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Abstract approved:

A computer program was developed for estimating construction

pore pressures in embankments without drainage at any location in

the embankment at any time during construction. This program in-

corporated a modification of the Hilf-Brantz method of pore pressure

calculation and a finite element method of stress computation.

Previous methods of calculating construction pore pressures

were improved upon (a) by using actual principal stresses, calculated

in the program, to eliminate the assumption that the major principal

stress in an embankment is equal to the overburden pressure and (b)

by using the results of triaxial consolidation tests with volume change

measurements performed at the total stress ratios anticipated in the

embankment to eliminate the assumption of complete lateral restraint

(one-dimensional consolidation) within the embankment. Significantly,

the results of the triaxial consolidation test performed in this study

showed that after saturation of a partially saturated soil by



compression, the change in pore pressure was not equal to the change

in the major principal stress, as implied by one-dimensional con-

solidation, but that it was related to the total stress ratio.

The computer program developed for this thesis is intended to

be a basic method for calculating construction pore pressures. It

will require additional evaluation and modification for specific

design applications. An automatic mesh generation routine has been

incorporated into the program to facilitate its use by design personnel.

Also, the program can be easily modified to allow for partial dissi-

pation of pore pressures during construction and to use the effective

stress strength parameters for calculating the factor of safety with

respect to shear for each element in the embankment.



Numerical Method for Calculating Construction
Pore Pressures in Embankments

by

John Erwin Steward

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

June 1971



APPROVED:

Redacted for Privacy

Professor-ThfrCivil Engineering
in charge of major

Redacted for Privacy
Head of DepIrtment of argil Engineering

Redacted for Privacy

Dean of Graduate School

Date thesis is presented /9 ti-c_//7

Typed by Muriel Davis for John Erwin Steward



ACKNOWLEDGMENTS

The author wishes to thank the personnel of the Portland

District office of the U. S. Army Corps of Engineers in general

and Mr. R. J. Pope in particular for their assistance and guidance

in this study. The study was performed while the author was

employed as a Graduate Associate in the Corps of Engineers Graduate

Fellowship Program.

Special thanks are due Dr. J.R. Bell for his patience, advice,

suggestions, and assistance in directing the research and writing

of this thesis.

Thanks are also extended to Dr. W. L. Schroeder for his advice

and to Mr. Craig Gibson,. a future Civil Engineer, for his assistance

in performing the laboratory tests.

Grateful appreciation is expressed to my wife, Nancy, and my

sons, John Jr. and James, for their patience and inspiration during

the year of this study.



TABLE OF CONTENTS

INTRODUCTION

Page

1

LITERATURE STUDY 4

Hilf-Brantz Method 4
Bishop Method 7

Discussion of the Hilf-Brantz and the Bishop Methods 10

MATHEMATICAL MODEL 19

General 19
Finite Element Method 2 3
Element Mesh Generation 24
Pore Pressure Calculations 25
Simulation of Construction 29
Initial Stresses 31

Possible Future Modifications 33

LABORATORY STUDIES 35

Apparatus 35

Procedure 35

RESULTS 43

Laboratory Study
Computer Study

DISCUSSION OF RESULTS

43
43

64

Laboratory Studies 64
Compute r Studies 68

SUMMARY AND CONCLUSIONS 70

RECOMMENDATIONS FOR FUTURE STUDY 72

BIBLIOGRAPHY 75

APPENDICES 78



LIST OF FIGURES

Figure

Method of predicting construction pore pressures,

Page

1

after Hi lf ( 1 9 ) 8

2 Illustration of Hilf and Bishop assumptions of neutral
pressure in a partially saturated soil 14

3 Simplified flow diagram for bilinear elastic analysis 20

4 Finite element simulation of an embankment 22

5 Example of normalized void ratio-effective stress
curves 27

6 The linear relationship between factor of safety and
pore pressure ratio for a slope or cut in cohesive
soil, after Bishop and Bjerrum (4) 30

7 Gradation curve and Atterberg limits (24) 36

8 Plasticity chart. Air dried and moist samples from
Gate Creek Dam borrow area 37

9 Device for volume change measurements 39

10 Moisture density relationship 45

11 Triaxial cell calibration curve 46

12 Void ratio - (log) effective stress curve, K = 0.5 48

13 c , a , and k - (log) effective stress, K = 0.5
v v

49

14 Void ratio - (log) effective stress curve, K = 0.6 50

15 c , a , and k - (log) effective stress, K = O. 6
v v

51

16 Void ratio - (log) effective stress, K = 0.7 52

17 c , a , and k - (log) effective stress, K = 0.7
v v

5 3



Figure Page

18 Plot of void ratio vs. permeability 54

19 Plot of void ratio vs. coefficient of consolidation 54

20 Plot of void ratio vs. coefficient of compression 55

21 Plot of Bs v. K 56

22 Plot of deviator stress vs. axial strain 57

23 Plot of modulus of elasticity - E PS and ET - vs.
Poisson's ratio 57

24 Poisson's ratio vs. major principal stress 58

25 Plot of lateral strain vs. axial strain 59

26 Normalized void ratio - (log) effective stress
curves for K = O. 5, 0.6, 0. 7 60

27 Properties of the simulated embankment 61

28 Major principal stress ratio, K , contour s
using charts by Woodward (30) w 62

29 Pore pressure ratio, Ru, contours 63

30 Computed major principal stress ratio, K,
contours 63

31 Configuration of generated embankment 79

32 Computer input for void ratio-effective stress
curves 85



Term

A

A f
ay-

B

B

TE.
s

Cc

Ccn

Cco
cv

c'

EPS
ET

e

ea

ea

eave

eo

ew

ewo

H

HA

h

K

Ko

{Ks}

LIST OF TERMS

Description

Pore pressure coefficient

Pore pressure coefficient A at failure
Coefficient of compressibility
Pore pressure coefficient
Pore pressure ratio, Au/Acr1

Pore pressure ratio after saturation by
compression, Au/ 0-

1

Compression index

Compression index, normally consolidated
Compression index, overconsolidated
Coefficient of consolidation

Effective cohesion

Modulus of elasticity, plane strain test
Modulus of elasticity, triaxial test
Void ratio (V /V )

v s
Air void ratio (Va/Vs)

Initial air void ratio
Average void ratio
Initial void ratio
Water void ratio (Vw/Vs)
Initial water void ratio
Henry's constant of solubility of air
in water by volume

Average sample height
Total height of soil mass
Principal stress ratio (cr

3
/cr

1)
Earth pressure coefficient at rest (cr /a- )x y
Structural stiffness matrix

Dimensions

dimensionless

dimensionle ss

cm2/kg

dimensionless
dimensionless

dimensionle s s

dimensionle s s

dimensionle s s

dimensionle s s

cm /sec
kg/ cm2

kg/ cm2

kg/ cm2

dime n sionle s s

dimensionle s s

dimensionless
dimensionless
dimensionle ss

dimensionle s s

dimensionle s s

dimensionless

cm

cm

dimensionless
dimensionle ss

lb/ft



Term Description Dimensions
Kw Total stress earth pressure coefficient,

Woodward (30) dimensionless
K1 Total stress earth pressure coefficient

(crx /a-
y

) dimensionless
k Coefficient of permeability cm/sec
LL Liquid limit percent
{P} Applied nodal point force matrix lb

Pa Pore air pressure after compaction lb/in2,
kg /cm2

PI Plasticity index percent
PL Plastic limit percent
Ru Pore pressure ratio (u/o-

1
) dimensionless

S Degree of saturation percent
S Initial degree of saturation percento

2s Shear strength kg/cm
T50 Time factor for 50 percent consolidation dimensionless
t50 Time for 50 percent consolidation seconds
[U.] Nodal point displacement matrix feet
u Neutral stress lb/in2, kg/cm2

ua Pore air pressure lb/in2, kg/cm2

uc Capillary pressure lb/in2, kg/cm2

us Pore pressure at saturation by
2 2compression lb /in , kg/cm

uw Pore water pressure lb/in2, kg/cm2

uwo Initial pore water pressure lb /in2, kg/cm2

Total volume cm3

Va Volume of air cm3

Vo Initial volume cm3

Vs Volume of solids cm3

Vv Volume of voids cm3

3V
w Volume of water cm



Term Description Dimensions
w Water content percent
wo Initial water content percent
wopt Optimum water content percent

3
Y Mass unit weight lb/ft

Y d
Dry unit weight lb/ft 3

A Change in dimensionle ss

EA
Axial strain percent

E

L Lateral strain percent
v Poisson's ratio dimensionless
cr Total stress kg/cm2

6
1

Major principal stress kg/cm2

6
1

Major principal effective stress kg/cm2I

T
2

Intermediate principal stress kg/cm 2

Minor principal stress kg/cm2
6

3

6
3
1 Minor principal effective stress kg/cm2

crc Effective preconsolidation pressure kg/cm2

crx Total horizontal stress kg/cm2

o-' Effective horizontal stress kg/cm2
x

2
cry Total vertical stress kg/cm
T t Effective vertical stress kg /cm2

2T Shear stress on x-y surfaces kg/cmxy
' Effective angle of internal friction degrees

X Pore pressure coefficient dimensionle ss



NUMERICAL METHOD FOR CALCULATING
CONSTRUCTION PORE PRESSURES IN EMBANKMENTS

INTRODUCTION

The critical stability condition for a high earth embankment

constructed of compacted cohesive soils may occur at the end of con-

struction due to the pore pressures developed as a result of fill place-

ment. It is essential for an economical and safe design that the

construction pore pressures be accurately estimated before construc-

tion. In addition, the pore pressures must be measured and the

stability of the embankment checked during construction. If the pore

pressures measured during construction are higher than predicted,

one or more of the following steps will be necessary: (a) add berms

or flatten the slopes, (b) apply measures to dissipate some of the

pore pressures, (c) decrease the rate of fill placement, or (d) delay

fill placement until the pore pressures decrease to a safe level.

The basic theories and methods exist for estimating pore pres-

sures developed during construction if the stresses within the embank-

ment are known. Methods also exist for calculating the stresses in

the embankment during construction, provided that certain material

properties are known. The calculations of the pore pressures and

stresses within the embankment, however, are very time consuming,

limiting the number of points in the embankment at which pore pres-

sures are normally estimated during design.
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The purposes of this study were to develop a computer program

to compute stresses and pore pressures at any point in an embank-

ment at any stage of construction without drainage, using existing

theories and methods, and to determine values for the soil proper-

ties required in the calculations. The computer program and labora-

tory test results will be used by the Portland District, U.S. Army

Corps of Engineers for estimating and evaluating pore pressure

development in the proposed Gate Creek Dam to be constructed entire-

ly of compacted cohesive residual soils.

A survey of the literature indicated: (a) that an existing finite

element program for calculating stresses in slopes in soils could be

modified to calculate the stresses in an embankment, (b) that the

pore pressures could be computed in the finite element program

using the Hilf-Brantz method, and (c) that the soil properties required

for the calculations could be determined from triaxial consolidation

tests with volume change measurements, performed at the total

stress ratios anticipated in the embankment. It was also concluded

that an automatic element mesh generation feature in the computer

program would be required to keep the required input data to a

minimum.

The scope of the study included development of the computer

program and determination of the required soil property values. It

was not within the scope of this study to consider drainage or to
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evaluate or estimate pore pressure development in any existing or

proposed dams.
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LITERATURE STUDY

The loading of a partially saturated soil without drainage results

in the following effects on the soil: (a) the air in the voids of the soil

is compressed, thereby reducing its volume; (b) the increased pore

air pressure causes further solution of air in the pore water and an

additional volume decrease; (c) pore water pressures are increased;

and (c) intergranular stresses are increased by an amount related to

the magnitude of the volume decrease. Thus, during the construction

of an embankment the weight of the soil is supported partially by the

pore air and pore water pressures and partially by the intergranular

stresses.

Two methods of estimating pore pressures have been substan-

tially documented by field results (12); the Hilf-Brantz method des-

cribed by Gould (15) and the Bishop method (3). Both methods, as

commonly used, assume that the major principal stress, a-1 , at any

point in the embankment is vertical and equal to the overburden pres-

sure. The construction pore pressures are calculated using this

assumption.

Hilf-Brantz Method

Bruggeman, Zanger, and Brantz (9) presented the first pub-

lished analytical method for estimating construction pore pressures
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in 1939. The method attempted to determine pore pressures in a

transient state. The basic method was based on the assumption that

the time rate of change of the sum of the volumes of the free air and

moisture in an earth mass is caused by: (a) flow into the unit volume

due to percolation, and (b) change in free air volume due to changes

in pressure and temperature. This time rate of volume change was

equated to the time rate of volume change and compressibility of the

soil from the consolidation test.

Hi lf (19), in 1948, proposed the assumption of no drainage to

overcome the mathematical difficulties associated with unsteady flow.

A simplified approach to the estimation of construction pore pressures

was developed by Hi lf using this assumption and the groundwork laid

by Bruggeman, Zanger and Brantz (9). They had postulated that the

pore water pressure in a partially saturated consolidating soil could

be related to the amount of compression by combining Boyle's law for

compressibility of air with Henry's law for the solution of air in

water.

Hi lf expressed this by the equation

P AV

a._ Vo
u

a Va
+

HVw
AV

Vo Vo Vo

where no drainage is allowed and

(1)



ua =

Pa =

AV =

V
a

=

H =

Vw =

total air pressure after consolidation minus
atmospheric pressure

pore air pressure after compaction

compression volume change from initial volume

of soil mass

volume of free air in the voids after compaction

Henry's constant of solubility of air in water

volume of water in the voids

6

For saturation due to compression, AV = V
a,

and the expression is

reduced to
P Va a

ua =
HVw

(2)

This relation is correct if the assumptions of no drainage, constant

temperature, and equal pore air and pore water pressures are satis-

fied (i.e., if surface tension can be neglected).

Hill (19) used the relations of Equations (1) and (2) and the re-

sults of one dimensional consolidation tests to calculate the pore pres-

sures developed during construction. Figure 1 illustrates the use of

the Hilf-Brantz method assuming that

where

a-
1

= cr
1

+ u

0.1 = major principal effective stress

(3)
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61 = major principal total stress

u = neutral stress

and that

U. =
a

also 01 = yh (4)
r

where

y = mass unit weight of the soil above the soil element

h = height of the soil mass above the soil element.

The laboratory consolidation curve for 0-1
1 V

versus AV (see
0

Figure 1) is combined with a curve for cr'
1

versus u from the

initial soil conditions and Equations (1) and (2) to construct a cr
1

versus
V

curve. Curves can then be drawn for Cr t versus u and
o

1

61 versus u. The estimated pore pressure at any location in the

embankment is found from the 0-
1

versus u curve in Figure 1 using

61 calculated from Equation (4).

Bishop Method

Bishop (3) and Skempton (28) have related the change in pore

water pressure, Au.
w

, due to total stress changes in a soil as:

Auw = B(4o- + A(Acr1 - 0cr3))

where

(5)
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1

2

6

Cr vs AV /V (a i= cri+u)

I' L1V/V
a 0

Laboratory 0" ' vs A
1

I

V/Vo(one-dimensional consolidation)

I

u V + HV
a

I

w
- 6V/Vo

I I

Note: Circled points represent saturated
condition

1

_
-.IN--8 =

s
1

45o_

)

o-' vs u

1

0- vs u

)..

I ----
........

414J

Total , Cr and Effective, Cr it, Major Principal Stresses.
2

Neutral Stress, . u, lb /in

Figure 1. Method of predicting construction pore pressures, after Hilf (19)

280

CO
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A and B are pore pressure coefficients

A63 = change in minor principal stress

Acrl = change in major principal stress.

and no drainage is allowed. B relates the change in pore water pres-

sure to the change in mean principal stress and A relates the change

in pore water pressure to the change in deviator stress, (Ao- 1- Ao- 3).

Skempton illustrated the influence of shear by rewriting Equation

(5) for an elastic material as:

-uw = B(1 /3(A61 +2.6.(r 3) +
3 A 1

(A61 -A63))
3

(6)

Equation (6) shows that for such a material with A = 1/3, the pore

pressure depends solely on the mean principal stress; whereas, in

soils with A # 1/3 the deviator stress has a significant influence on

the pore pressure. In a real soil, B varies from zero for a com-

pletely dry soil to unity for a fully saturated soil and depends on the

stress history and the portion of the failure stress applied (3, 4, 28).

The value of A varies with the deviator stress, strain, stress

history of the soil and the portion of the failure stress applied.

Table I contains values of A determined at failure by

Skempton.



Table I. Pore Pressure Coefficient A at Failure (28)

Type of Clay Af

Clays of high sensitivity
Normally consolidated clays
Compacted sandy clays
Lightly over consolidated clays
Compacted clay gravels
Heavily over consolidated clays

+ 3/4 to 1..1/2
+ 1/2 to + 1
+ 1/4 to + 3/4

0 to + 3/4
- 1/4 to 1/2
- 1/2 to 0

Bishop (3) and Skempton (28) rewrote Equation (5) in the form:

Au A3
))

1

w _
o-

Cr
= (1 - (1-A)(1 A06

1

10

(7)

to relate the change in pore pressure to the change in total major

principal stress. The value of the parameter B only relates to the

change in pore pressure due to stress change under undrained condi-

tions. The total pore pressure depends on the initial pore pressure,

, before the stress change is made, and is given by the expres-

sion

u = u + Au
w

0

and

(8)

uw = u B Ao-
1

(9)wo

Discussion of the Hilf-Brantz and the Bishop Methods

A major criticism of both methods is that the overburden pres-

sure does not accurately represent the major principal stress.
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A further criticism of the Hilf-Brantz method is that the condition of

complete lateral restraint in the laboratory one-dimensional consoli-

dation tests probably will not be met in the field. Bishop (3) has indi-

cated that the assumption of major principal stress equal to over-

burden pressure serves as a reasonable approximation as long as the

slopes are not too steep. Hi lf found reasonable agreement between

61 versus u curves approximated from available field and labora-

tory data, and overburden pressure versus piezometer readings from

Green Mountain and Anderson Ranch Dams.

Krasilnikov, Osyankina, and Denisova (20) observed, however,

during construction of an experimental earth dam, that the pore water

pressures developed were proportional to the overburden pressure,

but that the major principal stress was not equal to the overburden

pressure.

Woodward (30) has concluded, using the finite element tech-

nique, that the assumptions of complete lateral restraint and major

principal stress equal to overburden pressure are not valid outside

the central portion of the core. Also, Gould (16) concluded, after

investigating the primary and post construction consolidation of 22

U.S. Bureau of Reclamation dams, that two important errors in

determining field consolidation curves are "(a) inaccuracies in the

estimate of total vertical stresses and (b) the contribution of shear

deformation to observed vertical strain." Woodward (30) has shown
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that reasonable values of stresses and strains in an embankment can

be calculated if the required soil properties are known.

The assumption of complete lateral restraint can be eliminated

by performing triaxial consolidation tests at the stress ratios anti-

cipated in the embankment (6, 3) .

Both methods assume that the pore air and pore water pres-

sures in the soil are equal; the Hilf-Brantz method calculates the

pore air pressure, whereas the Bishop method calculates the pore

water pressure.

Hilf (18), after an extensive search of the literature on surface

tension, concluded that the assumption of no surface tension was un-

justified in most soils and that the existance of surface tension

caused the pressure in the soil water to be less than that in the air in

the soil. He showed that the radius of curvature of the meniscus was

independent of the air pressure, and expressed the pore water pres-

sure in the soil as an algebraic sum of pore air pressure and capil-

lary pressure

where

u = u
a

+u
c

uw = pore water pressure

(10)

1/ Capillary pressure is that pressure in the water when the
air pressure is atmospheric (uc = u

a - u ).w
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ua = final air pressure

uc = capillary pressure

The final air pressure is found by using the Hilf-Brantz method, and

the capillary pressure is either estimated or measured in the labora-

tory.

Hilf (18) assumed the soil grains in a partially saturated soil to

be covered with a thin film of water and the water pressure to be con-

stant throughout the sample. He also concluded that if Equation (3)

holds for a fully saturated soil it should hold for a partially saturated

soil, yielding

Cr = (11)

for the general case where surface tension is acting. Bishop proposed

in 1955, as cited by Skempton (27), that the air pressure acted over

the entire surface of a section through the soil but that the suction or

capillary pressure acted only over the area of the section cutting

through the water, and that the neutral stress was represented by:

where

u = ua - X (ua
- u ) (12)

w

ua - uw = uc (capillary pressure)

and X can be considered as the fraction of the section cutting through

the pore water. Figure 2 illustrates the Hilf and Bishop assumptions;

the equivalent pore pressure is given by



and

leading to

14

u L + u (b +c)a c
u (13)

a +c
X = (14)

u = u u (10)
c w a

u = ua - X (ua - u.w) (12)

Bishop's use of the parameter X indicates that the bound water layer

acts much the same as an extension of the soil grains rather than as

a fluid.

Hill assumption

Pore water Bishop assumption

Figure 2. Illustration of Hill and Bishop assumptions of neutral pressure in a
partially saturated soil
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Theoretically, the X factor varies from zero for a completely

dry soil to unity for a fully saturated soil. Bishop and Blight (5) deter-

mined X for four clayey soils during shear. They found that X was

greater than 0.9 for all four soils when the degree of saturation was

greater than 0.9. It has been shown (5, 13) that the factor X is

dependent on the test method used and is different for a compression

test than for a shear test.

Placement water content has a great effect on the pore pressures

developed during construction (2, 12, 16, 21, 26). Gould (16) con-

cluded, after studying construction pore pressures in 22 dams, that

pore pressure development is normally not a problem in embankments

compacted at moisture contents much less than optimum. As com-

paction moisture is increased above optimum, pore pressure develop-

ment increases due to the changed orientation or structure of the

individual soil particles within the soil and the increasing degree of

saturation (16, 25).

It is apparent that as the compaction moisture content increases

above optimum, the validity of the assumption of no surface tension in

the pore water increases due to the higher degree of saturation and

hence the high X value (X greater than 0. 9 for degree of saturation

greater than 0. 9). The magnitude of the error in the assumption of

no surface tension can be estimated by determining values of the cap-

illary pressure at the degrees of saturation and stress conditions
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expected in the embankment. Similarly, B is near unity at high

degrees of saturation (3).

Bishop (4) noted that Equation (7) for B does not account for a

change in the intermediate principal stress Lo-2, or for possible

changes in the directions of the principal stresses. He states, "In

the majority of stability problems the conditions approximate plane

strain -- but the triaxial tests underestimate the value of A." He

further states that "the importance of these limitations in practice

can at present (1960) only be assessed from the overall check with

observed pore pressures in the field." He also notes that the value

of B only gives the change in pore pressure due to stress change

under undrained conditions. Bishop (3, 4) also indicates that for an

accurate prediction of pore pressures, the stress increments occur-

ring in practice must be closely followed by making simultaneous

changes in the values of both cr., and cr3. Further, if drainage is to

be included in the calculations, the tests should be run as consolidated

undrained tests following the stresses and amounts of dissipation

anticipated during construction. For a large embankment, this would

mean running laboratory tests at the principal effective stress ratios,

cr'
3 1
hr anticipated during construction for many elements in the

'

embankment.

The Hilf-Brantz method is also vulnerable to the above criti-

cisms, except that drainage can be accounted for by a change in
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effective stress and void ratio. During drainage, it can either be

assumed that the degree of saturation remains constant (21) or that

the degree of saturation changes after drainage (degree of saturation

due to volume change of pore air) (2). The assumption of no drainage

is suitable for a first approximation of construction pore pressures

for a homogeneous embankment constructed with an impervious

material; permeability less than 10-6 cm/sq. sec (3, 26). The pore

pressures calculated, assuming no drainage, will be on the conserva-

tive side (2, 3, 21, 22), with the degree of conservatism dependent

on the amount of drainage during construction.

It has been noted that the partial dissipation of pore pressures

during construction has a two-fold effect (1, 2, 4, 21, 22). The first

and most obvious effect is that the pore pressures decrease. The

second effect is that the increase in pore pressure due to an increase

in total stress is lower after partial dissipation of pore pressures (B

decreases), hence the two-fold effect. It follows, that for an embank-

ment where drainage may be significant during construction, the

decreased pore pressures and the increased strength of the soil should

be considered.

The Bishop method has several drawbacks; two of these are

(a) that soil tests must be performed on partially saturated soils for

the stresses and stress path anticipated in the field, and (b) that if

drainage is to be considered, the laboratory tests must be performed
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while allowing the anticipated drainage during loading, or corrected

by using a modification of the Hilf-Brantz method relating change in

degree of saturation to change in pore pressure. Another disadvan-

tage is that an investigation of the effects of rotation of the principal

stress axis and placement water content on pore pressure develop-

ment for the Bishop method would require the performance of triaxial

tests, whereas, the investigation of these effects in the Hilf-Brantz

method could be performed using one-dimensional consolidation tests.

A modification of the Hilf-Brantz method will be used for cal-

culating construction pore pressures in the computer program. The

criticism of assuming the major principal stress equal to the over-

burden pressure will be overcome by using the major principal stress

calculated by the finite element method. Another criticism of the

method, that of complete lateral restraint in the one-dimensional

consolidation test and incomplete lateral restraint in the field, will

be eliminated by performing triaxial consolidation tests at the total

stress ratios anticipated in the field. Also, the factor relating

change in pore pressure to change in major principal stress after

saturation, Bs , will be determined from the triaxial consolidation

tests instead of assuming Bs equals unity as indicated by one-

dimensional consolidation tests. Further, the method can be modified

to account for volume change due to partial dissipation of pore pres-

sures.



MATHEMATICAL MODEL

General
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A finite element computer program was written which incorpo-

rated the following features: (a) calculation of stresses and strains

in the embankment utilizing the plane strain finite element technique,

(b) calculation of nodal point coordinates and numbering of elements,

and (c) calculation of construction pore pressures by the modified

Hilf-Brantz method. The basic finite element portion of the program

which was modified for this study was developed for the U.S. Army

Corps of Engineers by Dunlop, Duncan, and Seed (14). The flow

diagram for the computer program is presented in Figure 3.

The embankment is defined in the program by the coordinates

of the boundaries between layers, rows, and zones in the embank-

ment and foundation. The soil properties input for each material for

stress and strain calculations are: (a) mass unit weight, (b) modulus

of elasticity, (c) Poisson's ratio, (d) strength (assumed constant for

this program), and (e) the initial stress conditions (defined by the

total stress earth pressure coefficient, K I). The s oil

properties input for each material for calculating construction pore

pressures are: (a) initial conditions of void ratio, moisture content,

degree of saturation and major principal effective stress
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READ INPUT DATA

CALCULATE FINITE ELEMENT
IDEALIZATION OF SLOPE

CALCULATE INITIAL STRESS
DISTRIBUTION IN FOUNDATION

ADD ONE LAYER AND
CALCULATE NODAL POINT
FORCES AND STRESSES IN

ADDED ELEMENTS

EVALUATE THE ELASTIC PROPERTIES
OF EACH ELEMENT AND FORM

STIFFNESS MATRIX FOR STRUCTURE

1

SOLVE FOR DISPLACEMENTS

3

PRINT DISPLACEMENTS

SOLVE FOR STRESSES AND STRAINS

SOLVE FOR PORE PRESSURES

PRINT STRESSES, STRAINS
AND PORE PRESSURES

Figure 3. Simplified flow diagram for bilinear elastic analysis
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(for volume change calculations), (b) compression characteristics for

each soil at each total stress ratio (K = v3 /61) considered, and (c)

Bs for each total stress ratio, where Au = Bs iv-1 after the soil

is saturated by compression. See Appendix B for input format.

The computer first calculates and prints out the element geome-

try and initial stresses for the foundation. The computer then deter-

mines which elements are to be added for the first layer in each zone

(see Figure 4) and calculates and prints the initial stresses in each

of the added elements. Using the calculated initial stresses for the

added elements, the computer calculates the vertical nodal point

forces required to simulate construction of the first layer of soil.

The modulus value for elements not yet added are assigned a very

low value (typically 0.01 psf) (14, 30). The modulus value for a

newly added element is taken as 10 3 times the modulus value for the

material, and modulus values for all other elements are set equal

to the value assigned to that soil type. Using the assigned elastic

properties, stiffness values are calculated for each element in the

system, and the individual stiffness values are added into the struc-

tural stiffness matrix, which is appropriately modified for the speci-

fied force and displacement boundary conditions. The simultaneous

equations (2 for each nodal point) represented by the stiffness matrix

coefficients are then solved for the unknown displacements, which

are printed by the computer. Subsequently, the changes in stress,
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(a)

ELEMENT

NODAL POINT

COLUMNS

(b)

Figure 4. Finite element simulation of an embankment
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strain, and pore pressure are evaluated for each element, added to

the initial values, and the resulting values printed.

The construction of additional layers is simulated in the same

way, beginning with the evaluation of the initial stresses in the added

elements and of the necessary nodal point forces to simulate addition

of the next layer of elements.

Finite Element Method

The plane strain finite element technique for determining

stresses and strains in a soil mass has been discussed by many

authors (8, 11, 14, 30), and only the basic asumptions will be dis-

cussed in this report. The finite element method consists of four

basic steps:(14):

1. The structural idealization of the continuum so that the
finite element assemblage simulates the continuum.

2. The determination of the stiffness characteristics of each
element to obtain a total structural stiffness matrix {Ks} .

3. Analysis of the structure by standard structural methods
once the prescribed forces and displacements are obtained.
The equilibrium equation expressing the relationship be-
tween the applied nodal point forces {P} and the nodal
point displacement [U] may be expressed as

{P} [15J

4. The determination of the element stresses from the nodal
point displacements U.

The elements can be triangles or rectangles. It has been

shown by Clough (12) and Woodward (30) that unlike quadrilateral
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elements, the stresses determined using triangular elements may

not represent the actual stress anywhere in the element and that dis-

placements calculated using quadrilaterals are more accurate. Quad-

rilateral elements are used in this program except at sloping boun-

daries.

Although homogeneous soil properties were assumed for the

soils during the simulated construction sequence, the method is well

suited to problems involving heterogeneity since each element in the

assemblage may have different modulus and strength values from its

neighbors (12, 30). For materials with non-linear stress strain be-

havior, an iterative technique can be used to determine the correct

material properties for each element during each loading step and to

modify the soil property after each step.

The finite element program developed uses a bilinear analysis

(12), wherein the material modulus is reduced after the shear stress

in a soil element exceeds the shear strength of the soil. The strength

is assumed to be constant over the stress range encountered in the

embankment.

Element Mesh Generation

A scheme for generating the nodal point coordinates and ele-

ment geometry was designed and incorporated into the computer pro-

gram. The mesh generation feature of the program will facilitate
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future use of the program in the evaluation of pore pressures and

stresses in embankments having various heights, side slopes, and

core areas by requiring a minimum amount of input data from the

user.

For the idealized embankment, it is assumed that the soil is

placed in horizontal layers and that the embankment consists of three

zones as shown in Figure 4. Different soils can be used in each zone

for each layer, if desired. A homogeneous embankment can be simu-

lated by using the same soil properties in all three zones.

Figure 4 shows a typical section through the proposed Gate

Creek Dam (a) and the finite element mesh for simulating the embank-

ment (b). The simulated embankment is composed of 23 columns of

elements, 2 layers of elements in the foundation and 5 layers and 3

zones in the embankment; the embankment is divided into 146 ele-

ments with 127 nodal points.

The boundary conditions and data input instructions for the pro-

gram are listed in Appendix A and B, respectively. A listing of the

computer program is not given due to its length (approximately 1800

statements). A listing is available at the Portland District office

of U.S. Army Corps of Engineers.

Pore Pressure Calculations

The computer program uses the Hilf-Brantz method, discussed
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previously, to calculate changes in pore pressures due to changes in

total stress. The pore pressures are related to the change in void

ratio of the soil by a form of equation (1)

U =

where:

Pa
e

Dee a + He
wo

-

u = neutral stress (pore pressure)

Pa = pore air pressure after compaction

Ae = numerical value of change in void ratio from
initial conditions

ea = initial void ratio of the pore air (volume of air/
volume of solids)

H = Henry's constant of solubility of air in water

= initial void ratio of pore water (volume of water/
volume of solids)

( 1 5 )

The change in void ratio is determined using an iterative

process and the void ratio effective stress relationship for the soil

determined in triaxial consolidation tests. The calculation of the

pore pressure change due to a change in total stress consists of five

basic steps:

1. Determine the K value for the element (equal to the aver-

age of the K values before and after loading). From this

K value, the appropriate consolidation curve (see Figure 5)
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is selected by the computer for this element during this

load.

2. Assume that the change in effective stress is equal to one-

half of the change in total stress:

Acr

Ao-
1

1 2

3. Calculate the change in void ratio due to the assumed

change in effective stress:

o-I +Acr'
1 1

Ae = -Cc log (
1

4. Add .6.e to the sum of the previous void ratio changes

and calculate the pore pressure.

5. Calculate the effective stress using the calculated pore

pressure and Equation (3).

(16)

(17)

One-half of the difference between the calculated and assumed

effective stress values is added to the assumed effective stress, and

steps three through five are repeated for a given number of iterations.

After the pore pressure is calculated, a check is made to see

if the soil is saturated. If the soil is saturated, the pore pressure

is recalculated using the volume change and effective stress required

to completely saturate the soil and Bs for the soil after saturation,

(Bs = Au/Acr
1

), i.e., if the change in total stress was equal to 20

psi and the change in total stress required to achieve total saturation
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was 10 psi, then the pore pressure, u, would be equal us+10psl Bs,

where us = pore pressure at saturation by compression. The com-

puter prints the following pore pressure data for each element at the

end of each loading: (a) total pore pressure, u, (b) change in pore

pressures, Au, (c) the ratio, B, of the change in pore pressure,

Au, to change in major principal stress, Acr and, (d) the ratio

of the pore pressure to total vertical stress, R.

Ru is a useful factor since Bishop and Bjerrum (4) have corre-

lated the average Ru along a potential failure surface with the factor

of safety against sliding along the same surface. Figure 6 illustrates

the relationship between factor of safety and pore pressures ratio,

Ru, for one set of conditions. As discussed previously, the vertical

stress is usually assumed equal to the overburden pressure.

Simulation of Construction

The procedure for determining nodal point forces for added

elements was similar to the one used by Woodward (30). The applied

nodal point forces are vertical and, for elements adjacent to an ex-

terior slope, are equal to a proportionate amount of the weight of the

soil in the adjacent elements. The nodal point forces for interior

elements are equal to the unit weight of the overlying material times

the depth of the material times one-half of the distance to the adja-

cent nodal points.
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The modulus value for a newly added element is reduced by

a factor of 103 as suggested by Woodward (30) to account for the

initial uncompacted state of the soil. Also, the initial effective stress

for the soil, used in calculating pore pressures, can be adjusted to

reflect the initial negative pressure in the water, i.e., if the initial

pore water pressure is known to be a negative 10 lb/sq. in., then

the initial effective stress on the soil can be set at that stress change

(from zero stress) required to increase the pore air pressure by

10 lb/ sq. in.

Initial Stresses

The initial stresses for the elements in the foundation and newly

added elements in the embankment are calculated assuming that the

effective stress at any depth, h, below the surface of a soil deposit

with a unit weight y, can be expressed by:

and

where

61 = yh - u (18)

cr' = K 61
X o y

61 = vertical effective stress
y

61 = horizontal effective stressx

u = neutral stress

Ko = coefficient of earth pressure at rest.

(19)
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Brooker and Ireland, as cited by Dunlop, Duncan, and Seed (14),

found that, for normally consolidated soils, Ko values ranged from

0.4 to 0. 6; the higher values of Ko being associated with more highly

plastic clays.

For soils above the water table, the total horizontal stress,

crx, can be expressed in terms of the total vertical stress, a- , as:
y

where

and

x = K tr
1 y

cr = yh

(20)

= total stress earth pressure coefficient (principal
stress ratio at rest, where cr

1
= cr- and a-

3
= crx).

Kivalues depend on soil type, and for compacted soils K1 generally

ranges from 0. 35 to 0.70, with the highly compacted clayey soils

having the higher K1 values. The initial stress conditions are cal-

culated using Equations (18) and (20), assuming u = 0.

It has been shown that the assumed initial stresses (related to

Kl) in the soil have a large effect on the magnitude of stress changes

in the soil during construction (8, 14). The K1 value used for cal-

culating the initial stresses in the embankment is equal to the K

value for which Bs = 1 in the triaxial consolidation test.

Woodward (30) assumed no initial stresses in the elements

added and that their weight is applied as vertical forces to the top
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nodal points of the previously added layer. This assumption is justi-

fied if the added layers are not too thick, and it will decrease the

effect on changes in stresses due to the assumed initial stresses.

Possible Future Modifications

The factor of safety against failure can be evaluated for each

element at each stage of construction using the effective stress

strength equation:

where

s = c ' + cr' tan (1)' (21)

s = shear strength for the soil

c' = effective cohesion for the soil

cr = cr- - u

= effective angle of internal friction for the soil

(3)

The effective stress is determined from the total stress and pore

pressure calculated in the computer program for the element, while

the strength parameters c' and (0' are determined from laboratory

tests. It is reasonable to assume that if the computer program is to

be used in analyzing pore pressures and stresses in an embankment,

it can also be used to evaluate the factor of safety for each element

if the effective stress strength parameters are used in the program.

It may be possible to evaluate the stability of an embankment using

the average factor of safety along the critical sliding surface.
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Although the finite element program, as developed, considers only a

constant strength for the soil, it could be modified to utilize the effec-

tive stress strength parameters.

Similarly, it can be reasoned that the accuracy of the calculated

strains can be improved by modifying the finite element program to

consider the non-linear nature of the stress strain curve for soils.

Also, the effects of drainage can be incorporated into the program by

assuming that a portion of the pore pressure dissipates between con-

struction steps. The calculations could assume that either the degree

of saturation remains constant (21) or that the degree of saturation

changes after drainage (degree of saturation changes due to volume

change of pore air) (2).
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LABORATORY STUDIES

Laboratory triaxial consolidation tests were performed at the

stress ratios and stresses anticipated in the embankment. The soil

samples, supplied by the Portland District office of the Corps of

Engineers, were from the proposed borrow area for the central portion

of Gate Creek Dam. The soil tested was a plastic sandy silt (MH)-2/

having liquid limit, LL, of 64% and a plasticity index, PI, of 19%

(Figure 7).

A petrographic report by the Corps of Engineers stated that the

soils at the dam site contained large amounts of halloysite and that

for certain types of this mineral, the soil properties change irrever-

sibly after air drying (17). This change in soil properties after dry-

ing was confirmed by running Atterberg limits on several soils from

the borrow area before and after air drying (24) (see Figure 8). As

a result of these findings, samples were placed in plastic lined bags

in the field and stored in a humid room to prevent drying before

testing.

Apparatus

A standard Wykeham Farrance triaxial cell for testing 1.4

inch diameter samples was modified to allow testing 4 inch diameter

2/ Unified Soil Classification System
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samples. The friction in the bronze shaft bushing was not considered

to be excessive due to the dimensions of the sample (4" dia. x 4.59"

high) (23).

The cell pressure and back pressure were supplied by self

compensating mercury filled pots traveling on a 14-foot vertical

rail. Three mercury filled pots were connected in series to provide

a maximum cell pressure of 210 lb/sq. in. as discussed by Bishop

and Henkel (7).

The cell pressure and back pressure were applied to the sample

through volume change measuring devices of a type originally

developed by Chan and Duncan (10) (see Figure 9). The nylon tubing

(3/8 inch I. D.) was coated with an organo-silicon waterproofing com-

pound to prevent the indicating fluid (kerosene colored with red Sudan

III dye) and water from adhering to the surface. The volume change

for the device was approximately 0.4 cc per centimeter; the inter-

face was read to the nearest 1/5 centimeter (0. 08 cc).

The cell was constructed with an aluminum frame and the acry-

lic chamber (6 inch 0. D.) was wrapped with three bands of fiberglass

to decrease the flexibility of the cell. The loading heads were con-

structed of stainless steel.

Procedure

The soil samples received from the field were combined to form
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a composite sample. A portion of the composite sample was passed

through a 1/4 inch screen in a moist condition prior to testing. The

moisture density relationship was determined using the standard

Corps of Engineers compaction test procedure (1/30 cu. ft. mold,

5.5 lb. rammer, 12 inch drop, 3 layers, 25 blows per layer), except

that a sleeve type rammer was used instead of the sliding weight,

fixed head type rammer specified (29).

The testing procedure was as follows:

1. Adjust soil moisture content to wopt + 2-1/2% 18 hours

before compacting the sample.

2. Compact sample in 4 inch standard compaction mold using

standard compactive energy. The surface of the mold was

treated with a dry film lubricant to facilitate removal of

the sample.

3. Push sample from the mold and load it into the triaxial cell.

The sample was surrounded by two rubber membranes to

prevent leakage and lateral drainage. Oil was placed on top

of the water in the cell to minimize leakage around the piston.

No attempt was made to measure the leakage, which was

very small.

4. Saturate sample with back pressure. The cell pressure

was increased 5 lb/sq. in. ahead of the back pressure and

B(Au/Acr
3)

recorded as a check on degree of saturation
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(B = 1 for complete saturation).

5. A 5 lb/sq. in. axial load increment was applied undrained,

keeping K constant during the loading. The pore pressure

parameter Bs was calculated from the change in pore

pressure and change in the major principal stress.

6. The excess pore pressure was allowed to dissipate while

recording time, AV cell, AV sample, and axial deforma-

tion. The void ratio at the end of each loading cycle was

calculated from the measured volume change and original

volume of the sample.

7. A new load increment, double the previous total load, was

applied every 24 hours until completion of the test.

The coefficient of consolidation, cv, the coefficient of com-

pressibility, av, and coefficient of permeability, k, were calculated

from Equations (22), (23), and (24).
2

T5
0

HA
c t

50

a = - Ae
A

1

k = 1 + eave

c av v

where:

(22)

(23)

(24)
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T50 = time factor for 50 percent dissipation of excess pore
pressure; T50 = 0. 38 for a triaxial consolidation test
with drainage from one end (no radial drainage) and
pore pressure readings at the other end (7).

t
50 = time in seconds for 50 percent dissipation of excess pore

pressures.

HA = average sample height, cm.

The compression index, Cc was calculated for the void ratio

versus (log) effective stress curve using the relationship

Cc = log + Ao-) - log o-i
e

(25)

The pore pressures were read using a standard Wykeham

Farrance pore pressure panel equipped with null indicating device.

The water system and pore pressure panel were deaired before per-

forming the laboratory tests.
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The results of the laboratory studies to determine the required

soil properties are shown in Figures 10 through 26 and Tables II

through IV.

The Portland District office of the Corps of Engineers deter-

mined gradation, Atterberg limits, and specific gravity for the soil

tested (Figure 7). The moisture density determination and triaxial

consolidation tests were performed as part of this study in the soil

mechanics laboratory at Oregon State University.

Computer Study

The finite element computer program was run on the IBM

360-50 computer operated by the Portland District, Corps of Engi-

neers. One complete run was made on the computer to ensure that

the program had the proper input and output, and that the pore pres-

sure calculation portion of the program was operating properly.

The final evaluation of the computer program and the estimation

of construction pore pressures for an actual dam requires that further

studies be made of the effects of the boundary conditions, layer

thickness, foundation properties, number of iterations in pore
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pressure calculations, and many other variables on the calculated

values. These evaluations are beyond the scope of this study.

Figure 27 shows the section and properties of the homogeneous

embankment used for the computer run. The total stress ratios for

the embankment shown in Figure 28 were calculated using tables and

charts by Woodward (30). These total stress ratios were used as a

guide for performing the laboratory studies. Figures 29 and 30 show

curves for pore pressure ratio, Ru, and principal stress ratio, K ,

calculated in the program.
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Table II. Initial Conditions for Test Samples

K Yd wo so

lb/cu. ft.

e
0

0.5

0.6

0.7

79.7

79.5

80.9

38.9

39.9

40.4

92.9

94.2

98.4

1.167

1.172

1.138

Table III. Volume Change and Back Pressure Required to Saturate
Test Samples

Volume of water Back pressure
K inflow, for full saturation

Calculated Measured Calculated Measured
cc cc lb / in2 lb/ in2

0.5 31.0 30.0 51 55

0.6 25.0 18.5 42 35

0.7 7.0 14.1 12 30
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Figure 29. Pore pressure ratio, Rix, contours

Figure 30. Computed major principal stress ratio, K, contours
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Laboratory Studies
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The relationship between pressure and volume change for the

cell (Figure 11) was very nearly the same as the calibration curve

determined by Bishop and Henkel (7) for a triaxial cell with a Perspex

cylinder and four fiberglas bands . The cell used in the study had

a 34 cc correction at 100 lb/sq. in. versus 32 cc at 100 lb/sq. in. for

Bishop's cell; both cells were for testing four inch diameter samples.

The difference between the calculated and measured volumes of

water required to fully saturate the samples (see Table III) tested at

K = 0.5 and K = 0. 6 are not considered excessive, since Bishop and

Henkel (7) have observed that air trapped between the membrane and

a 4 inch diameter compacted soil sample may amount to one percent

of the sample volume (9. 4 cc for the sample tested). This trapped

air would cause the measured volume of water inflow to exceed the

computed volume. They also observed that excess water between

the sample and the membranes prior to saturation would have a similar

but opposite effect on the measured volume of water inflow. Also,

the measured and calculated back pressures (Table III) required for

full saturation (B = 1.0) of the samples tested at K = 0.5 and K = 0. 6

are in reasonable agreement. The large descrepancy between the
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measured and calculated volume change and back pressure for the

sample tested at K = 0.7 indicates that the sample had a degree of

saturation nearer 95% than the 98.4% calculated (see Table II).

Assuming an initial degree of saturation of 95% for the sample tested

at K = 0.7 would yield an initial void ratio of 1.170, for wo = 40.4%.

An initial void ratio of 1.170 differs very little from the initial void

ratio for the other samples compacted near the same moisture con-

tent. The assumption that So = 95% for the sample tested at K = 0.7

is further strengthened by the observation, that if the values of k,

cv, and a
v

(Figures 18, 19 and 20) are displaced up the void ratio

scale by an amount equal to 0.032, the plots are similar for all three

samples tested.

The data for the void ratio versus (log) effective stress curves

plotted as broken straight lines. The effective preconsolidation

stresses were taken at the intersection of the two straight lines.

The void ratio effective stress curves, when normalized to the

same initial void ratio and effective stress (Figure 26), indicate very

little difference in the compressibility of the samples tested at K

values of 0.6 and 0.7. Figure 26 shows that the compression indices

are nearly equal for K = 0.6 and 0.7 in the preconsolidated region,

whereas they are nearly equal for K = 0.5 and 0. 6 in the normally

consolidated region. The preconsolidation pressures for the samples

tested at K = 0.5 and 0.6 are nearly equal, which would be expected
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for samples compacted at the same moisture content. If the void ratio

effective stress curve for K = 0.5 was disregarded, the conclusion

could be drawn that the K value used in the test had little effect on

the compressibility of the soil. Likewise, if the void ratio effective

stress curve for K = 0.6 or K = 0.7 was disregarded, the conclu-

sion could be drawn that the K value used in the test had a large

effect on the soil compressibility. Due to the small number of tests

run, a conclusion cannot be drawn concerning the relationship between

compressibility and K. But it is apparent that further triaxial con-

solidation tests should be performed at various compaction moisture

contents and K values to better define the effects of K and wo on

the compressibility of the soil.

The effects of end restraint at high stresses (and strains) can

be seen in Figures 24a and 24b. The Poisson's ratio, v , calculated

varied between 0.25 and 0.40 at low stresses, depending on whether

611
or 0r

1
was considered. At high stresses, v calculated is

greater than 0. 6. The maximum possible, Y , for an elastic material is

0.5. Values of v greater than 0.5, as calculated for the tests,

indicate that meaningful values of I/ cannot be determined from the

triaxial consolidation test. Woodward (30) drew the same conclusion

for triaxial tests, after which he determined v for soils by perform-

ing plain strain compression tests. The effect of end restraint was

quite obvious when the samples were removed from the cell at the
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ends of the tests. Typically, the samples were approximately 3-1/2

inches high at the end of the test with a major diameter of 5-1/2

inches (end diameter of 4 inches). The effect of end restraint on the

compressibility of the soil was not investigated in this study.

The modulus value determined for the soil tested (see Figure 22)

indicates that the soil acts as a linear elastic material over a wide

stress range (Et 6. 6 kg/sq cm for crl-63= 0.3 to 3.4 kg/sq cm).

Figure 23 shows a plot of modulus values for plane strain conditions,

Eps, and modulus values for triaxial conditions, ET, versus Poisson's

ratio. The theoretical relationship between E PS and ET has been

derived by Woodward (30):

1
E PS = E

T (1
- v2

(26)

Poisson's ratio will be between 0.4 and 0.5 for a highly saturated

clayey soil (14, 30). The difference in Eps for v = 0.4 and v = 0.5

is about 10 percent. The plane strain modulus values determined by

Equation (26) for v = 0.45 are suitable for estimating stresses and

pore pressures since the calculated stresses are independent of the

modulus values, if the modulus values are all relative, i.e., if the

modulus values used all differ from the true modulus values by the

same proportion. The strains calculated using these modulus values

will differ from the true strains by an amount inversely proportional

to the error in the modulus values.
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The average values of Bs for stresses above the stress re-

quired to saturate the soil are plotted in Figure 21. The plot shows

a linear relationship between Bs and K. The values of Bs at K

values of 0.5, 0.6, and 0.7 were used in the computer program to

calculate pore pressure changes after the soil became saturated; the

original Hilf-Brantz method, using results of one-dimensional con-

solidation tests, used Bs = 1.0 after saturation. The test results

show that triaxial consolidation tests at the anticipated stresses are

required to calculate pore pressure increases after the soil is satu-

rated by compression.

Computer Studies

Figure 29 shows curves of computed pore pressure ratio Ru

in an embankment. The Ru values for the curves are high due to the

high assumed placement moisture content (wopt + 2-1/2%). The plot

of Ru does illustrate the usefulness of information calculated by the

finite element program. If the embankment material was the same

as the material used in calculating the curve in Figure 6, then the

curve could be used to estimate the factor of safety of the slope. An

actual dam would have to be studied for various soil placement condi-

tions before a conclusion concerning the stability of the embankment

could be drawn. The computer program provides a means of rapidly

calculating pore pressures and Ru under many different placement

conditions, improving the stability analyses of embankments during
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construction.

Figure 30 shows the K values determined for the embankment.

A comparison of the K values calculated from Woodward's (30)

charts, Kw, (Figure 28a, b, and c) and the K values calculated in

the computer program shows that Kw is about 0.1 less than K cal-

culated. Although Woodward did not assume an initial stress distri-

bution in the soil layers, final stresses in his standard embankment

indicated an equivalent K1 value of 0.6 (versus K1 = 0.7 for trial

computer run). The K values calculated would probably have agreed

better if K1 = 0. 6 had been assumed for the trial run. Also the

elements used in the computer run for this study were about 46 feet

deep and 80 feet wide while Woodward's elements were triangles 13

to 20 feet high. The validity of Woodward's assumption of no initial

stresses in a newly added layer 13 feet thick can be questioned, as

can the validity of the initial stress conditions assumed for this study.

The effects of the element size and assumed initial stress distribution

on the computed values of stress and pore pressure requires further

study.

The major principal stresses calculated for the elements in the

trial computer run differed less than 10 percent from the overburden

stress. The magnitude of the error associated with assuming the

major principal stress equal to the overburden pressure cannot be

evaluated from the results of only one computer run.
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SUMMARY AND CONCLUSIONS

A computer program was developed using the finite element

method for stress calculations and a modification of the Hilf-Brantz

method for calculating construction pore pressures without drainage.

This program improves on the previous methods for calculating con-

struction pore pressures in the following ways:

1. The effects of the assumption of major prinCipal stress equal

to the overburden pressure are eliminated by the use of actual

stresses calculated by the finite element method.

2. The program uses the results of triaxial consolidation tests

performed at the stress ratios anticipated in the embank-

ment, thus eliminating the assumptions associated with the

one-dimensional consolidation test, i. e. , that the soil in

the embankment exists in a state of complete lateral re-

straint and that Bs equals unity: for the soil.

3. The mesh generation feature of the computer program will

allow design engineers to calculate construction pore pres-

sures at more points in the embankment, for more construc-

tion schemes than would normally be performed during

design using hand calculations.

From these studies it may be concluded:

1. The computer program developed is feasible and flexible,
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but needs more evaluation before it can be used to predict

construction pore pressures for an actual dam.

2. Triaxial consolidation tests are necessary to evaluate B.

3. The modulus of elasticity of a soil can be calculated from

the triaxial consolidation test, but more study is required to

evaluate the validity of applying this modulus to plane strain

conditions.

4. More study is required to evaluate the effects of the details

of triaxial consolidation testing on the compressibility of

the soil.

5. Poisson's ratio cannot be adequately evaluated in the triaxial

consolidation test without reducing end restraint.

6. The relationship between the major principal stress and the

overburden pressure needs more evaluation.
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RECOMMENDATIONS FOR FUTURE STUDY

The computer program developed for this thesis is intended to

be a basic method for estimating construction pore pressures. But it

must be evaluated to establish the validity of the calculated stresses,

strains, and pore pressures before it is used to estimate construction

pore pressures for the design of an embankment. The program should

be modified to incorporate the following features:

1. To allow for partial dissipation of construction pore pres-

sures during construction.

2. To utilize the effective stress strength parameters to calcu-

late the factor of safety against failure for each element

during construction, using the total stress and pore pres-

sures calculated in the program.

3. To use a multilinear description of the stress strain proper-

ties of the soil, eliminating the assumption that the stress

strain relationship for soils is bilinear.

Modifications 1 and 2 above should be incorporated into the pro-

gram immediately to improve the utility of the program. Modification

number 3 can be made when the laboratory test results become avail-

able to fully describe the stress strain properties of the soil in plane

strain.

An evaluation should be made of the effects of the assumptions
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normally made in the calculation of pore pressures using the Hilf-

Brantz method, i.e., that the principal stress is equal to the over-

burden pressure, that the soil in the embankment exists in a condition

of complete lateral restraint, and that Bs equals unity.

Further laboratory investigations are required to define:

1. The effect of the K value on the compressibility of differ-

ent soils.

2. The effect of compaction method and compaction moisture

content on the compressibility of the soil. The study can

probably be performed using the one-dimensional consolida-

tion test, and relating the results to the results of triaxial

consolidation tests.

3. The effect of rotation of the principal stress axis on the

compressibility of the soil and the development of construc-

tion pore pressures. The initial investigations could be

made using the one-dimensional consolidation test, the re-

sults of which could be used as a guide in performing tri-

axial consolidation tests with rotation of the principal stress

axis. The rotation of the major principal stress axis cal-

culated in the program could be used in accounting for this

effect.

4. The parameters necessary to calculate the rate of pore

pressure dissipation in partially saturated, layered,
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compacted cohesive residual soils.

5. The validity of the modulus of elasticity determined in the

triaxial consolidation test for calculating stresses and

strains under plane strain conditions.

6. The value of Poisson's ratio to be used for calculating

stresses and construction pore pressures.

7. The effects of end restraint in the results of triaxial

consolidation tests.
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APPENDIX A

REQUIREMENTS FOR BOUNDARY CONDITIONS,
ELEMENT SIZE,AND ELEMENT SHAPES

The computer time required to solve a finite element problem

depends on the computer being used and the number of elements used

to represent the structure. The number of elements should be kept

to a minimum consistent with the desired results.

Studies to establish criteria for elements and location of arbi-

trary boundaries may be made for a class of problems, such as the

static analysis of stresses in embankments, once a general scheme

for the configurations and the type of element is chosen. In the com-

puter program described in the text, the basic finite element used

was a quadrilateral composed of four constant strain triangles as

described by Dunlop, Duncan, and Seed (14).

The arrangement of elements within the embankment configura-

tion is shown in Figure 31. It may be noted that rectangles are used

throughout with the exception of the region immediately adjacent to

the sloping boundaries, where triangles and trapezoids are employed

alternately. This scheme of elements was considered to be well-

suited to the simulation of embankment construction by the "addition" of

elements above the foundation and it was also convenient for automatic

mesh generation within the computer. Quadrilateral elements should

be used, whenever possible, since it has been shown by Woodward
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(30) that the stresses obtained for a triangular element do not repre-

sent the stresses acting at any one point in the element.

It was assumed in the program that the embankment rested on

a much more rigid stratum, which was simulated by constraining the

bottom row of nodal points from moving in either a horizontal or ver-

tical direction. The nodal points on the artificial lateral boundaries

were allowed to move freely in the vertical direction but were unre-

strained in the horizontal direction.

Boundary Positions

Woodward (30) found,for the cases he studied, "that the founda-

tion should extend 400 feet; any foundation width greater than this

would have no effect on the results calculated for the dam, and the

foundation up to 300 feet beyond the toe. " The dam investigated by

Woodward was 133 feet high with symmetric side slopes of 1:2.5 and

a toe-to-toe length of 690 feet with a deformable foundation 66.5 feet

thick resting on rigid bedrock. A similar study should be undertaken

for each embankment studied to determine the optimum location of

the boundaries.

Layer Thickness

The effect of layer thickness on the accuracy of the finite ele-

ment idealization has previously been studied by Woodward (30).
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Woodward considered an embankment construction sequence consisting

of the progressive placement of layers of soil until the final slope

configuration was reached, each layer applying only vertical normal

stresses to the previously placed soil. He has shown that such a con-

struction procedure results in stresses, strains, and displacements

dependent on the number of construction steps taken. Woodward (30)

used a 10 step construction sequence after concluding that a 7 step

and 14 step construction procedure produced practically the same

results. The number of construction steps used for estimating pore

pressures will also depend on the number of anticipated construction

seasons, location of drainage layers, and location of required pore

pressure calculations.
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APPENDIX B

INPUT/OUTPUT REQUIREMENTS FOR FINITE
ELEMENT COMPUTER PROGRAM FOR PORE
PRESSURES IN EMBANKMENT--NO DRAINAGE

Identification

The program consists of a main program (MAIN) and ten sub-

routines (NODPT, ELEM, STIFF, QUAD, TRISTF, MODIFY,

BANSOL, STRESS, PORE, INIT).

Purpose

This program calculates stresses, strains, displacements, and

pore pressures for an embankment composed of one to three zones of

homogeneous or horizontally layered soils. The program is written

for analysis of embankments having bilinear stress strain properties,

constant strength properties, and no drainage during construction.

The program can be modified for analysis of embankments having

multilinear stress strain and strength properties and to allow for par-

tial dissipation of pore pressures during construction.

Input Data

IDENTIFICATION CARD: FORMAT (18A4)

Cols. 2-72 Identifying information to be printed with

results.
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EMBANKMENT CONFIGURATION CARD: FORMAT (315, F10.2,
615)

Cols. 1-5 Number of layers of elements (NL 30).

6-10 Number of columns of elements
400 + NL (2NL + 2)

(NI )NLF

11-15 Number of different materials (NUMMAT <L 20)

16-25 Vertical acceleration (ACELZ). This is 0.0 for

this program; the initial foundation stresses are

generated by 0- vertical = y depth and

cr horizontal = K16 vertical.

26-30 Number of iterations in calculating elastic prop-

erties. This is 0 for this program (bilinear

analysis) (NPP).

31-35 Construction steps for embankment (NT).

36-40 Number of layers in the foundation (NLF).

41-45 Number of the vertical boundary line immediately

left of the toe of the left core boundary line (NLB).

Core boundary not on this line.

46-50 Number of the vertical boundary line immediately

right of the toe of the right core boundary line

(NRB). Core boundary not on this line.

50-55 Number of iterations in calculating pore pressure

(NUMITP).
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The inclination of the exterior slope is determined by the spacing of

verticals and horizontals in the slope (Figure 32) and must be uniform

for each slope.

ELEMENT MATERIAL CLASSIFICATION CARD:
FORMAT (4151(315))

First Card

Cols. 1-5 Number of layers of elements (NL)

6-10 Material number (MTYPE) left of core, bottom

layer.

11-15 Material number (MTYPE) in core, bottom

layer.

16-20 Material number (MTYPE) right of core, bottom

layer.

Second card through NL card:

Cols. 1-5 Material number (MTYPE) left of core.

6-10 Material number (MTYPE) in core.

11-15 Material number (MTYPE) right of core.

The foundation layers are homogeneous within any one layer (cols.

6-10, 11-15, 16-20, and 1-5, 6-10, 11-15 all same for each layer

in foundation). Homogeneous embankment or 2-zone embankment

has the same material type in all of the columns or in two of the

columns, as required.

MATERIAL PROPERTY CARD: FORMAT (I10, 5F10. 2)
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Note: All curves for same soil normalized
to EVO and SIGOM

EVO _ ..,_ _ _ _ _ _ _
Slope = CCCM

__ -

_ __ 1 EVN
Slope = CCNM

- - - -- __ _ _ ESM - --

SIGOM SIGNM

(log) Effective Stress

SIGSM

Figure 32. Computer input for void ratio-effective stress curves
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Cols. 1-10 Material type (MTYPE)

11-20 Material unit weight (RO(MTYPE)). lb /cu. ft.

21-30 Elastic Modulus (E(1, MTYPE)). lb/cu.ft.

31-40 Poisson's Ratio (E(2, MTYPE)); this is restricted

to < .50 and should perhaps be < 0.49 to give

accurate results (14).

41-50 Material shear strength (STREG(MTYPE)).

lb/cu. ft.

51-60 Total stress coefficient of earth pressure (GAY()

(MTYPE)); used for initial stresses in foundation

elements and elements added to embankment.

The next to last card, MTYPE (NUMMAT-1), designates the proper-

ties assigned to the materials after failure; the unit weight and

Poisson's ratio should be the same as before failure, 'but the modulus

should be reduced. The last card MTYPE (NUMMAT), is used to

designate the properties assigned to the materials in elements which

have not been "added"; the unit weight should be zero, modulus should

be very small (typically 0.01), Poisson's ratio should be the same

as after addition, and the strength may be entered at zero.

VERTICAL BOUNDARY LOCATION CARD: FORMAT (8F10. 2)

Cols. 1-10 First vertical line, X(1), representing the left

boundary. These X values must be whole num-

bers because of slope generation; i.e., X = 9. 0,
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23.0, 49.0, values such as 9.4, 23.5, etc.--

cannot be used for vertical boundaries between

elements.

11-20 Second vertical line, X(2), which is the boundary

between first and second column of elements.

21-30

Continue to X (number of columns + 1),

X(NI+1); this is the right boundary.

HORIZONTAL BOUNDARY LOCATION CARD: FORMAT (8F10. 2)

Cols. 1-10 First horizontal line, Y(1), representing the

bottom boundary (must be whole number as for

vertical boundaries).

11-20 Second horizontal line, Y(2), which forms the

boundary between the first and second layer.

21-30

Continue to Y (number of layers +1);

Y(NL + 1); this is the top boundary

CORE BOUNDARY LOCATION CARD: FORMAT (8F10. 2)

Cols. 1-10 X-ordinate of toe, left core boundary (XLB).

11-20 Y-ordinate of toe, left core boundary (YLB).

21-30 X-ordinate of toe, left core boundary (XLT).

31-40 Y-ordinate of top, left core boundary (YLT).

41-50 X-ordinate of top, right core boundary (XRT).
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51-60 Y-ordinate of top, right core boundary (YRT).

61-70 X-ordinate of bottom, right core boundary (XRB).

71-80 Y-ordinate of bottom, right core boundary (YRB).

These numbers need not be whole numbers.

EMBANKMENT SLOPE LOCATION CARD: FORMAT (815)

Cols. 1-5 Number of column to left of toe, left slope (NX1).

6-10 Number of column to right of toe, left slope

(NXIX).

11-15 Number of column to left of top, left slope (NX2X).

16-20 Number of column to right of top, left slope (NX2).

21-25 Number of column to left of top, right slope (NX3).

26-30 Number of column to right of toe, right slope

(NX3X).

31-35 Number of column to left of toe, right slope

(NX4X).

36-40 Number of column to right of toe, right of slope

(NX4).

Constants ending in X designate columns intersected by a slope.

SOIL PORE PRESSURE PROPERTY CARDS

Cols. 1-5 Number of K values used for first material

type (K).

6-15 Initial void ratio, EVO (MTYPE).

16-25 Initial air void ratio, EAOM (MTYPE).
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26-35 Initial water void ratio, EWOM (MTYPE).

36-45 Initial degree of saturation, (SOM(MTYPE),

(decimal).

46-55 Void ratio at full saturation, ESM (MTYPE).

2ND THROUGH K+1 cards: FORMAT (F10. 3, 2F10. 2, 2F10. 3,
F10.2, 2F7.3)

1-10 Lowest principal stress ratio (o-3 /o1)Cols. used for

this material, PKTYPE ( MTYPE, N), where

N=1 for lowest o-3/v1, N-2 for next lowest

cr
3
/cr1, --N=K for largest a-3 /v

I
used.

11-20 Effective stress, SIGOM(MTYPE, N), corres-

ponding to initial void ratio, EVO(MTYPE).

21-30 Effective pre consolidation stress, SIGNM

(MTYPE, N).

31-40 Compression index in the overconsolidated

region, CCOM(MTYPE, N).

41-50 Compression index in the normally consolidated

region, CCNM(MTYPE, N).

51-60 Effective stress, SIGSM(MTYPE, N), corres-

ponding to void ratio at saturation, ESM(MTYPE).

61-70 73s(Au/Ao-1) for soil after complete saturation

(BBARSM(MTYPE, N)).

71-80 Void ratio, EVN(MTYPE, N), corresponding
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to effective preconsolidation stress, SIGNM

(MTYPE, N).

The sequence of reading a card containing K and then K cards is

repeated for each material through NUMMAT-2. K must be entered

as 5 since 5 additional cards are read for each soil.. If the soil was

tested at less than 5 principal stress ratios, then the last cards

(greater than the number of principal stress ratios tested) must

contain values for the soil at the highest stress ratio tested.

Sequence of Operations

After the input data is read, the main program calls subroutines

NODPT and ELEM to generate and identify the nodal points and ele-

ments, respectively. The main program then calls subroutine INIT

to calculate the initial stresses in the foundation elements. The

first layer is then added to the embankment and the main program

calls STIFF (and QUAD and TRISTF) which calculates stresses for

newly added elements and assembles the stiffness and nodal point

forces. BANSOL is next called to solve for the nodal point displace-

ments and STRESS is called to calculate the element stresses and

strains. STRESS calls subroutine PORE which calculates the pore

pressures and changes in pore pressures for each element.
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Output

The input data and the following quantities are printed.

(a) Nodal point displacements

(b) Elements stresses (a- , T , a-1 , a-
3y

crx xy,
Tmax)

(c) Element pore pressures (u, Au, Au/Ac1, u/cr

Program Coding

The program is coded in Fortran IV for the IBM 360-50 com-

puter. The program contains approximately 1800 cards, requires

about 170k bytes of storage, and uses about 16.5 minutes of com-

puting time for a simulated embankment having 5 construction steps,

146 nodal points, and 127 elements.

A listing of the program is available at the Portland District

office of U.S. Army Corps of Engineers, Portland,. Oregon.


