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PREFACE

The devélopment of a numerical procedure for predicting heave is
one phase of a continuing study under the work unit "Properties of Expan-
sive Clay Soils." The work unit was started in 1967 under the sponsor-
ship of the Office, Chief of Engineers, U. S. Army, Directorate of
Military Construction. The initial studies were performed under the
Operations and Maintenance, U. S..Army, program. The studies are now
being performed under RDT&E Work Unit ATO4 OL 001.

The work reported herein was performed by Drs. L. D. Johnson and
C. S. Desai, Research Group, Soil Mechanics Division, Soils and Pavements
Laboratory (S&PL), U. S. Army Engineer Waterways Experiment Station
(WES), Vicksburg, Mississippi. The report was reviewed by Messrs. wW. C.
Sherman, Jr., Research Group, and S. J. Johnson, Special Assistant to
Chief, S&PL. Mr. J. P. Sale was Chief, S&PL, and Mr. C. L. McAnear was
Chief, Soil Mechanics Division.

BG E. D. Peixotto, CE, and COL G. H. Hilta CE, were Directors of
the WES during the conduct of this study and the preparation of this

report. Mr., F. R. Brown was Technical Director.



CONTENTS

PREFACE e o o e ® o o o o o e o & o s e ¢ o s+ o e s e 0

CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT. + & v v ¢ ¢ o o o o o o o o o o »

PART I: INTRODUCTION &« & v « v o o o o o o o o s o o o &

Background. .« « ¢ v ¢ 4 4 4 4 4 s e 0 e s 0 e o o .
Purpose and Scope + + ¢« 4t i e v 4 e e e e v . e .

PART II: DETAILS OF THE PROCEDURE. . . e e e s e e e e

Theory and Governing Equations. . « . . ¢« « ¢« o « .
Boundary and Initial Conditions . . . . . . . . . .
Change of Matrix Suction with Time. . . . . . . . .
Conversion of Matrix Suction to Water Content . . .
Computation of Heave. .« v« ¢ v v ¢ o ¢ ¢ o o o o + &
Outline of the Procedure. .« « v« v « « « o o o o o

PART III: APPLICATIONS v & ¢ 4 o o o o o o o o o o o o »

Jackson Site. ¢ ¢ v ¢ ¢t 4 b e b e e e s e e e e
Lackland Site « & ¢ ¢ ¢ ¢ ¢ & ¢ o o o ¢ o o o o o« »

PART IV: CONCLUSIONS &+ v v o o ¢ o o ¢ o o« o o o o o o &
REFERENCES: ¢« ¢ ¢« &+ ¢ o o o o o o o o o o o o« s o « o &
TABLES 1 and 2

APPENﬁIX A: THE COMPUTER PROGRAM . + & v v 4 ¢ ¢ o o o &

Identification of Letter Symbols. . . . . . . . .
Input Data. « « o ¢ ¢ ¢« ¢ ¢ 4 ¢ o ¢ o o o o o &

APPENDIX B: ADOPTED SUCTION-WATER CONTENT RELATIONSHIPS.

APPENDIX C: ADOPTED POTENTIAL VOLUMETRIC SWELL-SURCHARGE
PRESSURE RELATIONSHIPS . &+ v &« ¢ o « o & o &

APPENDIX D: NOTATION « &« & v « & v o o o o o o o o o« o &

g
[
OO0 o o\ W l\)h

12
16
17
20

21
23

26
27

RE B

Bl

C1
Dl



CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
inches 2.5k 'centimeters
feet 0.3048 meters
pounds per square inch 0.6894757 newtons per square centimeter
pounds per cubic foot 16.018489 - kilograms per cubic meter



PROPERTIES OF EXPANSIVE CLAY SOILS

A NUMERICAL PROCEDURE FOR PREDICTING HEAVE WITH TIME

PART I: INTRODUCTION

Background

1. Expansive soils are found in many parts of the world and are
responsible for damages to numerous types of military and civilian struc-
tures, with property losses exceeding two billion dollars annually
within the United States alone.l-3 The damages occur from differential
heave or shrinkage of the foundation soils usually resulting from an in-
crease or decrease in the water contents of the foundation soils.. Place-
ment of overlying structures often disturbs the mdisture regime in the
soil such that a new moisture profile tends to develop. The new mois-
ture profile is usually one of greater water content because transpira-
tion of moisture by vegetation and evaporation are inhibited beneath the
structure and because sprinkling of plants and shrubs usually occurs
adjacent to the structure. The water content of the foundation soil may
" decrease, however, if trees are planted adjacent to the structure or
drought conditions occur.

2., Satisfactory and economical designs of foundations on expan-
sive soils are difficult to achieve because techniques for accurate pre-
diction of foundation heave are not available. Commonly usedhprocedures

-9 but

these do not consider the effects of field conditions on the rate and ex-

for estimating swell potential are based on soil index tests,

tent of vertical heave. Several two-dimensional (2D) numerical tech-
niques based on fiﬁite elementlo and finite difference (FD)ll methods
have been developed that consider some field conditions, including non-
homogeneous soil strata, initial soil properties, and general weather
patterns. These numerical techniques usually require a wide variety of
input data that are difficult to obtain without elaborate laboratory
equipment and costly testing techniques. Foundation designs for large

structures such as multistory buildings have consequently been based on



a combination of experience, examination of subsoil and site conditionms,
and relatively simple laboratory swell tests. Soil investigations for
designs of foundations for small structures such as one-story buildings

and houses are usually much more limited to minimize costs.

Purpose and Scope

3. This report contains the results of the initial study of nu-
merical methods for prediction of heave and rates of heave in expansive
clay foundation soils as part of the work unit "Properties of Expansive
Clay Soils." The purpose of this study is to develop a relatively eco-
nomical and expedient procedure and computer program for predicting
heave and ratés of heave of expansive clay foundation soils. The com-
puter program should require a minimum of input data which are rela-
tively simplé and inexpensive to obtain in the laborafory. The develop-
ment of such a computer program capable of indicating a general trend of
the magnitude and rate of heave is believed worthwhile in view of the
high cost of most other methods for eétimating heave and the general
lack of confidence in the resulting heave estimations.

L. A computer code based on the FD method of numerical analysis

.12,13

prepared by Desai for the transient flow problem was modified to

predict heave with time beneath structures idealized as 2D. The proce-
dures are based on the alternating direction explicit (ADE) scheme,lh’15
which has acceptable accuracy and can be more economical than the com-

monly used alternating direction implicit procedure.m’lh’15

5. Experimental curves available in published literature9’16 re-
lating the swell and plasticity properties of similar cohesive remolded
soils were adopted for the soils considered herein. Modifications to
these experimental data may be necessary for soils in other areas.

These curves are simulated by using a bicubic spline functionl7’18 which
permits accurate representation of the given parameters required in the
FD scheme. Formulation and codes for the bicubic spline developed by
Desai18 were adopted herein. The remaining input data include the struc-

tural load, specific gravity of the soil, liquid limit, plasticity index,



initial dry density, water content, and coefficient of vertical perme-
ability. The coefficient of horizontal permeability is input in terms

of a fraction or multiple of the coefficient of vertical permeability.
These properties can usually be estimated or easily obtained from stan-
dard tests, and additional tests for determination of swell properties
are not necessary. Future studies will apply swell and suction data of
the undisturbed expansive soils actually existing in the foundation mate-
rials, which should improve the accuracy of the input data and thereby

lead to more accurate predictions of heave with time.



PART II: DETATLS OF THE PROCEDURE

Theory and Governing Equations

6. The solution of the time rate of change in heave of expansive

clay foundation soils by the computer code (Appendix A) is based on the

. . . 19% ’
diffusion equation
9T _ 3t _3 3T
3t -~ 90 ox <k13 o, ¥ k13) (1a)

where
T = total suction
t = time

0 = volumetric water content

x; = coordinates (i =1,2,3)

kij = permeability tensor--the proportion of velocity of flow in
the ith direction contributed by a change in total head H
in the jth airection

xJ = coordinate in the Jth direction

ki3 = proportion of velocity of flow in the ith direction contrib-

uted by a change in total head H in the vertical direction
The total suction head is a function of the absolute temperature, sur-
charge pressure, pore water pressure, the concentration head, the ab-
sorptive head, and the gravity head.19 Major assumptions in deriving

Equation la are that the permeability tensor ki adequately describes

the flow properties at a point, deformations in ghe soil mass are small,
total suction head varies only with temperature and time, temperature

remains constant, average density of water does not change with time or
distance, and total head H equals the total suction head <t plus the

gravity head.lg

The effect of these assumptions on heave is usually mi-
nor for most field conditions. The total suction pressure can be given
by the sum of matrix and osmotic components (Table 1).20 Matrix suction

is associated with tensile stress in the pore water and sorptive forces

* TFor convenience, symbols and unusual abbreviations are listed and de-
fined in the Notation (Appendix D).



from the clay particles, while osmotic suction is associated with the
concentration of soluble salts in yhe pore water, ‘
T. Moisture flow is idealized as 2D, for which the governing Equa-

tion la reduces to

1
ot - a0 \'x L, 2 %y 2] 3. (1v)

where

T = matrix suction pressure

& B
n

time

6 = volumetric water content

k_ = coefficient of permeability in the x direction
x = horizontal coordinate

k= coefficient of permeability in the y direction

¥y = vertical coordinate

Y.. = unit weight of water
Equation 1b assumes that the coefficient of permeability is independent
of suction, which is not strictly true; however, the coefficient of per-
meability is essentially constant for the range of suctions of the
Jackson, Mississippi, and Lackland, Texas, soils pertinent to this
study.gl Permeabilities of soils in other areas may vary significantly
with suction and, if necessary, the computer code can be easily adjusted
to consider the effect of suction on permeability. The osmotic suction
is assumed not to change significantly with time. The actual effect of
osmotic suction on heave is not well known.

8. The four main steps of the procedure for computation-of heave-
as a function of time are (1) adoption of the boundary and initial con-
ditions, (2) computation of the matrix suction at various time levels
from solution of Equation 1b by the FD method, (3) conversion of the ma-
trix suctions to corresponding water contents, and (4) computation of

the heave. These steps are outlined below.

Boundary and Initial Conditions

9. The boundary conditions at the perimeter of the foundation



soils must be known and are given in this study as (Figure 1)

arm Brm
-3;'(L,Y) = -35'(0,Y) =0 (2a)
arm '
3y (x,0) =0 (2v)
arm
oy (x,D) = 0, 0 < x < BLEN (2¢)
where |
L = length
D = depth
BLEN = total length of structure

The dimensions of the discretized mass should be sﬁfficiently large in
the x and y directions for the above boundary conditions to remain
valid. The original suctions T;(x,o) along the baseline at y =0
and tg(L,y) along the left-hand vertical boundary are assumed not to
change with time. The suction of the surface soil Tm(x,D) outside of
the structure is assumed to be zero due to periodic watering. The right-
hand vertical boundary is at the center line of the structure.

10. Both the initial matrix suction at zero surcharge pressure
?; and 3T;/3W of the foundation goil required for solution of Equa-
tion 1b are determined from the initial water content w on the basis
of known suction-water content relationships of appropriate undisturbed
samples of the foundation clay soils. The suction-water content-
plasticity index relationships reported by Black16 for similar remolded
British soils were adopted for this study (Appendix B). The plasticity

properties of the Jackson22 and Lackland23

soils used in this study were
similar to those of the remolded British soils. The suction-water con-

tent relationships for both undisturbed and remolded Lackland soil were

also similar near the in situ natural water conten‘t:.z)4 Note that the

behavior of undisturbed and remolded soils of identical composition and

10
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Figure 1. FD mesh and boundary conditions



water content can be different. However, data from remolded soils can
be used for approximate analysis; it can be seen subsequently that com-
putations based on data from remolded soils provide satisfactory
solutions.

11. The initial suctions at zero surcharge pressure ?; must be
converted to the initial in situ suctions .T; to account for the soil

overburden and surcharge pressure P as

o _ =0
TS Ty T oP (3)

where o = compressibility factor. The compressibility factor is the

fraction of applied pressure which is effective in changing the pore wa-
ter pressure. The factor can be obtained by multiplying the unit weight
of water in géams per cubic centimeter by the slope of a curve relating
the reciprocal of the dry density in cubic centimeters per gram to water

25

content in percent of dry weight. The compressibility factor will be
nearly equal to zero for incompressible soils, such as clean sands at
low degrees of saturation, but will be equal to one for all fully satu-
rated soils or for soils with a degree of saturation equal to unity.
Heavy clay soils such as the Lackland and Jackson expansive clays are
saturated to such a degree that a compressibility factor set equal to
one is a reasonable approximation.2

12. The surcharge load applied to the foundation simulates the
weight of the structure, and it is distributed to the foundation soil
by the 2:1 slope me‘choél.‘?6 The‘bverburden weight of the soil is added
to the weight of the structure to determine the total surcharge pressure
P at each point within the foundation soil. If ?; is exceeded by P ,
the in situ pore water pressures become positive, and the soil may un-
dergo consolidation. This consolidation is also computed by the code.
Thé pore water pressures at mesh points between regions of positive and

negative (suction) pressures are set equal to zero.

Change of Matrix Suction with Time

13. The FD analogue12-1h<corresponding to Equation 1b is (Figure 2)

12
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T -1 T -1
+ . .
AR Tie1,0 Mg Miyg o Mie1yy
m, k
i,] ij _ c | =X Ax Ax
At Ax
t+1 t+1 t t
m T Tm - T
k ihj+l isj - iaj la'j'l
Y Ay : Ay
* = (1)
where
T = matrix suction at a point (x,y)
i,d
t = time
At = time increment
C = p%rameter
kx,k = coefficient of permeability in x and Yy directionms,
y respectively
Ax,Ay = horizontal and vertical increments, respectively
As described previously, the values of T, are known at all times on
t+
the top, bottom, and left side (Figure 1); hence, the values of T 1
are available for the ADE procedure. 1,441
14, The parameter C at each mesh point is given by
t t
9T 9T t
_ . m_"'m_ 3w
=736~ v * 28 (5a)
For small volume changes,
t t
ow_ _l+e’ _ ¢
3%~ G - Vr (50)
s ,
and
3T; N
C=—7xVn (5¢)
where

14



e = void ratio at each mesh point and at time t
s = specific gravity
V; = total specific volume at each mesh point and at time t

Known relationships between matrix suction and water content are neces-
sary to evaluate ar;/aw 3 evaluation of VT is discussed later.

15. Equation 4 is also useful for computing decreases in positive
pore wate; pressure, which lead to consolidation, by setting the param-

eter C for each nodal point of the mesh (Figure 1) as
C = —— (6a)

where Yy = unit weight of water. The coefficient of volume change

m, is computed by

Ae PVsS

™ T TT+ e, )bc  100Ac (6v)
where
Ae = ultimate change in void ratio from the initial void ratio e,
PVS = potential volumetric shrinkage (Appendix C)
Ao = ultimate change in effective stress or the initial positive

pore water pressure

16. For the horizontal layering in this study, the FD equations

were modified to allow for continuity of flow across the interfaces.

K ( -k ——) (1)
yn oy n yn+1 By n+l .

where ky denotes the vertical coefficient of permeability and n re-

fers to the soil layer.

Conversion of Matrix Suction to Water Content

17. The computed values of matrix suction T of each mesh point

15



at time level t + 1 are corrected to refer to suction at zero sur-
charge pressure by using Equation 3. The water content w of each mesh
point is obtained from the matrix suction at zero surcharge pressure by
reference to the known suction-water content relationship (Appendix B),
which is coded into the computer program through the spline function.l

Computation of Heave

18. The volumetric heave at various time levels for each mesh

point (Figure 1) is computed by the formula

I Vt V
AV _ T T (8)
\ \'f
TI
where
~ AV = change in volume V
V; = total specific volume at time ¢t
VTI = initial specific volume
The total specific volume is evaluated from the water content w byll
t v =¥ ¢
Vg = Vor + (Vp - Vor) (=% (9)
. max o/
where '
VTP = VTI(l + PVS/100) , maximum total specific volume
w = water content computed from FD procedure
-w_ = -initial -water content

£
|

T [(VTPGS - 1) /Gs] x 100
[bﬁnax - wo)/(VTP = Vpr) X looﬂ
The initial specific volume is evaluated from the initial void ratio e,

O
LI}

by
1l + eo
VTI .- (10)

G
s

19. The percent potential volumetric swell PVS or the percent

16



swell after saturation at each mesh point must be found from known swell-
surcharge pressure relationships, which are coded into the computer
program through the bicubic spline function.l8 The swell-or shr{nkage-
surcharge pressure relationships for remolded Texas clays and the pro-
cedure for predicting potential heave given by McDowe119 were adopted
for this study (Appendix C). The McDowell method is a popular procedure
and is used widely;27 however, the swell data of these remolded Texas
soils may not be applicable for all expansive soils and modifications to
these data or additional data may be necessary. The amount of swell ac-
cumulatingvin a soil mass after a practical period of time, i.e., five or
ten years or the useful life of the structure, may be much less than the
PVS , depending on the soil permeability, exposure to surface water, mag-
nitude and distribution of the soil suction, and other field conditions.
20. The amount of heave that occurs in the vertical direction is
often assumed to be equal to one-third of the volumetric heave. The ac-
tual amount of volumetric swell that occurs in the vertical direction de-
pends on the nature of the soil and confining conditions. A tight soil
with high lateral restraint may heave entirely in the vertical direction
(maximum level of heave), while a heavily cracked soil may exhibit ap-
proximately one-third of the volumetric swell in the vertical direction
(minimum level of heave).28 Heave may be between these limits for many

cases.

Outline of the Procedure

21. The formulation and computer code (Appendix A) may be used to
compute {a) the total potential heave or the potential vertical rise
PVR and (b) the minimum level of heave with time along the ground sur-
face and base of the structure for a representative section of the 2D
profile. The PVR 1is calculated to be approximately one-third of the
sum of the potential volumetric swells PVS of the discretized masses
between adjacent coordinates in_a vertical column of soil.9 The PVS
is expected to develop from adding water until the degree of saturation
reaches 100 percent and the soil is completely saturated. The maximum

potential heave and maximum level of heave with time are found by

17



multiplying by three the PVR and the minimum level of heave with time,
respectively. The computer code computes the distribution of heave
along the vertical column of soil beneath the center of the structure
and the column of soil in the discretized mass most distant from the
structure. Suction, derivative of suction with respeét to water content,
and the change in void ratio are also printed for each coordinate of the
discretized mass at the desired time levels.

22. The input data (Appendix A) include (a) identification of the
problem (one card), (b) space/time parameters (3 or more cards), and
(c) soil properties (one card for each soil). The input data on each
soil property card consist of the specific gravity Gs s initiel dry
density Yao ° liquid limit LL , plasticity index PI , the initial
water content LA and the coefficient of vertical permeability VPERM.
The ratio of the horizontal to the vertical coefficient of permeability
PFACT is included in the space/time ﬁarameter card 2B. The coordinates
of each soil must be described.

23. The PVR or vertical swell expected from complete saturation
of the soil in inches¥* along the ground surface and base of the struc-
ture will be given whether or not increments of output NOUT are speci-
fied in the "time of output" card 2C (Appendix A). NTIME can be made
zero and a blank Eard substituted for card 2C. Values for the PFACT and
VPERM are not necessary.' The PVR may be quite useful if the founda-
tion soil is expected to reach a degree of saturation of 100 percent
during the life of the structure. Factors that contributé toward com-
Plete saturation of foundation soils include leaky underground water and
_sever .pipes, .excessive watering of the ground surface, dripping faucets,
and poor drainage of surface water. .

24, The heave with time computations will be provided if NTIME
is not set equal to zero and increments for output NOUT are provided.
The heave with time computations may be useful for structures located

where most field conditions have not been disturbed by construction or

# A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page k.

18



occupancy and water is permitted to infiltrate vertically from the
ground surface. Examples may include houses and buildings near which
surface water is not permitted to pond and underground water and sewer

pipes are made watertight with flexible Joints.

19



' PART III: APPLICATIONS

25, The procedure and computer code were applled +to the ualution
Df the heave behavmor of the Jackson and Lackland field test cEQthnS-
A view of the Jaekson rl%e is shown ln Flgure 3 The covpred‘lOOnft~:~
~square area contains a l&yer of san& abeuﬁ 0.8 £t thick betwaen two im-
;permeable membraneo, whlch exerts a pressure of &baut l p51 to the under*
lying soxl The 3011 yroflles of both test smte@ were a1v1&ed 1nto flve
‘sozl layer% (Table 2) ~Because~the‘ratlcs:of the hcrlzontal;to vertical
k‘CGeff161eﬁtS of permeablllty of the Jackson and Lackland fleld problem%
were not knawn, values af varloua ratloa from B 1 to 10 were 1nnut to
”&xamlne the ef?ect on heave behav1sr.; Far bcth these problems, the
~:hovlzontal 1ncrement \Ax =5 ft ﬁhe vertical 1ncrement By =2 ft and
 the time 1ncrement At 10 days were adopted g
: \“‘~26. mhe output was obtalneﬁ at various tlme levels oi 50 100, ‘
‘~150, 200 400 600, 800 1000, 3000 and 5000 days. ‘The total cost for
\such a run on the GE—6OO computer was about $37 00 wmth 9 min of groces~

sor tlme.\

Figure 3. A view of Jackson test site

20



Jackson Site

27. The potential vertical rise PVR is 2.4 in. at the center of
the Jackson test section, but Figure L shows that only about 0.8 in. had
accumulated beneath the center area within 1620 days (4.4 yr). The

20,21 and these

matrix suctions of the Jackson soil are small (15 psi),
coupled with the small coefficient of permeability may have caused the
slow rate of heave. In view of the approximations involved in adopting

9,16

swell and suction data for other soils, the correlation between the
computed and actual heave seems satisfactory. The computations based
on the assumption (marked minimum in Figure 4) that the vertical heave
is one-third of the maximum or total volumetric change are closer to the
observed data during the initial time levels, but the trend of actual
behavior shows that the heave may lie somewhere between one-third and
the total volume change during later time levels (Figure 4). The com-

puted amounts of heave with time appear to level off after 2000-3000 days
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Figure 4. Comparisons for heave at Jackson test section
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(5 to 8 yr). Most soil heave is found to accumulate’within from O to 5

29-31 The magnitude of the ratio of the hor-

to 8 yr after construction.
izontal to vertical coefficient of permeability (0.1 or 10) was found to
have a negligible effect on the heave behavior of the Jackson soil. The
computed heave profile beneath the center of the test section given in

Figure 5 is consistent with the field data and shows that the active
 zone lies approximately from 8 to 18 ft in depth. The topsoil above
8 ft of depth contains a lean clay which is not expansive.2¥ As can be
seen in Figure 5, the foundation soil experiences consolidation instead
of swell below about 18 ft of depth. This may be due to the initial
distribution of suction in the foundation soils. If the relative magni-
tude of applied load is sufficiently large, part of the pore water me-
dium may pass from suction to positive pressures causing consolidation
instead of heave.

28. Field piezometric data indicate a perched water table from

5 to 20 ft or more below ground surface and a deep water table at about
125 ft of depth.21 The computed soil suctions suggest a perched water
table in the vicinity of 2-6 ft of depth, which appears reasonsble in
view of the rough estimation of the suction properties of the foundation
soil as taken from the literature. The change in the suction pressure
profile of the Jackson soil in pounds per square inch after 1000 days is

also given in Figure 1.

Lackland Site

29. The PVR calculated for the Lackland soil is 3.0 in. beneath
the center of the slab foundation. The amount of heave is expected to-
accumulate much more rapidly than for the Jackson soil, with more than
1 in. expected within the first 1000 days (Figure 6). The rate of heave
again appears to level off after 2000-3000 days. Variations in the ra-
tios of the horizontal to vertical coefficients of permeability indiéa—
ted that a higher ratio of 10 showed a slight change in heave of about

0.2 in. more beneath the section than did the lower ratio of 0.l1l. The
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Figure 6. Predicted heave at Lackland test section

predicted heave profile in Figure 7‘shows an active zone down to 30 ft of
depth, with most heave occurring in the top 10 ft. The absence of a
change in hea@e is evident from 10 to 14 ft in the low-plasticity area.

32,33 shows that most heave occurs in the top 8 or 10 ft

Field experience
of soil. This is in agreement with the computed results.

30. Field piezometric data indicate a perched water table from
8 to 35 ft below ground surface and a deep water table below 45 ft of
depth. The computed soil suctions indicate a perched water table from
10 to 14 ft of depth and a deep water table below 42 ft of depth. These
comparisons again appear reasonable in view of the adoption of the suc-
tion and swell properties for the foundation soils as taken from the

literature.
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PART IV: CONCLUSIONS

31. A numerical procedure based on the ADE scheme of the FD
method was developed to evaluate amount and rate of heave of foundations
in expansive soils. Use of the bicubic spline permits accurate represen=-
tation of known values of swell and suction parameters for incorporation
in the numerical scheme. The swell and suction data available from
other published works are used in the procedure. The amount of other
input data required for the proposed procedure is relatively small and
easily obtained from standard tests. These data include specific grav-
ity, liquid 1imit, plasticity index, initial dry density and water
content, coefficient of vertical permeability, and the ratio of the hor-
izontal to vertical coefficient of permeability.

32. A factor of 100 change in the ratio of the horizontal to
vertical coefficient of permeability has a minimal effect on the heave
and rate of heave of the tested soils beneath the cénter of the test
sections.

33. Much of the predicted heave from both test sites occurs
within 10-20 ft of the ground surface. The rate at which heave occurs
levels off after 2000-3000 days (5-8 yr) with relatively small amounts
accumulating after 3000 days.

34. The computer code predicts a perched water table and a deeper
water table at the test sections. Piezometric data confirm the exis-
tence of these water tables in roughly comparable locations.

35. Differences between field and computed behavior are attrib-
uted to the adoption of swell and suction propertiés of remolded soils
“taken from the literature. ¥Field conditions that inciude drainage pat-
tern, amount and frequency of rainfall, and soil temperature are not
considered. Much additional field data and results of swell and suction

tests on undisturbed soils will be necessary to verify the program.
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Table 1
Definitions of Suction

Term Symbol Definition* Illustration
BURETTES OPEN
TO AIR
[l
Total suction T The negative gage pressure, relative to the external - = Tyt T
gas pressure** on the soil water, to which a pool o
of pure water must be subjected in order to be in S
equilibrium through a semipermeable (permeable to B SEMIPERMEABLE
water molecules only) membrane with the soil water | MEMBRANE
z
& L
Fl o
Osmotic (solute) Ty The negative gage pressure to which a pool of pure 9 |
suction water must be subjected in order to be in equilib- 8
rium through a semipermeable membrane with a pool z B OACEIOR $0°¢¢ ¢
containing & solution identical in composition 2 - PURE o g;—‘;g:s“
with the soil water o = :.‘”.A.'[E?. WATER
g L DY L
= ’
Matrix (soil water) L The negative gage pressure, relative to the external - m {
suction gas pressure** on the soil water, to which a solu- = {
tion identical in composition with the soil water - (
must be subjected in order to be in equilibrium | {
through a porous permeable wall with the soil water ////, 1
L sOLUTION / £21/ ’
oF soiL ¥ 2 ER/ i
e M)
-3

NO PASSAGE OF

WATER THROUGH

MEMBRANES AT
EQUILIBRIUM

* From Reference 20 of text.
*#% The magnitude of the matrix suction is reduced by the magnitude of the external gas pressure.

P
= —52- loge 7 where R is the universal gas constant, T

The osmotic suction is determined by

the concentration of soluble salts in the pore water and can be given by g
is absolute temperature, Vo is volume of a mole of liquid water, P is vapor pressure of the pore water extract, and Po is vapor

pressure of free pure water.



Table 2
Profile of the Example Problems

Water Coefficient of
Depth Coordinates Specific Dry Density  Liquid Plasticity Content Permeability, k
ft X v Gravity 1b/ft3 Limit Index 9 ft/day
A. Jackson Soil -
0-k4 25-26 1-21 2.68 97 55 30 25 b4 x 102
4-8 23-24  1-21 2.70 104 45 25 25 1.02 x 1072
8-1L 20-22 1-21 - 2.7k 78 100 75 Lo 1.26 x 1073
14-26 14-19 1-21 2.73 75 110 80 45 1.02 x 10'3
-4
26-50 1-13 1-21 2.71 82.5 95 65 Lo L4 x 10
B. Lackland Soil
0-10 20-26  1-21 2.70 95 60 40 22 T.6 x 1073
10-1k4 20-21 1-21 2.72 108 27 1k 20 3.4 x 1072
1L-22 16-19 1-21 2.73 92 78 53 30 2.4 x 10‘1‘
22-38 8-15 1-21 2.74 92 82 57 29 1.7 x :Lo'h

38-50 1-7 1-21 2.73 96 85 60 | 28 1.0 x 10‘)‘t




NPROB
NX
NBX
NY
NBY
NMAT
NTIME
NOUT

PFACT

VPERM

APPENDIX A: THE COMPUTER PROGRAM

Identification of Letter Symbols

Number of problem

Number of horiiontal coordinates

Number of horizontal coordinates beneath structure
Number of vertical coordinates

Number of vertical coordinates contained in structure
Number of soils

Number of times output desired

Number of increments at which output is desired

Time increment, days

Ratio of horizontal to vertical coefficient of permeability

Vertical distance between coordinates, ft

Horizontal distance between coordinates, ft
Pressure exerted by structure at ground surface, psi
Total length of structure = 2DX(NBX - 1), ft

Total width of structure, ft

ith vertical coordinate

ith + 1 vertical coordinate

ith horizontal coordinate

ith + 1 horizontal coordinate
Specific gravity

Dry density, pcf

Liquid limit, %

Plasticity index, %

Initial water content, %

Coefficient of vertical permeability, in./day



Input Data

1. Identification of Problem (One Card)

NPROB DESCRIPTION OF PROBLEM
1 5 9 80

2. Space/Time Parameters

A. Integers (one card)

NX NBX NY NBY NMAT NTIME
1 10 20 30 Lo 50 60 70 80

B. Decimals (one card)
I

DT PFACT DX DY QQ BLEN B
1 10 20 30 Lo 50 60 70 80

C. Time of output (integer values). Continue on additional cards
until NOUT (NTIME).

NouT(1) NouT(2) NOUT(3) NoUT(8)
1 10 20 30 4o 50 60 70 80

3. Soil Properties (One Card for Each Material)

Y Y X, X cs

i i+1 i i+1 Yp LL PI W,  VFERM
1 5 10 15 20 30 Lo 50 60 70 80
4., Input Listing Example
1 Jackson Test Section - 50 ft depth
26 1 21 11 5 10
10. A 5.0 2.0 1. 100. 100.
5 10 20 Lo 60 80 100 150

300 500
1 13 1 21 2.71 82.5 95, 65. Lo. 4, 4E-02
1 19 1 21 2.73 T5. 110. 80. Ls, 10.2E-02
20 22 1 21 2.7h 78. 100. 75. Lo. 12.6E-04
23 24 1 21 2.70 10k, 45, 25, 25, 10.2E-03
25 26 1 21 2.68 97. 55. 30. 25, 4 LE-02



5. Programmed Input

The remaining cards contain the information to set up the bicubic
spline functions of Figures Bl and Cl. These data cards may be changed
to obtain other spline functions which may be more representative of ac-

tual soil swell and suction properties. Data for this study are as

follows:
1 10 20 30 Lo 50 60 70 80
30 20 5 6
1 0. 0.
5 30. 0
6 0. 10.
10 30. 10.
11 0. 20.
15 30. 20.
16 0. 30,
20 30. 30.
21 0. Lo.
25 30. 4o.
26 0. 50.
30 30. 50.
1 1 2 { 6
4 4 5 10 9
5 6 7 12 11
8 9 10 15 1k
9 11 12 17 16
12 1h 15 20 19
13 16 17 22 21
16 19 20 25 2L
17 21 22 27 26
20 24 25 30 29
0. T. 14, 22, 30. -.h .8 L.
9. 13.8 -.8 -.5 1.2 4.8 8.7 -1.2
-1.1 0. 2.3 5.2 =1.6 -1.6 -1.0 .8
3.0 -2.0 -2.0 -2.0 -.b 1.5
5.15 5.15 5.15 5.15 5.15 -2.0 -4 1.7
2.25 2.55 -2.0 -1.63 0. - .90 1.38 -2.0
2.0 -1.25 -.1 .55 -2.0 -2.0 2.0 -.66
-.11 -2.0 -2.0 2.0 -1.65 -.72
17.5 Lk.0 76.0 111.0 150.0 14.6 3k4.0 56.0
83.0 110.0 11.0 25.0 40.0 57.5 76.0 1.7
17.5 28.0 38.0 48.0 5.0 11.0 17.5 23.0
29.0 2.5 . 5.2 8.0 11.0 13.5

6. Output Listing Example
A. Problem number and description

B

Material properties

Coefficient of
Specific Dry Density Limits Initial Water Vertical Permeability
Gravity 1b/ft3 LL PI Content, % in./day

A3



C. Potential heave data

Ak

Deriv-
Nodal ative Water Con- Surcharge
Point Suction Suction tent, % Pressure Void Ratio
Coordinate psi psi Initial Finsal psi Initial Final
Y X
Horizontal Ultimate
Nodal Heave
Point in.
D. Periodic data
CYCLES TIME, days
Nodal Point Suction Derivative Void Change in
Coordinate ;  psi Suction, psi Ratio Void Ratio
Y X '
Horizontal Heave
Nodal Points in.
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“
4577777 1240
46
Gy
48
CTAY T 1280
50 1250
4 -
52 1200

PEVELOPED BY L, D, JOHNSON AND C, S, DESAI

BOMMAON MM, NRP ,NEL ,NCONF ;NSTRyNX,NBX,NY,NBY,NVIMEFDTi PFACT,DXeDY,)
INOUT(IO)oX¢20)nYlZO)nS(20)1H120)0U¢30)uUl(30)oUY!3° uxvllo)osso
oXVIAI YTV ADSW(30730) sEC3I0030),GAMIZ0730)0Gt30v30YeWCt30.307 0
_3RP1(B0,30),PERX(30¢30)4L0ADE30, 309,5U¢39,30),1E025,4),EC,ETAUC
BIMENRSTION TITLE(Y)

READ 10;NPaue.tTl7LE&1' 154,90 _

1F (NRROB,LE,0)GO 1D 999

RRINT ¢5/NPROB/(TIVLE(I)o189.9)
CALL DATAINT
8,W=82,43

READ eﬁITTR;a.l-i‘NﬁF“
eALL SPLINE

EALL UHEAVE

SUCTION AND pERIVAT!VE WRP TO WATER CONTENT
READ 603(U(1),1=1,NNP)
CALL SUET

RE,D 80 (UCTY, Tai,NNP)
€A SPLINE

NCED

TIME*0,
NCaNC el
TINESTIMEDY
TEALLYSTEP
80 1000 I 4iNTIME
JeNOUT(])?
1F(NC.ER.JIGC TO 985
CONTINUE -
TF(Ng. GT NOUT(NTIME)JGO TO 2000
0 TO 1%00°
EONTINUE
PRINT 79,NEITIME
CALL KEAVE
PRINT 86
DO 1200 J, 1.NX
DEEHTU_“”"'
B0 12y !l2ahY
IF(G( J) LE .+019g0 TO 1258
Il((tho )-rAH)IGAncx Ji)ets
ER3E(1)JI-E}
60 TO 12340
ERGDY T

Elaly ) o
1F(1+EQ42)ER3ER/2,~ 7 =~ 77
BELH:DELHO(DY/S 18ER7(1,*E1)
IF(J}EQoéooﬂ «JIEOIRXYGO TO 1260
40 10 12

RRTNT 720 1+DELK
CONTIN )
RRINT™ 99.J PELW 7T
EONTINUE

AS
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53 60 T0 1900
54 2000 GONTINUE . . . . . O S,
85 80 To 2500 '
36 999 BALL EXIT S e e e e
87 ’gﬂ FOkHAY¢!5.3I.9ABl _
58 45 FORMAT(/ BH4PROBLEM,1513H.0 +94A8)
59 &0 FORMAT(8F10,3)
._..,éj_______ﬁw.TOAFURHKTisx'|'|10XAF15 5) S
61 72 FORMAT(40ys15,10y,F15,5
52 7% FORMAT(TH C!CLESII!QBH TIME.FL0,4/)
8p ronnarcssn HORIZONTXL COOR HEAVE /)

olnooﬂ 1286 OEYUP 5|A'EHENT 1S MISSING-glM\fLATED

[
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AT

RO734 01 07-08-74 08,820
1 SURROUTINE DATAIN
2 E€OMMON MM,NNP,NEL ,NCONF ,NSTR,NX,NB x,nv,wyiutwe.gr;g }cvinx,nn
3 1noun10n.xm).7(20).5(20).»0(20). (30),uNt30),Uvt30);uxyl30),s3,
I SO L 2XXt30) XY (30),DSW(30030),EE30030), sAn;;s_o,osn»_os;se 30)eWC130,30) 0.
5 T 3PPI(30,30),PERX(30030),2L0aD(30,30),SU(30,30),1E125.4),ECIETSUC
6 READ 203NX NBXoNY NBY NMAT,NTINME
7 READ 25,DY,PFACT;DX,Dy,Q0,BLEN,B
.8 READ 20,(NOUT(I)FIS1/NTIME) e S .
9 thlz.Ol?l
_40 _._DYs32,epY e e S
11 Bs12,#8
12 BLEN®12,%BLEN e —
13 ARINT 27
. L B0 50 131,NMAT _—
15 READ 30, 14,12,J85d2,UCEisudttd UYLy URYCEd XXTTYaYY Ll
46 o RRINT 320UI0UXCL I 0D aUXY LI aXXCT)aY LD I .
17 ao 53 Ilslqe02
18 ?1 JJ'JioJZ
19 G(X JAsul
20 L GAM(IT N sUN(TY _ i e
21 TTE(ITeJdN Yyl Y)
L2 _PPI(L, JJ)-uxvul o _ .
23 ISR ERNNILIS 188]
24 ngnxummmu
25 OAD(TE,JJ1s0,
26 usb 11,J0J080, ~ e .
27 55 "@ONTINUR
28 50 EONTINUR e
29 TTC T SOIL LOADING
30 NYVNY=}
TTTTILC TTRXYsRY=NBYeX
2 BO 100 Is1sNvYy N o o
~eo 43 T TLaN¥el
34 Bg 100 Jsi, X e
135 TOTAFCIL, sE.Nx; AND,J,LT.NBX)80 T0 100
36 SAMM3GAMEIL Yo (4 ouciIL, )/ 940 5.3
- T37 T T RANMEGAMN/ 328
38 ALOAD(IL,JISALOAD(TIL 3L J)eDYRGAMM o )
TR 100 EONTINUE -
a0 NYYSNY~NBY+1 o
- a1 80 205 Ui, NBX
42 205 ALOAD(NYY )+ J¥500 _
' 4y "BYYst,
'Y $1COUNT20 ~ _ e e —_—
" 4% B0 207 Jlsi jnyy
45 BYYEDYYIDY L
47 1eNY¥=]]
48 _NXXSNBX$ICOUNY
Y 1 I ‘NOXsNXX=NBYX
50 ANOX2NOX o
517 pXRxANOY#DX ) —T T
sz __ __BISyYz0y5eDYY



ROY34 031 "67-08-74 08,820

TSI T UTBD 206 s Y o
54 ALOAD(X;J):(CGOB'BLEN)/(tBLENoDYY)-(BwY!))OALOADUAJD
B8 T T 206 CONTINUE

56 tp(DvY, LE.DxSTY)ICOUNT!lCOUNT*l e -
¥ A 1} / eon;!uu ' .
58 READ 20;NNP,NEL,NCONF,NSTR A
gy - - g g
60 110 READ 355M,XX(M),YYIM] - e —
X 1rm-~nzo.x3o.14o
62 ... 120 RRINT 49:M e e -
B 80 107110
64 140 BraMel~N - ——
TS T T RXETXX(NTXNIN=LTI7DF ,
B RYS(¥Y(My=YY(N=1),¥/DF . B I -
&7 150 xxmsxxfw-n.Rx
88 YY(NISYY(N=g)eRY R
1 $30 cONTINUE
70 _ NzNet .
T 7T 1F(MeNYR50,430,150
72 160 IF(N,LEGNNPIGO TO 218 e L
TYIT T 470 L0
74 175 aean 205M) (JE(Ma)e181,4) e _
IS T 480 Laldd
76 IF (M=L1485,185,190 . . —_
LTI T80 TE L IT¥IE (L-1,1T41
78 FE(Lo2)¥1E(L=1,2000 _ o .
Ty T FECLSIIRIE(L=-1,3T0t
80 TE(Lo4)¥IE(L=1,400t o e
TTBLTT T 7185 EONTINUE
82 {F(M=L)195,495,180 o
CTTEYT T 7498 xrmm.-mzna.goo 175 ' -
B4 200 BONTINUR e _
TR T T T 20 FORMzTI8I10] o ) -
86 25 FORMAT(8F10,3) e o
TTBYTTTT T 27 FORMAT(#7/6QH  SP BR DRy DENSITY L Pi INITIAL WC ™ 'y
88 1R PERM /) v
T TT8Y " 30 FORRATTATS:5F 10:20E 03V T T
90 32 FORMgT($F10, 2.510 3 N B
TTU9LTTTTT 38 FORMATIIN,2F10.3) T T T
92 40 ronmns,.zsu ERROR IN ELEMENT CARD NO,,15/)
—g§ RETURN e _
94 END
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TTTTRT T T80 10 360

28

1 SUBROUTINE UREAVE , )
2 EOMMON MM, NNP,NEL 4 NCONF,NSTR, NX,NBX,NY,NBY,NTIME, DT PFACY, DX,DY,
3 1Rout(101;xt20).vtaﬂ)asczna.H¢20).u¢30).u!(309.uv«SD).uva§D>.SSo
4 2XXE30),YY(30),DSW(30,30),E(30030),GAM(30230)eG(30,30Y0WCL30+309,
5 SPPI{S0,30),PERX(30s30)saLOADE30,30),5UC38,30),1E(25,4),EC,ETIVE
6 GAWEAZ, 43
3 B0 300 TIsLiiny
8 B0 300 JJsiinX ) o — —
$ 1F(Gt113Jd),LE., 01060 TO 490
0 NCHE  479E(1]00J) 2y
“‘"‘ii""‘““‘""'—UcLi;2.Etll.JJ)ov.

12 Vo MINSv2232PPI(119J)-3,8

13 VOLMAX ™, 34FPT(IT,J0V-2,4

14 IF(NG(I1,JJ),GE,WeH)GO TO 318 e
g IF(RC(1E2JdYLE,WCLIGO TO 320

is ss-((VOLMAx-voLMIN’,tucHtuch}_._.gg;‘ra’_/_(jgaiygpU_ovounn L
17 Go To 330 ‘

18 310 6§3syALMIN

19 T0 16 330

20 320 S3:VOLMAX e

21 SIOTEONTINUE T T T

22 ECaALOAD(It,u)

IR X R — T o e

24 call gleuge

75 EIS{IGIIT, JVeGAWNYZGAN( T T, JJY)~1,

26 ECIT1oJJ)ETS((1,EY)aUC) /200,

490 E(lledJ) g0,

T 29T T T 3DU EONTINUES m e e T/ T -

30

REYURN

31

END
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1 “BUBRAUTINE 5CCY
2 COMMON MM,NNP NEL ,NCONF ,NSTR,NX,NBX,NY,NBY,NYIME,DT,PFACY,0X,DY,
- TLIROUTCAD ) X(20),Y{20)1S¢20),Ht20),U030),uX(30),Uvt30),UxyI30),83,
4 zlxcsbhu(:sn).Dsulso.so).Etsaosol.GAM(30130).Gtsa.sgj.uctsn.sm..
- IPPI(30, 30, BERX(30+308)42L04D30,30),50U(¢30,30),16025;4),EC,ETSUC
6 GAWS82,43 —
I A TTRRINY B4 ""
8 B0 600 J-1,NAP L _
TYTT T Tux(Tys¢s, 73.,oxxui
10 600 !Hln?.-vvtn e
I S S BALL "SPLINE T ‘
12 BO 630 Ilsg;Ny N o o
-1 T T TBOEYY JJsi X
14 IFCIL,EQ Ny AND,JJ,GE,NBX)GO TO 640 ) ~
s T sszpnmhua
16 BCawC(11rJJ] e e e -
Y A IF(Ee,LEV1,Y60 Y0 &40
18 mMEL o e _ o
T{¥ T 7T ealL B{BUBE
20 yC*2,30258+,C ) . Lo e o -
o T Suti, Jureellp (ycr=aLoantrtiodd
22 EEEs(1,¥E(!], JJI)/G(H 1dd) L N
-1 S EEEzEEEA1728: /6
2 BSW(IL, JJ)--srcz.snzasosun; +JJ)SEEE®1007 L
- 15 {6(1T T e GARTZBAR(TI, 33751,
26 ~ EEs(EI=BlI1;0J))7(8,4E0) o _
Y bFesutll, J.meso 630.645
28 630 1F(EE)6A0,840,6 e —
97T 635 anv:-ee;sum.u) e T
30 BSW(ll, u.n.xrze./(cm.nnva _ ,
DR S §0 TO &%)
32 840 SUCIT1,J0080,, o m e -
TR - BSM(11,JJ)s0; ’ ' . ’ ;
34 E(11eJJ)sE! S .
35T T 80 TO 450 S
36 645 m§ 650,640,640
YT 650 EON §’UE“‘
38 BO uo Fl2giny L
3y T BO 660 YJsiinX T
40 Exsnsux.unsw)/smt 11,JU)) =1, R
By S WCFSLE(TT /G 10Jd) Y0108, T
$: IF(ECITEJII EQEDIN r.wcm.J.n o
ORI T T T IFUSUTTINIOY, T 0. VARDSURTTIJIRTYEY.0,160 Yo 648
44 IF(SU(IT JJD, hr u..wu SU(IL1sJJ+2),LY,0,1G0 Y0 648 o
— s 80 TO 649
46 648 SULLIL,Jl)0, : o ~
""—4'7"““—‘ BSWETTsJJ)aD, . D
WeFaMg(ll, o)
—n—-———'- ~ BUTT3JUVED T —_—
50 649 I1F(SU(IEoJJ),LT. 0., AND,SU(IT®L1,0J),GT, o.)co Y0 655
o gy FFTSULTIaJJY.GT, 0, ARD, sumot..u).n.n.!so Yo 6557
52 80 10 634
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53 655 gu&ll-Jj)lﬁa
SN(I1WJJ)s — _ e -
"gg'"”““""' WcFswctll,dy
56 EtllsJJd)sEl e ) -
57 651 QRITE (2,88 WC(1145JJ)iNCF
58 WCIsNC(IT,J0)
59 PRINY 87011703 SUCTTJd) o DSWITT o JJ) s WCT s NCF o ALOAD(TTsJJ)IETIECT 0,
60 J) . - e -
61 GéoieONT!NUE
_.....82 .  _ReWIKND g - .- - R
63 T RRINT 65
64 BO 510 J:1,Nx
65 BELH30,
&6 BO 520 122.NY o
67 IFeGe14J) ,LEL. 016D 70 515 —
68  El=(tGtl, J)OGA“)/GAM(I NEB LS ST — )
89 ER®E(]l,J)-E]
70 80 _T0O 5%6
71 515 ERs0,
12 .. _ Bls0, A e e —e S
737 518 1F(1,EQv2)ERSER/2,
7% BELHaDELH*(DY®ERy/((€,*E! o
;2 éF(JoEg +1V0RV Y E& Nx:co 73
0 T8
77 575 PRTNT‘E%?[.DGIH
78 320 BGONTINUE o -
79 PRINY 8%,J,DELH
80 510 GONTINUE o L - o
T8y LAg
82 IV 1"'2:
B3 B0 790 T2, N\P
8 NNS(LASNNPIANSTR ¢8 ~
TR TR INEQENNYRE TO 85T T T
86 !Y(!blV!(l o L
TTTBY T T B0 Yo 40 T
88 705 YY(I) YY(lat)ed,
BY CASLA+
90 710 CONT!NbE
ey “TUTTY60 EONTNDE T T T T T T
92 65 Formky (asH HORIZONyAL cooa LyIMAYE MEAVE /)
CTTTYITTT T "Bd FORHA{cscou 1T J H DsDchuN INTTIAL WC
94 tFINAL WE LOAD Ex /)
95 85 FUNHUY_Tr XvFa_S-Si
86 FORMAT(10X, 15 .1ux 15.5) S
_‘“'17 87 FoRmAT(215,2F13,8) T T
98 88 FORMAT(3F15,5) o
gy T T RERURN et e e e
100 END —
wewasW 1470 EQUACTTY OR NON<ETUALTTY EOMFARTSON MAY NOT BF MEANINGFUL IN LOGICAL
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1NOUT(10).X(20) Y

SUBROUTINE TSTEP .
EOMMON MM, NNP,NEL ,NCONF ,NSTR

baRSo8ts0) Nt
AX(30)2YY(30),DSW(30i30),E(30
PPI¢(30,30),BERX(S0e30)saL0AD(
B0 800 Jl=z2,AY

N
2
’
3

NY,.NB
50) ux

X,NBX Y

03U (

30), GAM(30‘;O
0,30)

W1SUL30,3

N1
0)
Yo
0)

ME.ET PEACY XQDYC
Juy 308, 0xv 485 283!
G(30, 30).uc!30o307o_
2 JE(25,4),EC,ETaUC

——i
-}
7

00 800 JNEL,AX

8 NBY1ENY~NBY*#1
9 NXizNXes
10 JJsNxi=JN S
11 1F(JJ,EQ,NXTG0 To 810
12 IF(JJ,EQ,1)GC_TO 860
13 FF(JJ,LT,NBX,AND,I11,EQ,NBY1)GO YO 870
R L 1F(JJ.EQ, qu.AND 11,6T\NBY4)GO YO 860 o
15 TTIF(JILLY NBE, AND, 11 ,6T,NBYL)GO TO 800
16  IFCJJ,GE,NB¥.AND,11,EQ,NY)G0 YO 800 A _—
17 RYSPERXCIT, JUV/PERX(11=1,JJ)
18 Rx-PeRxQIL_JJL!EEB!slj Jd=1) —
19 AY=pT#DSW(IT, JJ)-PERx(!l JJ) /DY
20 _ BXsDT#DSW(IL,JJ)®pERX(1],JJ)apFACT/DX . _ _
21 ‘BXx1%#8X/DX
I 1 __BYlsBY/DY o _ o
2 TB1s3.+BX1+BYY
_ 2 p2si,=p¥l-pY1
' 25 r1-<x.-iX¥/11 , *RX)
26 F2u(2,=RY)/{1,4RY) o e
T2y T T T8YaSU(Tled, JJ)‘(SU111*1 Jd)=sU(t1=4,Jd))eF2
8 SXsSUCITaJdmg 1o (SUNIT JJeg)=SUCLLaYU=g0Y®Fy
— 8y -— E1iB248yll,30)
30 e2-8110(SU(l! 1,3J)e8Y)
3T astait"su—TT*UJtITosx)
32 SU(I!-JJ!ltcl‘C2‘03>181 . e
- TR0 TO 840
LB 860 SUCTE,Jd)asUCIT,dus1] ) o
U35 7 60 To 610
36 gzo BUCIT,JJdesyt]l=3,JJ]
7 840 EONTINUE
38 IF(SUCTE,JJd)18007800,830 - L
39 T 830 BONTINUE
40 c BERIV,TIVE WRP 1O W,TER CDNTENT o
— el TBIAPPILIL, U i T
42 EC-SU(l!oJJlOA olnlxx 1dd)
R %1 TYF(EEL LY, 00)
“" 60 To 725 e
4% T 770 BCel01
46 775 EC3ALOGS0(EG) _ e
a7 TLY |
48 eALL BICUBE
R 1 T EEEL(1, vE(TI"UJTTYG‘TT.JJ)
L EEE!EEE027 679 S —
. 53—-—-' " BSW{I, JJ)--ci.zsr)asuclx;JJboxuu.-EEscz:sozse B
52 _. 5800 eORTINUE _
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1 SURROUTINE HEAVE
2 EOMMON MM, NNP,NEL ,NCONF ,NSTR,NX,NBX,NY,NBY,NTIME,DT,PFACT,DX,DY,
I “1~ourt101.xczu).vtzo).stZO).H!ZD).ulscl.u!(30|.uvt3oa.uxv!30>5sso
4 XX(30),YY(3Q),0SW(30,30),E(30,30),6AM(30530)sG(38,30),WCL30,30),
5 PPI(30,30),BPERX(30030)saL0ADE30,30),SUC3H,30F,1E(25,4),EC,ETaUC
6 RRINT 93
7 BAWEE2 , 48
8 DO 1300 Ifaf,NY e
9 B0 1200 JJsisNX
10 IF(GeIl3JJ),LE,, 01960 TO 1130 _ e
i1 FEAD(2.91)“C! WeF
12 EIS((G(EI,JJ)eGAWY/GAM(IT,J0J))=1;
13 EFsWCFaB(11,JJ77100,
RY D ER=EF-E] e _ e
T TIFsUclT,JIi1119,4187,1118
16 1118 EONTINVE o e
Ty T T TR3aRR (I, U0
18 EC-SU(II.JJ]'ALOAD!I! JJ)
] TFUET LR 104160 TO 111°
30 €0 1o 1320 ° R L
21 1110 ger, 01
22 1120 EEIALOG!O(EC) o L .
— g e
24 cALL BICUBE
25 WR{WCF=WCIT7107,
26 QQeGCI1aJJ)A(WR/ER) B
TRy TTTABRER/GUILL, Uy T T oo T
28 1F(ue- NCI)1116 1117.1119
TRy ATi8TWS{NCISUCIZ100, TTTTh o - -
30 WWEWS/WR ,
31 VEIII P ET) 78 TT LIV Y S ARR W FUT)
32 E(II,JJd)evebell,dJy-(,
3‘"“ xrtHs BENRTGO™ TD € 22 -
60 TO 1130
—-”"19‘—‘“'“‘111v WSa({UC-WCI)2100, T mm s e
38 WABWS/WR
37 VETIY *R1) /7T, JIT T3 ABIWN e aW0)
38 E(lledJ)aVeG(ll, 004, o .
39 TFIUC,GRWCFIE(IT,JJ¥SEF ~— 7 -
40 80 10 1480
LD SR ¢ § YA Et!!.JU)-E! TTTTTT T T T T -
4 G0 TO
-————wg‘——“‘—rttﬁ‘v x7§§‘7tusw(xx.JJl.GAu)
44 EESER/(%, *El)
i’ | -*——’E(:I.JJD' (T.4E1YeDMYy s ((EE/DRVI-SULIT LT YSEY. T
' 1130 ﬁEsE(I!.JJ) El
a7 RINT 94.!!..1.1:50(1! JI) s DSWLLT U ETTTITJIYeDE
48 1100 BONT!NUE
r.4°] REWIND ¢
50 91 FORMAT(2F15,5)
TS 9 TFORMATU(IOR TTITT TUJ T T TTSUCTION T T DSUCYION “yOID RATID -
_ 52 1 DELTA E 7)

Al3



ROT34 01 07-08-74 09,134

1 SUBROUTINE SPLINE
2 COMMON MM,NNP,NEL ,NCONF ,NSTR,NX,NBX,NY,NBY fone.'gnrncf DX.DY,
3 mouhiot.xﬂn:.vt%;,5(501.Ht20).u(§0).ul(503.uvt 0).UXY(-'50>os!.
4 gxxtswm{(;gn).Dsutso.go).Ec;oosq).GAM(30530),@(3Qg3g19uc¢30.30)o
5 PP!(30.30).EERX(30.30)-‘LOAD(30.30>.SU(3¢o30’.IE!25‘4).EC.EToUC
_ [ nCT=3 e .
7 NENCONF
8 210 IDINCONFeNCT. e
9 11:1D-NGONF#1
.. M0 JUSNCONFel e
11 B0 220 I=11,1D
12 JENCONF=JJ A
13 ¥(JyExXx(1)
4 Y(JIsucl) o
is 220 JJzJU~1
16 cALL SOLV(N) B .
17 {C=y )
18 DO 225 1=11,1D
19 UXCIYES(IC)
.20 223 1Ca1C. 3 e e
21 NCTaNCT#L
.22 IF(NgT.LEJNSTR)GO YO' 210 e _
Ty U NCTzg3
24 NSNGTR B
25 230 ITaNCONFs (NSTR=-1)
_____ 26 oo ... IDsITeNCT . I e e e
27 121017
28 o  JJsNSTR~y o e ~
U9 T T B 285 Is1ifiD/NCoONF
30 JENSTReJJ _ ~
31 ¥(J) YY)
e 32 XCITULD) 3 - e e
3 235 JJ2Jl-{
.34 __ gALL SOLV(NY i . e
35 i1C=1
36 BO 240 I311,1D,NCONF
37 uy(ryss{i1cy
38 240 IC=IC,1 ) , ~ ) e L
TTUT 39 T ORCYaNCTel T '
40 . !F‘NCT|LE0NEONF,G° TU 230 e o _
TTTTRLT T T U U NeTay
42 NENCONF
q = *NCT
44 I1:1D=NCONF ¢4 ~ N o o B
a5 T T T UJENCONF -8
46 AO 245 1311510
37 T ENCANF =Y o ST T T eI s e
48 X(J)ysxx{1)
1) Y(JYsuYin
50 245 JJ3JJ=1 L N L
TS 7T TR ALLTSOLVINY T CTT oo s - ’
52 . 1csy

Alk



RONITETEIT08I74 T odiiga T

53 B0 230 T=11,1D

54 uxy{1)ss¢icy

55 T 250 "1Ca]Ceq '

56 NCTsNCTet

577 TF(NET,Le NSTR)GD YO 243
s8 RETURN

59 END
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"SUBRBUTINE BELVIN)

" N13N-l

2010

2020

2030

2840

_ 20s0

©IFTTICED1)Gy To 2180~~~

2150

~ END

09,139

EOMMON MMy NNP ,NEL ,NCONF ¢NSTRONX,NBX ¢NY ,NBY )NTIME DT PFACT,DXsDY,
1nou1<10).tho)uvtze).stzc).HtZO).utsoa.ult30|.uvt3ﬂ).uxchO).sl.
2XX130)0XY(30)DSW(30i30)sEC30030),GAMI30s30)0G(30030)aWCL30+30)s
IPPI¢30,30),PERX(30430)04L0aD(30,30),8U¢36,30),1E¢25,4),EC,ETSUC

DIMENSION AL20),B¢20%,C(20),D¢20), Ptzo).ﬂcaos

B0 2010 132,n

Helyaxely=x(i=1)

BO 20820 132,

A(1)al o /HLT)

At1)20, o .

BO 2030 ll?gki

1121, /581 ) e /H(Te1)

8(!):2l'71

5!1)'2-'(101H(2)1

B(N)S2,8(1,/N(N))

Do 20{9_1:1.5}__

Cl1)sg, /R (11

e(N)s0,

DO 2050 1%2,n1

?1=(V<ly-Y(I 1y)/(Hcyontly)
T23(¥(1,1)=Y (1)) /(H(T 1) oH],1))

D(lyag.®(Tiotr2)

Tis(Y¥(2)=Y(3))/(A(2YoH(2))

LISRERTLASE

T28(¥(N)=Y(N~ L))/ (H(NY*H(ND)

D‘N’.3|.TZ ) ) 7 o

FORWARD pASS

A(l)y=C(t)/a(1)

B0 ZIDD I§2:M1 T : )

T1sBtI)=A(1)eQ(l=1) o n

L IRRETIRRVASS ' '

Pt1)= (1)/g&1,

9Ep'D(ll -AC1IeR(1-1)
TLEBTIYSA{ITeQ (151~
RUT),TEM/TL

BACK SOLUTIGN o S

S(N)3P(N)

TNy N o
S(1)sP(EI=041),S(T1e1]

-¥2i=2 .

60 10 2320 L . S R
EONTINUE

RETURN o
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1 SURROUTINE BICUBE
2 EOMMON MM, NNP,NEL ,NCONF ,NSTR,NX,NBX,NY,NBY,NTIME,DT,PFAC iox.nv.
Ty T mounm.x:ac).vtzu).st20).m20).uc30>.uxc30).uv¢30).ux 0),83,
4 zuusu.zvtsunnsutso.so).5(30.30).sAmsu’.s_o).gcsqastn.yccso.soh
- T JPPY(SOJOMPERX(JOJU)uALUAD(SUuNLSU(HoSOh1E¢25.4)-EC.ET.UC
6 BO 400 m2i.NF
7 T«TEIN, 1Y
B L JRIEMR) ——— e - —— e
T e MEIE(M, )
10 LEIE(Ms 4) e
R ¥ A XF' Si.GE XX(!).AND SY,LE, XX(J))GO 10410
12 80 TO 40
i3 A10 IF?EC—GE YY_(!).AND-EE LELYY((IIG60 10 420
o A4 400 EONTINUE e, _
B 15 420 CONTINUE
16 AAXX(J)=XX(1) N e .
I ¥ A TBeRYVILY-YYD)
18 SINES3aXX(1) .
19 ECNsEC=YY(1}
20 o _SLsS3N/AA R —
R TagcN/B8
.2 32- skeslL _ B e
23 JeSLeSLeSL
24 T2:T0T
r] Y3:T2eY
26 Fla3,~3,85242,853 — -
27 T TR 2e520(3,-2, 450 ) LT T T e
28 F3'A“SL“(1 'SL)’(&-'SL) i ) o
IS 1 R = sAASSQ#(SL-14) T T T e e e
30 6 430 KJay,2
31 xn,m E0VOIGE To dRDT T T
32 1F(KJ,EQ,2)GC YO 44p
33 T, (~6,AT*6,472)78B - Tt T s
4 T(6,07~ 6,472)/8B
- 5 - *-—35-3..72 4,814, T T o o -
36 G423,8T72<2,a7
37 80 YO 350 - -
38 440 Gi,l.-s-'TZOZ.'TS
-39 - §2,72413,-2,47) T T e
4 83:BBeTA( ¢RT)O(g " T] :
g. g ‘e“.rz,*hh o e e e
2 450 H(i)'Fi'GUUtH
LR RUZTEF2%G1aUTYY ’ h
44 H(3)sF2aG2ey (K)
45 TH{4)FF 186240 (L) et T T e
46 H(s)sF3aG1eUx(l)
- 47 T OTHU6 ) sF4eGLeUx(J) T )
48 H{7)sF4nG2eUX(K)
&9 H(at:r}l‘GZimm—‘" -
50 H(9)3F1e63euy(l)
TTUTBL T TH(109#F2eG LY (U) ST T
52 H(ll)tF‘?'GhUYtKl

AlT



TROY34 01 07-08-74 09.141

53 H(12VsFanGasLY (LY
54 C H(13)eF3eG3auxy(l])
T Hilq)sF 4#G3aUXY(J)
55 _ H(15)sF4eGarLXY (K)
ey T T H(16)xF3agasuXY (L)
58 1F(MM,EQ,038C T0O 460
59 IF(KJ,EQ.2)G0 TO 460
o —_— ET=g?
o) BO 470 KKz1iig
. 470 ETsETeH{KK)
63 FF(MM,EWQ,2)g0 TO 485
64 80 10 430 R
65 460 YC.0,
&8 bo 480 KKg1s16
87 480 UCTUC+H{KK)
88 . IF{MM.E@.0)GC TO 485
8% 430 EONTINUE
70 485 eONTINUE I
71 v RETURN
72 END
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APPENDIX B: ADOPTED SUCTION-WATER CONTENT RELATIONSHIPS

1. Suction-water content data (Figure Bl) provided for the mesh
points are those of some remolded British soils with plastic properties

. 16*
approximated by

PI = 0.838LL - 1L.2 (B1)

where LL = liquid limit

If the plastic properties of the soil are significantly different from
those représented by Equation Bl, an effective water content can be cal-
culated by assuming that for any given plasticity index, soils with an
equal consistency index (Ic = LLﬁ%—E) will have the same suction.t

The effective water content can then be used to determine the suction

properties or the converse.

¥ References are listed on pages 27-29.
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by bicubic spline function (from Reference 16)
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APPENDIX C: ADOPTED POTENTIAL VOLUMETRIC
SWELL-SURCHARGE PRESSURE RELATIONSHIPS

1. The percent potential volumetric swell or shrinkage in situ
PVS of foundation clay soils such as remolded Texas clays can be found
by McDowell's procedure.g* For known values of surcharge pressure P
and potential volumetric change at 1l-psi surcharge pressure PVC , the
PVS can be determined from a family of curves (Figure Cl) represented
by the bicubic spline function.l

2. The percent potential volumetric change at l-psi surcharge

pressure is represented by

100(PVMAX - PVMIN) (wH - W)

PVC = Cap—— + PVMIN (c1)
H L
where
PVMAX = .34PI - 2.4
PVMIN = .223PI - 3.1

PI = plasticity index

w = percent initial water content
The foregoing expressions for percent maximum volume swell PVMAX and
percent minimum volume swell PVMIN at l-psi pressure are found to ap-

proximately fit the available data.9 The initial water content w must

be within the range of the high (optimum) water content wy and the low
water content LI where
Wy = 0.UTLL + 2 (Cla)
wp = 0.2LL + 9 (c1v)

The percent high water content Wy corresponds to the maximum capil-

lary sorption obtained by laboratory tests on specimens molded st

¥ References are listed on pages 27-29.
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Figure Cl. Representation of swell relationships
by bicubic spline function (from Reference 9)

c2



optimum. The percent low water content w, represents the minimum
moisture contents from which swelling clays usually expand.9 Moisture
content had generally shown that soils will approach the higher value
WH or lower value WL below a thin, impermeable, top stratum.9

3. The accumulative heave at the ground surface is denoted as the

potential vertical rise PVR and computed by the code as

n
PVR =% z (ay;) (Pvs, ) (c2)
i=0
where
n = number of vertical increments in the mesh
Ay = dimension of vertical increment 1 , inches
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PI
PVC
PVMAX
PVMIN
PVR
PVS

APPENDIX D: NOTATION

Alternating direction explicit
Total length of structure

A parameter

Depth

Void ratio

Initial void ratio

Void ratio at each mesh point and at time t
Finite difference

Specific gravity

Total head

Consistency index

Permeability tensor--the proportion of velocity of flow in the
ith girection contributed by a change in total head in the jth
direction

The proportion of velocity of flow in the ith direction contrib-
uted by a change in total head H in the vertical direction

Coefficient of horizontal permeability
Coefficient of vertical permeability
Length

Liquid limit

Coefficient of volume change

Number of soil layer

Surcharge pressure; also vapor pressure of the pore water
extract

Vapor pressure of free pure water

Plasticity index

Percent volume change at 1 psi

Percent maximum volume swell at 1 psi

Percent minimum volume swell at 1 psi

Potential vertical rise

Percent in situ potential volumetric swell or shrinkage
A constant = [(w - Yo)/(VTP - VTI) x 100]

max
Universal gas constant
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Time

Absolute temperature

Volume of a mole of liquid water

Volume

Total specific volume at each mesh point and at time
Total initial specific volume ,
Maximum total specific volume

Water content, percent dry weight

High (optimum) water content, percent dry weight
Low water content, percent dry weight

[(VTPGS - l)/GS] x 100

Initial water content, percent dry weight
Horizontal coordinate

Coordinate in the ith direction

Coordinate in the Jth direction

Vertical coordinate

Compressibility factor

Initial dry density

Unit weight of water

Ultimate change in void ratio from the initial void ratio

Time increment
Change in volume
Horizontal increment

Vertical increment

Ultimate change in effective stress or the initial positive

pore water pressure
Dimension of vertical increment 1 , inches

Volumetric water content, percent

Effective stress or initial positive pore water pressure

Total suction

Matrix suction
Initial in situ matrix suction

Initial matrix suction at zero surcharge pressure
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Metrix suction at point (x,y)

Osmotic suction
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