables were protected by 5 ~ of 3/4-in. gal

vanized pipe, which was extended 2 fi into the ground. A plug was 

attached to the end of the wire to make subsequent readings more 

convenient.· 

Temperature Thermocouples 

10. A thermocouple was secured to each psychrometer for the pur

pose of measuring the soil temperature at depths of 5, 10, 20, and 30 

ft. The thermocouples were 20-gage, polyvinyl-coated, copper-constantan 

wire with soldered junctions protected by an inert epoxy coating 

compound. 
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Bench Mark 

11. A 102-~-deep permanent bench mark shown in fig. B4 was in
stalled 120 ft east of the test section center, immediately north of 
the weather station, in June 1969. Elevation of the bench mark was 
determined to be 328.848 ~ (on 23 June 1969) using a level loop from 
the Cincinnati bench mark of the Mississippi Basin Model at the WES 
Clinton installation. A subsequent level loop measurement performed 
22 December 1970 did not show any significant change in elevation. 
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