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ABSTRACT

Geotextiles are synthetic fabrics which may be substituted

for graded aggregate to protect ocean and coastal structures from
erosion and soil instability adjacent to the structure. They are

commonly used as a filter and as a structural membrane between an
undisturbed sediment surface below and an erosion resistant coarse

aggregate above. Geotextiles provide a cost effective alternative
to graded aggregate in marine f'oundations. The need for rational
design procedures has led to a theoretical description of the
combined soi 1-geotexti le behavior whi ch quantifies fai Iure poten-
tial and facilitates opt~mum geotexti le selection. A two-

dimensionaI analytical model has been developed for a three-layered

system, two different soils separated by a geotextiIe. The soil
response is modeled by Biot consolidation theory and an unsteady
form of Oarcy's equation in which each soil is considered homoge-

neous, isotropic and linearly elastic. The soil layers are

coupled through the geotextile,which acts as an elastic permeable
membrane. Soil displacements and stresses and fluid pressures

and flows are determined analytically. Potential failure conditions

are identified from the cyclic shear stress ratio and from a Mohr-

Coulomb stress analysis.

Two series of laboratory experiments were conducted at the

Oregon State University Wave Research Facility to verify the model.
The large-scale facility includes a wave channel which is 12 feet
wide, 15 feet deep and 342 feet long. A test section 36 feet long
was constructed in the wave channel and filled with approximately

three feet of fine sand, a geotextile and one foot of gravel. The

test sect~on was exposed to simple harmonic and random waves with

heights up to four and one-ha1f feet and periods to eight seconds
in water depths to eight feet. The pore water pressure was



monitored continuously at seven to ten soil depths and three to

five lateral positions and recorded on magnetic tape a1ong with the

soil displacement of the free surface. Four geotexti'Ie conditions

were tested, including woven, impermeable, semi-rigid and no geotexti le.

Wave-induced liquefaction was observed for a low permeability geo-

textile.

The experimental results verify the soil-geotexti le interaction

model and also provide insight into the dynamic response of hori-

zontally layered soijs. Results indicate for the permeabilities

of commonly available geotexti les that the hydraulic properties of

the geotextile are dominated by the adjacent soi 1 properties. However,

clogging of the geotextile increases the potential for soil failure.

The pore pressure amplitude response is frequency selective, the

higher frequencies being more highly damped. For a given soil

condition a "worst" wave period may exist which produces maximum

failure potential. Conversely, for a given design wave, there is a

"worst" combination of backfill and armor in terms of potential failure.



TABLE OF CONTENTS

~Pa e

1.0 INTRODUCTION

1. 1 Moti vat ion 2

1. 2 Scope ~ + ~ 3

1.3 Literature Review ~ ~ ~ 3

1. 3.a Ocean Engineering Literature .

1.3.b Geotechnical Literature

1.3.c Geotextile Literature

1.3.d Relevant Literature Synopsis . 9

1.4 Geotextile Properties 10

2.0 DEFINING EQUATIONS 12

2. 1 Elastic Soil Equations

2.2 Storage Equation

2.3 Boundary Conditions .

12

17

21

2. 3.a Mudline Boundary Conditions 21

2.3.b Geotextile Boundary Conditions

2.3.c Impermeable Bottom Boundary Conditions

23

25

27

27

3.2 Potential Pressure Model

3.3 Periodic, Two-Dimensional Biot Model 38

3.3.a Computer Proqram

4.0 ANALYTICAl SOLUTION BEHAVIOR

47

4. 1 Single Soil Layer Response

4.2 Two Soil Layer Response 62

3.0 SOLUTIONS TO THE BIOT EQUATIONS

3.1 Earthquake Consolidation Equation Model



~Pa e

71

5. 1 Laboratory Setup .

71

715.1.b Test Section

79

79

83

94

996. 0 CONCLUSIONS

996. 1 Summary

100

101

103REFERENCES

109

8.1

128B.2

132

136

1361980 MeasurementsD.l

14-21981 Measurements .D.2

143

TABLE OF CONTENTS  continued!

5.0 EXPERIMENTAL RESUI TS

5. l.a Oregon State University Wave Research
Facility

5.1.c Pressure Transducers

5.2 Laboratory Measurements

5,3 Comparison of Theory and Observations

5.4 Wave-Induced Failure .

6.2 Applications .

6.3 Future Research

APPENDIX A. List of Notations

APPENDIX B. Computer Programs .

Program GEOTEX

Program PLOTT

APPENDIX C. Determination of Test Section Length

APPENDIX D. Laboratory Measurements

APPENDIX E. English/SI Unit, Conversions .

113

113



LIST OF FIGURES

~Fi ere Page

Definition sketch for the coordinate system and
stress notation .

2.1
13

Soil layer definition sketch2.2 ~ ~ ~ I j 3

Rate of pore water pressure build-up in simpIe
cyclic shear tests

3.1
~ - - 31

Dimensionless pore water pressure accumulation
prof i 1 es ................,.... 31

3.2

Idealized wave-induced soil failure due to
periodic and mean accumulation of pore water
pressure

3.3

3.4

Computer program block diagram....,....... 493.5

Wave-induced horizontal displacement, vertical dis-
placement, excess pore water pressure and horizontal
effective stress for the case A conditions

4.1

52

Wave-induced vertical effective stress, shear stress,
horizontal discharge velocity and vertical discharge
velocity tor the case A conditions

4.2

Wave-induced shear stress ratio and shear stress angle
for the case A conditions .

4.3

Frequency dependency of pore water pressure profiles
for the case A conditions . . . . , . . . . . . . . , . 56

Transfer function for the dimensionless pore water
pressure from the potential pressure model . . . . . . 56

Frequency dependency of the maximum displacements «d
shear stress for the case A conditions 57

Maximum displacements and stresses as a function of
the shear modulus for the case A conditions . . . . . . 57

4.7

Maximum di splacements as a function of the degree of
bottom slip for the case A conditions . . . . . . . . . 59

4.8

vi 1

Vertical pore water pressure profiles from the
potential pressure model for stream function wave
cases 58, 78 and 88.............,.... 37



LIST OF FIGURES  continued!

~Fi ere Pa~e

Pore water pressure profiles as a function of the
degree of bottom slip for the case A conditions .

4. 10

Maximum displacements and shear stress as a function
of the degree of saturation for the case A condi-
tionS e ~ ~ ~ e ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

4.11

60

Pore water pressure profiles as a function of the
soil thickness for the case A conditions

4.12
61

Maximum displacements and shear stress as a function
of the soil thickness for the case A conditions .

4.13
61

Pore water pressure profiles as a function of the
geotextile permeability for the case B conditions .

4. 14
63

Maximum displacements and shear stress as a function
of the geotextile permeability for the case B condi-

4. 15

63tlOnS e ~ ~ ~ e ~ ~ ~ ~ ~ ~ e e ~ ~

Pore water pressure profiles as a function of the
relative permeability for the case B conditions
 K2 = 0.01 ft/s!

4.16

Maximum displacements and shear stress as a function
of the relative permeability f' or the case B condi-
tions  K2 = 0.01 ft/s! . . . . . . . . . . . . . . . . 65

4.17

Pore water pressure profiles as a function of the
relative permeability for the case B conditions
 K1 = 0.01 ft/s!

4. 18

66

Maximum displacements and shear stress as a function
of the re Iative permeability for the case B condi-
tions  K1 = 0.01 ft/s!

4,19

66

'4. 20 Maximum displacements and shear stress as a function
of the geotextile elasticity for the case B condi-

68'tl OnS .. e ~ ~ ~ 92 e ~ ~

Maximum displacements and shear stress as a function
of geotextile tension for the case B conditions

4. 21
68

vii 1

Pore water pressure profiles as a function of the
degrees of' saturation for the case A conditions.... 60



LIST OF FIGURES  continued!

~Fi ere ~Pa e

Pore water pressure profiles as a function of the
degree of saturation of the upper layer for the case H
conditions

4. 22

70

In place photograph of the test section before the
addition of the soil layers .

5.1
73

Typical cross-section of the test section . 735.2

Shear modulus and Poisson's ratio in lower soil layer
as a function of porosity for different confining
pressure

5.3

74

Buoyant weight and permeabi1ity for the lower soil
layer as a function of porosity .

5.4

Monofilament woven geotextile  Polyfiber GB, Carthage
Mi11s! I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~

5.5
75

Needle punch nonwoven geotextile  Bidim C42, Mon-
santo ! t ~ ~ ~ + ~ ~ ~ ~ ~ ~ ~ ~ e ~ 75

Heat bonded nonwoven geotextile  Typar, Dupont! 765.7

Comb inati on woven/nonwo ven geotexti 1 e  Terra f i x 500N,
Terrafix

5.8
76

Definition diagram for Dean's stream function wave
cases ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

5.9
82

Dimensionless measured pore water pressure profi1es
for stream function wave cases BA, 88 and 8C

5.10
84

Average dimensionless measured pore water pressure
profiles for stream function wave cases 8A, 88 and 8C
as a function of geotextile conditions

5.11

84

5. 12
85

5. 13
86

and measurements5. 14

5. 15
89

ix

Comparison of theory
texti1e condition .

Comparison of theory
textile condition .

Compari son of theory
GH geotextile .

Comparison of theory
GB geotextile

and measurements for the no geo-

and measurements for the no geo-

for Polyfil ter
88

and measurements for Po Iyf il ter



LIST OF FIGURES  continued!

~Pa e

90

91

5. 18 Comparison of theory and measurements for the semi-
rigid geotextile . . . , . . . . . . . . . . . . . . . 92

5. 19 Comparison of theory and measurements for the semi-
rigid geotextile . . . . . . . . . . . . . . . . . . . 93

95

95

5.23 Geotextile before fai lure

5.24 Geotextile after failure . . . . . . . . . . . . . . . 98

135

5.16 Comparison of theory and measurements for the compli-
ant impermeable geotextile

5.17 Comparison of theory and measurements for the compli-
ant impermeable geotextile .

5.20 Pore water pressure profiles as a function of the
armor layer thickness for approximately the experi-
mental conditions and wave case 78

5.21 Maximum displacements and shear stress as a function
of the armor layer thickness for approximately the
experimental conditions and wave case 78 .

5.22 Laboratory measurements of wave-induced liquefac-
tion + ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ + ~ ~

Portion of the test section with less than 5X error
due to the end effects as a function of different
wave and test section lengths

97

98



LIST OF TABLES

Table Pa~e

Categorization of ocean engineering wave-bottom
interaction literature

3.1 Non-dimensionalizing scaling factors .

4. I Case A wave and soil conditions

4.2 Case B wave and soil conditions

5.1 Test section upper layer soil properties

5.2 Geotextile properties

62

72

77

5.4 Mean lower soil properties .

5.5 Pressure transducer locations 80

Simple periodic waves tested for a water depth of
four feet

5.6
80

Simple periodic waves tested for a water depth of
eight feet .

5.7

81

5.3 Lower soil layer porosities for the 1980 tests..... 78



OCEAN WA V E-SO IL- GEOTEXT I LE INTERACTION

1.0 INTRODUCTION

Geotextiles are synthetic fabrics which may be substituted for

graded aggregate to protect ocean and coastal structures from erosion

and soil instability. Geotextiles are commonly used as a structura'I

membrane and as a filter between an undisturbed sediment surface below

and an erosion-resistant coarse aggregate placed above. Applications

in coastal engineering include erosion protection at piers, dol-

phins, dikes and tidal channels; foundation stabil ization under sea

walls, caissons and outfa11s; intermediate layers in composite break-

waters, jetties and grains; and reinforcement af buried pipeline back-

fill material.

Geotextile fabrics are derived from polymers which are construct-

ed as woven, nonwoven or a combination. The mechanical and hydraulic

properties of the geotextile vary with the fabric type and may be

adjusted to focus on five important performance functions: drainage,

filtration, reinforcement, separation and armor. In addition, a geo-

textile composition must be selected to provide satisfactory placement

and longevity for the design life of the structure. Thus, properties

such as resistance to ultraviolet deterioration, biofouling, tearing,

puncturing, etc., must also be cons~dered in the selection of the

optimum geotexti1e. It is readily apparent that the performance

functions, constructabi lity and longevity impose a great number of

constraints on the desirable fabric properties for a particular appli-

cation. This problem is compounded by the recent advent of hundreds

of durable and economica'l geotextiles suitable for both marine and

terrestrial application.



I. I Motivation

Most ocean and coastal structures require protection from erosion

and soil instability effects adjacent to the structure. A common

practice is to riprap the sediment surface near the structure with

graded geologic materials. The geologic materials are placed in

layer s with the smallest in contact with the undisturbed sediment sur-

face and with each layer increasing in size up to the final armor

1ayer at the top. The armor layer material is selected to provide a

stable surface at the design wave and current conditions. The other

layer sizes are selected to minimize the exchange of geologic material

between adjacent layers.

An alternative to graded riprap filters is the use of synthetic

filter fabrics or geotextiles. A geotextile may replace several

intermediate layers of graded materials and thereby reduce the con-

struction costs. In the construction of deep water marine structures,

the placement of graded riprap filters becomes very diff icult. This

difficulty may be reduced through the use of geotextiles. A third

benefit of geotextiles is that they confine the movement of the soil.

Buried pipelines may be he1d down by fabric tension.

Geotextiles provide a cost-effective alternative to graded riprap

filters, are less difficult to work with in deeper water and provide

an additional mode of soil stabilization. As a result, geotextiles

are being used in an increasing number of marine structures. However,

the use of these materials has preceded a we11-defined analysis, design

and construction procedures required to insure their successfu1 perfor-

mance in the f i el d [Heer ten �981! ] .

This study responds to the need for a comprehensive examination of

synthetic geotextile behavior in coastal and ocean engineering applica-

tions. A theoretical description of the combined wave-soil-geotexti1e

interaction is deve1oped which provides the framework to develop mean-

ingful design procedures.



An analytical model is developed to quantify the response of a
horizontal, three-layered soil-geotextile-soil system to wave excita-
tion. The differential equations describe each soil layer as a homo-
geneous, isotropic, linearly elastic medium. The fluid flow in the
interstices of the soil is described by an unsteady, compressible

fluid form of Darcy's equation. The two soil layers are coupled
through the geotextile which acts as an elastic permeable membrane.
A general solution to the differential equations is obtained assuming
simple harmonic dependence in time and the horizontal direction of sur-
face wave propagation. This reduces the system of partial differen-
tial equations to ordinary differential equations in depth which have
exponential solutions. The model is verified with experimental
results, The behavior of the solution is examined for a variety of

soil and geotextile characteristics.

1.3 Literature Review

Fluid flow in porous media is common to many areas of science and
engineering. However, most of the literature is the result of four
areas of research: ground water flow, geotechnical engineering, mechan-
ics and ocean enginee~ing. The systems being modeled by each disci-
pline are similar but the relative importance of individual processes
varies among the fields, In ground water problems the rate of flow
may be of interest while in geotechnical engineering the soil settle-
ment or consolidation due to the expulsion of the pore fluid is of
major interest. In the mechanics literature more emphasis is placed
on soil stresses and displacements while in ocean engineering wave

damping and sub-bottom failures are of interest. The diversity of
application has, unfortunately, fraqmented the literature.

The present study, while falling in the ocean engineering cate-
gory, is an attempt to draw concepts from all four disciplines to
develop a physically meaningful set of defining equations with a trac-
table solution. An overview of the ocean engineering literature is



presented, followed by a review of geotechnica1 literature, a review

of geotextile literature and a summary of the 1iterature relevant to

the present wave-soil interaction study.

1.3.a Ocean Engineering Literature

The interaction of water waves and the bottom has been observed

in the field [Gade   1958!, Bennett and Faris   1979!, Bea et al. �980!],
and demonstrated in the laboratory [Nakamura et al.   1973! and Nath

et al . �977! ]. Heerten �981! suggests that significant prof il e

changes and slope reduction of a revetment was caused by wave-induced
liquefaction. Wave-induced failures associated with large storms
observed in the Mississippi delta and have resulted in pipeline fail-

ures [Bea et al. �980!]. In a soft permeab1e sediment, excess pore

water pressures develop and the bottom deforms in response to

the wave pressure. E~ther or both of these mechanisms may lead to a

soil fai1ure. Since energy is dissipated at the fluid-soil interface

and in the soi1 layer, the water wave height is attenuated. This

attenuation may be significant if the bottom is very soft or the wave

travel distance in shallow water is long. The magnitude of the wave

bottom interaction is a function of the wave conditions and the soil

matrix properties. A variety of theories have been proposed within
the framework of these variables. permeable or impermeable bottom,

rigid or deformable soi1 ske1eton, compressible pore fluid and the
degree of wave-bottom interaction. A number of theories are categor-

ized by these assumptions in Table 1. 1.

The simplest assumptions are that the bottom is rigid, impermea-

ble and smooth. This leads to a no wave-bottom interaction solution

[Lamb   1932!]. A number of solutions have been developed which include
bottom friction [Putnam and Johnson   1949!, Hunt �952, 1964!, Case
and Parkinson �957!, Ippen �966!, Van Oorn �966!, Johns �968!,
Treloar and Bebner �970!, Nei and Liu �973!, Isaacson �977!, and

Kamphus   1978!]. Wave heights are attenuated due to viscous dissipa-

tion.



The impermeable soil assumption has also been applied to deforma-
ble bottoms IMallard and Dalrymple �977!, Dawson �978!, and Dawson
et al. �981!]. The soil is assumed to be an elastic solid which
deforms in response to wave pressures. An alternative is to treat
the bottom as a viscous fluid LGade �958! and Dalrymple and Liu
�978!]. As in the case of the elastic solid, the bottom deforms in
response to wave pressures. IIiscous dissipation in the bottom fluid
results in wave attenuation. Hsiao and Shemdin   1980! and MacPherson
�980! have developed solutions for a soil which is modeled as an
impermeable viscoelastic medium.

A number of solutions have been developed for a porous, rigid
bottom. Putnam   1949! developed a solution for the pore water velocity
potential from fluid continuity and Darcy 's equation. The wave and
bottom were not coupled. An estimation of wave decay was made by cal-
culating the mechanical energy dissipated in the pore fluid. Reid
and Kajiura �957! extended this analysis to include wave-bottom inter-
action which resulted in an exponential decay of wave height with
travel distance. Pressure and vertical flux of fluid were matched at
the mudline. This led to a solution in which there is a discontinuity
in the horizontal component of velocity at the mudline. Hunt �959!,
Murrary �965!, Liu �973!, Dalrymple �974!, McClain et al. �977!,
and Puri �980! have resolved this difficulty by allowing for the
development of a viscous boundary layer at the mudl inc.

Porous rigid bottom solutions have also been developed for aniso-
tropic soils LSleath   1970!], turbulent flow in the bed [Massel   1976!]
and a compressible pore fluid [Nakamura et al. �972! and Moshagen and
Torum   1975!]. The extension to anisotropic soils is useful since in
most sedimentary sea beds the horizontal and vertical flow properties
are different, The turbulent flow model is applicable when the sedi-
ment grain size is large and the flow is less restricted, A compressi-
ble pore fluid and an incompressible soil skeleton is usually an inap-
propriate assumption since the skeleton is often more deformable
IPrevost et al. �965!].

A recent series of papers stimulated by Yamamoto   1977! treat the
bottom as porous and deformable. He developed a solution from the
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quasi-static theory of consolidation proposed by Biot �941!. It is
assumed that the soil skeleton behaves as a linearly e'lastic medium

and that the fluid flow is modeled by Darcy's equation. The inertia

terms are neglected in the stress equilibrium equations. The contin-

uity or storage equation was taken from Verruijt �969! and accounts
for the partial saturation of the pore fluid. The theory predicted
stresses, displacements and pore pressures for an infinitely thick

soil deposit in which the water waves were decoupled from the soil
response. Depth profiles of pressure amplitude and phase agreed with
laboratory observations. Madsen �978! developed a solution by a dif-

ferent mathematical approach and extended the model conceptual ly to

anisotropic permeabil ity and layered soil s, Yamamoto �978! extended
the results of his earlier work to soil deposits of finite thickness.

For soil layers of finite thickness, the permeability was shown to be

more important.

Yamamota has recently developed a multi-layered model [Yamamoto

and Suzuki �980! and Yamamoto �981a!]. This model approximates ver-

tically inhomogeneous soil deposits. Yamamoto has also examined the

potential for sea bed liquefaction using a Mohr circle analysis.

Hudspeth and Patton  personal communication! have extended the Biot
theory to allow for wave-bottom interaction and the development of a

bottom boundary layer. Nave height attenuation is determined for the

combined effects of viscous dissipation at the mudline and wave induced

f1ow in the sea bed, Rousseau   1981! has solved the coupled wave-

bottom interaction problem for a soil with anisotropic permeability.

Biot   1956a,b! extended his earlier work to include the inertia

terms. The solution to these equations revealed the existence of

three waves: one rotational or shear wave, and two di lational or com-

pression waves. Dalrymple and Liu   1979! solved the coupled wave-soil
problem including the inertia terms. The inertia terms were found to
be unimportant, except for the case of very soft sediments in which

the water wave celerity approaches the Raleigh wave speed of the sedi-

ment. Noting that one of the dilational waves is rapidly attenuated,

Mei and Foda   1979! developed a boundary layer type formulation. Out-

side the boundary layer there is little relative motion between the



fluid and soil and the inertia terms are unimportant. The approximate

solution was within five percent of the Yamamoto et al. �978! resul ts.

Yamamoto �981b! has also developed a solution to the Biot equations
including the inertia terms and internal Columb friction. This solu-
tion agreed well with fie1d measurements.

1,3.b Geotechnical Literature

Geotechnical engineers have also studied the wave-soil interac-
tion phenomenon. Primarify, two aspects of wave-soil interaction have
been analyzed: 1! wave-induced slope iristability and 2! wave-induced
1iquefaction. For the slope stability analyses a failure surface is
constructed and the load is prescribed as a combination of the static
overburden and the dynamic wave pressure [e.g., Henkel   1970!]. For
the wave-induced liquefaction models, concepts are drawn from earth-
quake engineering and the development of excess pore water pressure

due to cyclic stressing of the soil [Seed et al. �976!]. Terzaghi's
one-dimensional consolidation equation [Terzaghi and Peck   1967!] is
time-averaged over one wave period and a semi-empirical pore pressure
source term is included to account for the pore water pressure accumu-

lation due to the cyclic stressing of the soil [Finn et al.   1977!,
Rahmari et al. �977!, Seed and Rahman �978!, Finn et al. �980!]. The
random sea surface is reduced to a simple periodic loading by estimat-

ing the equivalent number of cycles associated with each loading. As
the pore pressure accumulates a liquefaction failure is predicted.

1.3.c Geotextile Literature

The geotextile literature identifies a variety of applications:
highway construct~on, erosion control, soil stabilization, drainage
and ocean engineering. However, the vast majority of the literature
is related to highway engineering. In ocean engineering the first geo-
textile applications were in coastal protection on sand beaches

[Agerschon �961! and Crowell �963!]. The geotextiles were placed
beneath an armor layer to prevent washout of the underlying beach



sands. Cathage Mills, a major manufacturer of geotextiles, identified

a variety of applications in ocean engineer ing including revetments,

seawalls, bulkheads, groins and jetties LBarrett �963!]. A number of
coastal structures using filter fabrics are discussed by Barrett �966!
suggesting that geotextiles were becoming an integral component, in many

coastal construction projects. Other marine experiences with geotex-

tiles are reported by Lee �972!, Dunham and Barrett �974!, DeMent

�978!, Welsh and Iloerner �979!, and Heerten �981!. Heerten a'Iso

identifies a lack of technical recommendations and testing regulations

for specific applications of geotextiles in marine structures. He

presents a technique for selecting fabrics on the basis of permeabil-
ity and soil separation. An excellent bibliography of geotextile prop-
erties and all areas of geotextile applications by J.R. Bell is given

in a Transportation Research Circular �979!. This circular also iden-
tifies literature related to soil-qeotextile interaction models.

Broms   1977! showed that geotextile layers in soils increase the
lateral strength analytically and experimentally. Several models have
been developed which indicate that geotextiles increase the bearing
capacity of soils I e.g., Nieuwenhuis   1977! and Jessberger   1977!].
However, the geotextile must be very strong to perform this function.
A number of finite e'lement numerical models have been developed to ana-

lyze the states of stress in soil-geotextile systems IA1-Kussaini and
Johnson �977!, Bell et al.  1977! and Barvashov and Fedorovsky   1977!].
The pretension in the geotextile increases stability, but this tension

must be large.

Most of the soil-geotextile models are for static conditions in

foundations or highway engineering. No models have been developed
addressing the dynamic, marine application of this investigation.

1.3.d Relevant Literature Synopsis

The Biot consolidation equations [Biot �941!j coupled with the

storage equation I Verruijt   1969!] provide the best description of
wave-induced soil response jYamamoto   1981b!]. The inertia terms may
be neglected as they have little influence except for very soft muds
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[Dalrymple and Liu �979!]. The equations presented in Yamamoto �977!
are appropriate for the present study. The coupling of the soil layers
is conceptually similar to that suggested by Madsen   1978!, Yamamoto
and Suzuki �980! and Yamamoto �981a! except that the influence of
the geotextile must also be considered. Rather than considering the
geotextile as a fabric element as in the finite element soil-geotextile
models, the fabric is modeled as a thin permeable, elastic membrane.

1.4 6eotextile Pro erties

The development of geotextiles and their engineering applications
has occurred very rapidly within the past, 15 years. Initial applica-
tions were primarily terrestrial but marine applications are becoming
increasingly more common. This rapid development has led to confusion
with regard to design procedures and geotextile properties. These pro-
blems are particularly apparent in the marine environment due to the
limited field experience. These problems are further complicated by
the large number of commercially available geotextiles.

To help remedy this situation the Federal Highway Administration
awarded a contract to Hicks and Sell at Oregon State University to

develop test methods and use criteria for geotextiles. In an interim
report, Hell and Hicks   1980! categorize fabrics by construction
method: woven, knitted, nonwoven, combinations and special. Woven
geotextiles tend to have high strengths, high moduli and low strain at
failure. The sinqle strand fabrics have simple pore structures and

are less susceptible to swelling in water than multiple strand fabrics.
Knitted geotextiles may be constructed of either single or multiple
strand fabrics. These fabrics tend to be less expensive than woven

geotextiles and may be knitted into tubes or sacks. Nonwoven fabrics
encompass a number of construction methods: needle punching, heat
bonding and resin bonding. Nonwoven tend to be less expensive than
woven geotextiles and have lower strengths. Combination fabrics are
combinations of the above techniques. A typical example is a light-

weight needle punch in combination with a stronger woven backing or
scrim. Special geotextiles include construction methods not outlined
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above. An example of this type is an extruded plastic mesh.
Nost geotexti1es are formed from polyester or polypropy1ene

fibers. However, the individual fabric hydraulic and mechanical prop-
erties are high'ly variable due to the different construction techniques.
Important properties include pore size, permeability, elastic modulus,
strength, friction and tear and puncture resistance. Pore size is
important for determining the separation capabilities of the fabric
and the potential for clogging, The geotextile permeability deter-
mines the drainage condition. In general, a drained condition is
desired to a11ow for the release of pore water pressure. Modulus and

strength indicate the stretching of the fabric and the ultimate fail-
ure. If the friction between the soi'l and geotextile is large, then

the fabric may increase structural strength. Tear and puncture resis-
tance are important during construction when the geotextile may be ex-
posed to very high concentrated loads such as in the placement of rip-

rap.

Geotexti le physical properties employed in this study are permit-
tivity, e1asticity and in situ fabric tension. The permittivity is a
single hydraulic fabric parameter which indicates the effectiveness of
pressure transmission through the geotextile. It incorporates both
the permeability and the fabric thickness.
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Z. 0 DEFINING EQUATIONS

The physical system under consideration in this study is two hori-

zontal layers of soil separated by a geotextile. The dynamic response

of this system to ocean waves is to be modeled. The model wi11 be used
to predict states of soil stress and identify potential failure condi-
tions as a function of wave, soil and geotextile conditions. Hiot �941!
developed a set of equations describing the three-dimensional consolida-
tion of a poro-elastic soil subjected to a time varying load. The Biot

equations are used to mode1 the dynamic response of the soil skeleton.

The pore water pressure is modeled by the storage equation IVerruijt
�969!]. This system of equations provides information on soil dis-

placements and stresses and on fluid flows and pressure.

2.1 Elastic Soil Skeleton

The Biot equations are derived by substituting stress expressed

as a function of displacement through Hooke's Law into the equations of

stress equilibrium. Important assumptions are that the soil is linearly
elastic, that the soil i nertia is small, and that the body forces are

small. A short derivation of the Hiot equations is presented for

completeness.

The convention for identifying stresses is shown in Figure 2.1. A

stress on a positive face acting in a positive direction is considered

positive. A stress on a negative face acting in a negative direction
is also considered positive. Therefore, the convention that tension is

positive is being used. Stresses are excess values in that they are

the stress levels above static conditions.
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Figure 2.1. Definition sketch for the coordinate system
and stress notation.

FLUID

GEOTEXTILE

SOIL 2

Figure 2.2. Soil layer definition sketch
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The components of the total stress tensor, ~, are denoted by
1j

T
xx xy xz

c r z
yx yy yz

�.1.1!

T C
zx zy zz

Columns represent surface faces and rows indicate stress directions.

Assuming that the elemental volume shown in Figure 2.1 is small and

that the volume is in equilibrium, taking moments about each axis yields

�.1.2!
1j J1

Since the stress tensor is symmetric, the following notation is adopted

0
x z y

T 0
ij z y x

�.1.3!

T T 0
x z

a =cr -p
x x

a =cr -p

0 = 0 � p
z z

'E = 'T
x x

y

T Tz
z

The total stress may be decomposed as

�.1.4a!

�.1.4b!

�,1.4c!

�.1.4d!

�.1.4e!

�.1.4f!



in which o,o and o are the x, y and z components of the effective
x'y z

norma1 stress, respectively, ~,~ and i are the components of thex'y z
shear stress and p is fluid pressure.

The sum of the forces in each direction is equal to the product
of mass and acceleration af the elemental volume in that direct~on.

Expanding the stresses in a Taylor series, evaluating forces as the
product of the stress with the area it acts over and retaining first
order terms give the equations of stress equilibrium. If the i nertia
is small and body forces are separated as a static 1oad, the dynamic
equations are given by

30 3T 37
x z y 3p �.1.5a!3x 3y 3z = 3x

3T 30 3Tz ~ y x @33
3x 3y 3z 3y

�.1.5b!

3i 3i 3a
y x z 3pe +

3x 3y 3z 3z
�.1.5c!

The strains in the soil are, by definition, gradients of the soil dis-
placements. Defining g, y and z as the components of soil displacement
in the x, y, and z directions, respectively, then the strains are

given as

e
3 

x 3x
�.1.6a!

�.1,6b!

�.1.6c!

�.1,6d!

�.1.6e!

�.1. 6f !

e
3

y 3y

e z 3z

1/2

1/2

>, =1/2  ~+ �,!

in which e, e and e are the components of normal strain and y, y andx' y z x' y
y are the shear strains, Only the linear terms in the strain tensor

z
have been retained which requires that the strains are small. For small



strains and displacements the soil is assumed to be linearly e1astic

and obey Hooke's Law. Hooke's Law relates strains to longitudinal and

lateral stresses according to

in which E is Young's modulus, G is the shear modulus and v is Poisson's

ratio. Symmetry in isotropic materials assures that normal stresses

produce only norma1 strains [equations �.1.7a-2.1.7c!] and that shear

stresses produce only shear strains [equations �.1.7d-2.1.7f!]. The

relationship between E and G is

E
~2v+1 ! �.1.S!

Hooke's Law may also be inverted to express stresses as functions of

strains according to

= ZG e + ~!

= ZG e + !"y y i-cv

= ZG e + ~!

ZGy

= ZGY

= 2Gy
z z

e = Lo - v o +a !]/E
x x y z

= L -   !]/E
y y x z

e =L. -~ o +o!]/E
z z x y

'x 'x ' �G!
/ �G!

/  zG!

�.1.7a!

�.1.7b!

�.1.7.!

 z.1.7d!

�.1.7e!

�.1.7f!

 Z.l.ga!

�.1. 9b!

 Z.l.gc!

�.1. gd!

 Z.l.ge!

�.1. gf!
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in which

�.1.10!c = e + e + e
x y z

�.1.11a!

�,1.11b!!~B t 0 �  ~B 3Q!j
By 1-2v Bx By Bz

�,1.11c!

G ~B Bc !
Bz By

�,1.11d !

�,1.lie!

�,1.11 ' !G ~B ~ ~B!
Bx By

Using these relationships, the equations of equil~ brium may be written

in terms of the displacements

G B �  ~B 8g! Bp
1-2v Bx Bx By Bz Bx

�.1.12a!

G~X'
G B B  BX Br Bp�   � + � + � ! =~

1-2v By Bx By Bz Wy
�. 1.12b!

G B �F ~B Br.! Bp
1-2~ Bz Bx By Bz Bz

�.1.12c!

in which V' is the LaPlacian operator defined in Cartesian coordinates

as

jj'  ~ ! - -+ ~ +B'  ~ ! B'  ~ ! B' -!

Bx By Bz
 Z.l.l~!

and is termed the volume strain. Substituting the strains expressed in

terms of displacements into the above form of Hooke's Law yields
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Equations �.1.12a!, �.1.12b! and �.1.I2c! define the response of the

soil skeleton. The equation for pore pressure must now be derived.

2.2 Stora e E uation

The relationship between an elemental volume change and the fluid

pressure is modeled by the storage equation [Verruijt �969!], The

porous media is assumed to consist of three components: I! soil grains,

2! pore liquid and 3! pore gas. Properties which are related to each

of these components are denoted by subscript A, B and C, respectively.

The relative mass of each fraction, iI, in a fixed volume is

iI~B = nSpB

C nl SpC

in which n is the porosity, S is the degree of saturation and p is the

density of each fraction. The time rate of change of each component

of the relative mass in a fixed volume must be balanced by the mass flux

of that fraction across the boundaries of the volume, i.e., each coin-

ponent of the relative mass must satisfy conservation of mass.

in which v is the vector velocity of each component and V ~   ~ ! is the

divergence operator.

L�-n!p j + V I I�-n!p v ] = 0
A A

InSpB] + '7 [nSp v ] = o

Ln�-S!pC I + 'i7 [n l-S!pC vC] = 0

�.2.1a!

�.2.1b!

�.2.lc!

�.2.2a!

�.2.2b!

�.2.2c!



Assuming that the grains are incompressible  not the soil skeleton!
relative to the fluids, that the liquid is only slightly compressible

and that the gas is ideal and obeys Boyles Law, the equations of state
are given as

�-2 3a!

�.2.3b!

�.2.3c !

pA = constant

p e'p
0

2

g Pg

PB =

'c

3A

Bt A
� + v ~ Vn � �-n! V ~ v = 0

A
�.2.4a!

V P Sn! vB
B pBSn

�.2.4b!

">C ' '!'j'"B

+ � � +1 Rn 1 BS Bp
n 3t S Bt Bt

1 an 1 3S , 1 ap
n ar. ~i-s at ' p at

in which 7  ~ ! is the gradient operator. Elimination of the � term fron!
BS

3t

equations �.2.4b! and �.2.4c! gives

! Bn I-SOS~ I J3> < � I! > ~1-S+SH q ! Q  g p g!
n 3t p Bt B n p B

The fluid discharge velocity  relative to the soil! is given by
Darcy's equation for small relative pore fluid velocities. Previous

where p and p are reference densities, p is a preference pressure and
0 g 9

is the liquid compressibility which is a function of the degree of
saturation.

If the volume of air in the water is small, then the velocity of

the pore gas will be the same as the pore liquid. Employing this assump-
tion and the equations of state, the conservation of mass equations may
be written



20

�+C ! � q = - � Vp - .3 ~ n Qn
m 3t

�.2.6!

in which C is an inertial coefficient, q is the two-dimensional vector
m

discharge velocity and K is the steady permeability. 'The wave-induced
flows are periodic in x and t and therefore

  t! q  ! 1  Ax -Q3t! �.2.7!

Substituting this periodic form of the discharge velocity into equation

�.2.6! yields

-i~ l+C,!
L

m

gn K pg
�.2.8!

Defining an apparent unsteady permeability, K, as

l 143 1+C
K K gn

�.2.9!

the equation of motion yields an unsteady form for Darcy' s equation

Kq=- � 7p
Pg

�.2.10!

Taking the divergence of equation �.2.l0! yields

applications of Biot's theory to the wave-soil problem have ignored the
effect of pore water acceleration in Darcy's equation. However, Sol litt
and Cross �972! and Hannoura and McCorquodale �978! have shown this
effect may be significant for unsteady flows in coarse aggregate. A
more complete, but linearized, form of the equation of motion of the

pore fluid is



K
+

PBg 8 A
V p=-  v-v ! ~ V Sn! -SnV ~  v-v!

B A

+ Vp-Vp8K

PB9
�.2.11!

� V p = SV v + Sn K 1-S+S8 Bp
p g A p Wa A!~+nv VS

+ n v . [-VS + S ~!Vp]
B p

�.2.12!

Vp.Vp
PB9

It has been assumed that the volume of air in the water is small

and therefore, S = 1. Since pure water is nearly incompressible,
p8«l. It has also been assuaged that the soil skeleton deformations
are smal 1 and second-order terms were neglected. Adhering to the same

order of approximation, second order terms are also neglected in the
storage equation, Equation �.2.12!, for these assumptions, is

K 2 ~, 3p
PBg A 3tVp=V ~ v +n8

in which

8' = 8
P

�.2.14!

For wave-induced pressure fluctuations in soils the pressure in
equation �.2.14! may be approximated by the absolute static pressure,
p . The combined air-water compressi bi 1i ty, 8', is given by

1 1-S8 I
PS

�.2.15!

Eliminating V-v between equations �.2.5! and �.2.11! and using equa-
tion �.2.4b! to eliminate S ~ givesBn
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in which K� is the bulk modulus of elasticity of pure water. Noting
that the divergence of v is equivalent to the time rate of change of ~,

the final form of the storage equation is

� V p = �   � + � + � ! + nS'�K p B BQ BX B  Bp
Bt Bx By Bz Bt

�.2,16!

in which Y is the weight of density of the f'luid, not to be confused
with the shear strains, Y�, Y and Yz, in equations �. 1.7d-2. 1.7f!.
The first term in equation �.2. 16! models the pressure response in a

rigid soil matrix, the second term accounts for the soil matrix defor-
mation and the third term includes the pore fluid compressibility.

2.3 Boundar Conditions

In two dimensions the Biot consolidation equations are second

order in three variab'les: g, c and p. If a simple harmonic solution

is required in x and t, then six boundary conditions are required for
the z dependence in each soil layer. For two soi't layers separated
by a geotextile, as shown in Figure 2.2, 12 boundary conditions are
required: three at the mudline, three at the impermeable bottom and
six at the geotextile.

2.3 Boundar Conditions

In two dimensions the Biot consolidation equations are second order

in three variabIes:  , q and p. Therefore, six boundary conditions are

required for each soi 1 layer. For two soil layers seprated by a geo-

textile, as shown in Figure 2.2, 12 boundary conditions are required:

three at the mudline, three at the impermeable bottom and six at the

geotextile.
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2.3.a Nudline Boundar Conditions

At the mudline the pore fluid pressure is matched with the dynamic
component of the wave-induced pressure. The dynamic pressure i s
periodic in the direction of wave propagation, x, and in time, t. The
pressure boundary condition is given by

  t! i kx"ut! �.3.a.l!

ozl  x,0,t! = 0 �.3.a.2!

and the horizontal shear stress on the bottom due to flow in the fluid

layer is balanced by the shear stress in the soil. The shear str ss
is conventionally expressed proportional to the velocity squared,
however, using Lorentz principle of equivalent. work [Lorentz �926!],
a linear stress which dissipates the same amount of energy per wave

period is given by

T  x,0,t! = � pC u e'  " " !
1 ' ' 3' 0 o

�.3.a.3!

in which ii is a numerical constant, C> is a drag coefficient of order
0.01, p is the fluid density and u is the ampIitude of the near

0
bottom horizontal vetocity. As with the pore pressure, stresses

associated with the small displacement of the mudline are sma11 and are

neglected,

in which i is the square root of -1, A is the wave number, ~ is the
radian wave frequency and p is the amplitude of the wave-induced bottom

0

pressure. Subscripts 1 and 2 denote values in the upper and Iower soil
layers, respectively. The component of pressure due to the elevation
changes of the mudline are very small and are therefore neglected.

Also at the mudline, the vertical component of effective stress

vanishes
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2.3.b Geotextile Houndar Conditions

Geotextiles usually have rough surfaces or pores which provide a
no-slip surface between the fabric and the soil. Also, the fabric is
thin so that no gradients in fabric extension occur across the thick-
ness of the fabric. Therefore, the horizontal and vertical compon-

ents of displacement are matched across the geotextile.

Cl x,dl,t! = F2 x,dl,t!

ql x,dl,t! = z2 x,dl,t!

�.3.b. la!

�.3.b.lb!

Both the mechanical and the hydraulic behavior of the geotextile

must be determined to quantify its effect on the adjacent soil layers.
The mechanical behavior of the geotextile may be idealized as a membrane

in tension, For the two-dimensional Biot problem, the state of stress

in the geotextile is described by the one-dimensional wave equation

[Hildebrand �964!j

2 3x 3x
3

3x

�.3.b.2!

�-nl a 1 "'dl,t! + nlpl x,dl,t! = �-n2 2 x,dl,t!

2"2  x,dl,t!  T � 2 KS 42 x'dl'2 Scx 2
�.3.b.3!

in which T is the tension per unit width in the geotextile, u is the

vertical geotextile dispIacement and f is the normal stress. The second
term in equation �.3.b.2! is negligible if the horizontal gradients are

small. As an alternative, the gradient of the tension may be approxi-

mated by a spring constant, KS. The normal stress on the geotextile is
the result of the total vertical stresses in the adjacent soil layers.
The vertical displacements of the soil layers are continuous across the
geotexti le and therefore equal to the fabric displacement. Balancing
vertical forces across the geotextile, equation �.3,b.2! may be written



~l  x,dl,t! � x2 x'dl,t! + KS 3 F,Z x,dl 't  Z.3. b.~!

The volume of water for thin fabrics in the pore spaces of the
geotextile remains approximately constant. Therefore, by conservation
of mass, the vertical volume flow of water must match across the
fabric. From Darcy's equation

� p> x,d ,t! = � � p  x,d ,t!3 '23
3z 1 ' 1 ' K 3z 2 ' 1 '

1

�.3. b,5!

in whicIi K and K are the permeabilities of soil layers 1 and 2,

respectively.
The hydraulic behavior of the geotextile is characterized by the

fruid energy di ssi pated in the flow through the fabric . From the
energy equation, the pressure drop across the geotexti le is due to a
head loss in the geotextile. An estimate of this pressure drop is
obtained from Oarcy's equation and conservation of mass between the

fabric and the lower soil layer

= � � p  x,d ,t!fop 23
hzf y 3z 2 ' 1 ' �.3.b.6!

fabric permeability, hp is the pressure drop across
is the fabric thickness. Oefining the permittivity

in which Kf is the
the fabric and Azf
C~, as

Azf

Kf
�.3.b. S!

the energy equation across the fabric yields

3Pl  x,dl,t! = pZ x,dl,t! � C<KZ 3z Z x,dl,t! �. 3. b.8!

25

The elasticity of the geotextile also resists horizontal displace-

ment. Halancing horizontal forces across the geotextile yields
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2.3.c Im ermeable Bottom Boundar Conditions

At the rigid impermeable bottom there is no vertical flow of pore

fluid.

�.3.c. 1 !

Also at this boundary there is no vertical displacement.

g2 x,di+d2,t! = 0 �.3.c.2!

2 "'d1+d2,tj + �-cx!  d1+d2! Bz ~2 x~dl+d2,t!] = 0 �.3.c.3!

This allows for the full range of slip conditions as a function of the

constant, o ,

Q

0<c <1

 x = 1

�, 3.c. 4a!

�.3. :.4b!

�.3.c.4 -!

free slip

partial slip

no sl i p

The gradient term, with o, = 0, assures that the free slip boundary
condition is allowed to penetrate to the full depth of the bottom

layer.

The impermeable bottom may be clay or rock in the field or wood or
concrete in the laboratory. For field conditions, due to the inter-

locking between the soil grains and the bottom, a no horizontal displace-
ment boundary condition may be appropriate. However, for smooth bottom

surfaces in the laboratory a limited amount of slip may occur. There-

fore, a boundary condition which will allow for partial slip is employed.
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3.0 SOLUTIONS TO THE BIOT EQUATIONS

The Biot consolidation equations provide a very general descrip-

tion of dynamic soil response. It is of interest to note that a

number of simplified methods developed for analyzing pore pressure

response in marine soils are based on reduced forms of the Biot equa-

tions. An exam~nation of the "unseen" assumptions in the aforemen-

tioned methods provides insight into their range of validity or

application. Two such examples, the earthquake consolidation equation
and the potential pressure madel, are examined before developing solu-
tions to the full set of Biot equations.

3.1 Earth uake Consolidation E uation Model

The solutions developed by Yamamoto �977! and others  see Table

1.1! for the Biot consolidation equations are strictly periodic in time,
However, it has been observed that soils subjected to simple periodic
cyclic loading may not respond in a strictly periodic sense. The mean
excess pore water pressure in a loose saturated sift or fine sand may
increase with the number of cyclic loads ISeed and Lee �966!, Seed

et al, �978!],

These soils exhibit a tendency for volume reduction when cyclically

loaded. As the volume decreases, the excess pore water pressure

increases. If the accumulation of pore pressure per cycle of loading

exceeds the dissipation by drainage,a net accumulation results. The
pore pressure may increase to the poi~t that most of the overburden is
carried by the fluid and grain effective stress is very small. Since
water is incapable of supporting substantial shear stresses, an increase
in the applied load may result in a soil failure. Such a failure has
been termed liquefaction because the soiI behaves as a liquid. Lique-
faction due to cyclic earthquake loading has been well documented LSeed
and Idriss �967!]. This prob1em has been ana1yzed by earthquake
engineers using a modified form of Terzaghi's one-dimensional consolida-
tion equation ITerzaghi and Peck �967!]. Nore recently this technique
has been applied to model the response of marine soils due to the cyclic
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loading of water waves [Finn, et al. �977!, Rahman, et al. �977!, Seed
Rahman �978!, Finn, et al. �980!], The derivation of the consolidation

equation is not based on the Biot equations and the resulting boundary

value problem is solved numerically although for simp1e cases analytic

solutions are possible.

The three-dimensional Biot consolidation equations were derived in

Chapter 2. The earthquake consolidation equation may be derived from
equations �.1.39!, �.1.40!, �,1.41! and �.2.12! by seeking a one-
dimensional solution. That is, all gradients with respect to the x and

y coordinate di rections are assumed to be zero. The resulting equations

are 2-Zv 3 g Bp
1-2v ~! 3z

Oiff'erentiating equation �.1.1a! with respect to t and equation �.1. Ib!
with respect to z and eliminating q from equation �.1.1b! yields

2 g 3 p

in which

GK
c

Y

and is termed the coefficient of consolidation. Integrating with respect

to z yields the earthquake consolidation equation

� t = c~+ s>p >p
3t

3z

in which s is an integration constant in z, functioning as a pore pressure

source term and may be time dependent. However, for general i ty  and
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because of the form of the source term used by earthquake engineers! s

will be considered a function of time and depth in each soil layer.

The pressure is composed of a fluctuating component  in time! and a

mean dr~ft component. The mean drift or pore pressure accumulation may

be more clearly examined by removing the fluctuating component by time

averaging over one wave period. The mean pore pressure accumulation,

p, is given by

t + T

p = � J pdt
T

�.1.6!

The boundary value problem for the pore pressure accumulation for a

homogenous soil of thickness, d, oVer an impermeable bed material is

given by

� =c~+ s3p B~p
3t

�,1.6a!

�.1.6b!p  O,t! = 0

p  d,z! = 0
3Z

�.1,6c!

�.1,6d!p  z,O! = f z!

p = Z d e n   J' e n [ J' s z,t!sin ~ z!dz]dT!
n=1 0 0

x sin ~ z! �.1.7!

in which f z! is the initial vertical profile of the pore water pressure,

The pore pressure at the mudline time-averages out. Therefore, the pore

pressure is only driven by the source term. An eigenseries solution to

this problem obtained by separation of variables and application of the

boundary conditions is given by
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in which the eigenvalues are given by

2n-1
IC

n 2 d

This so]ution applies for an arbitrary pore water pressure source term.

For the so]ution to be physically meaningful an analytic expression

for the source term must be determined. The ]aboratory resu]ts of

De Alba, Chan and Seed �975! relate the development of pore water

pressure to the number of load cycles in simple shear. This re]ation-

ship i s given by

~ = � + � sin L2  � ! -]]Q 2 7T N~
0

N
pg o N~

The pore pressure source term in equation �,1.6a! is given by Seed,

et al. �974! as

s = �  a' � !N

o N~
�,1.]1!

The effective overburden stress is

o =   z
o B

in which p is the pore water pressure generated due to the cyclic load-
9

ing, a' is the effective overburden stress corresponding to static
0

conditions, N is the number of cyclic loadings, N is the number of

cycles to liquefaction, and ~ is a shape factor. This fami]y of curves
is shown in Figure 3.1 as a function of e. Seed, et al. �975! suggest
using a value of a = 0.7 for which there is a somewhat linear relation-
ship between the pore pressure ratio p /a' and the cyclic ratio N/N

g 0
 the dashed line in Figure 3.1!. For a linear relationship
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and the cyclic ratio as a continuous function of tiIIIe is given by

N t

N~ N~T
�.1.13!

in which t is time and T is the wave period. Therefore, the pore pressure

source term is gi ven by

Yg
N T

�.1.14!

For this source term, the solution to the earthquake consolidation

equation given by equation �.1,7! is

�.1.15!

It is convenient to express the pressure in a dimensionless form

by introducing the following variables

z = z/d

t = t c/d !
2n-1

IT
n 2

c N~T
P=P

2d Y~

A dimensionless solution, which applies for all soils and wave conditions,

is
A A

  11
A

p = z � �-e 'n ! sin x:�z!
n=l

n

�.1.17!

n 2Y 2tp= I: -~ <NT  i-e n ! sin nz!
n=l

n

�.1.16a!

�.1.16b!

�.1,16c!

�,1.16d!
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Dimensionless vertical pressure profiles are shown in Figure 3.2 as a
function of dimensionless time. These profiles apply for all soils that

have a tendency for volume reduction and pore pressure accumulation when
cyclically loaded. The pressure scaling term in equation �.1.%6d! con-
tains fluid properti es, flow properties, static and dynamic soil proper-
ties, geometric and wave properties.

The one-dimensional earthquake consolidation equation provides
information on the accumulation of pore pressure not revealed by other
solutions of the Riot equations. However, by itself this approach may
not provide adequate pore water pressure information to predict failure.
Specifically, if the periodic pore pressure amplitude is large a failure
would be observed before the accumulated pressure reaches a failure

level. This type of failure is shown in Figure 3.3. Instantaneous or
momentary failures occur before the mean drift failure. Even for rapid
pore pressure accumulation, complete failure may be preceded by
momentary fai lures associated with the periodic component of pore water
pressure. If design estimates are based only on the earthquake con-
solidation equation, failure may be observed in the field before the

predicted number of cycles.
This failure mechanism suggests a coupling of the earthquake con-

solidation equation to determine mean pore pressure accumulation with
the two-dimensional periodic solutions to the Biot equations for the
cyclic pore pressure. Such a model is an anticipated extension of the
present study.

3,2 Potential Pressure Nodel

Hoshagen and Torum �975! developed a two-dimensional heat equation
for modeling wave-induced pressures in marine soils. This equation is
a simplified form of the Biot equations for compressible pore fluid but
an incompressible or rigid soil skeleton, The resulting equation is

� '7 p= n8K z, op
y 3t
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The assumption that the fluid is more compressible than the skeleton
is physically unrealistic for most saturated marine soils [Prevost,
Eide and Anderson �975!]. A more physically consistent assumption is
that the pore fluid is a1so incompressible. This yields the poten-
tial pressure model.

7'p= 0 �.2.2!

A number of investigators have examined soi1 response to waves by
assuming that the field equation for pressure is LaPlace's equation
[cf. Putnam �974!, Reid and Kajura �957!, Hunt �959!, Murray �965!
Liu �973!, Dalrymple �974!, McClain, et a1. �977!, Puri �980!j. The
most common derivation of this relationship is from Darcy's equations

for horizontal and vertical flow.

K Bp
u

3x
�.2.3.!

�.2.3b!K 3p
w

3z

Taking the derivative of equation �.2,3a! with respect to x and the
derivative of equation �.2.3b! with respect to z and adding, for a
homogeneous soil and assuming continuity, yields

�.2.4!

It is interesting to note that the equation for the pressure is inde-
pendent of the soil properties. Relative soil properties are introduced
through the boundary conditions,

The boundary conditions for pressure for a three-layered system,
two soils separated by a geotextile, as shown in Figure 2.2, are given
by equations �.3a.l!, �,3b.3!, �.3b.6! and 2.3c.l!, They correspond
to pressure matching at the mudline, fluid continuity and a pressure
head loss at the geotextile and a no flow bottom boundary condition,
respectively. For these boundary condi tions, a solution obtained by
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separation of variables to equation �.2.4! is

pl = p [ch  Xz! + R2 sh  Xz!] e �.2.5a!

Klp2 = p K Rl [liR2 th  Xdl!][ch  Xz!-th !d!sh Xz!]e
�.2.5b!

in which

K2
Rl = � [1-th Xd !th Xd! + R3]

Kl 1

�.2.6a!

Rl[th kdl! � th Ad!] � th kdl!
R2�

1-Rl th ~dl ! [th kdl !-th Ad! j

R3 = K2C~ [th Adl ! � th X3!] X

<3.2.6b!

�.2.6c!

d = dl + d2 �.2.6d!

and p is the pore pressure in soiI layer 1 and p is the pore pressure
in layer 2. Yertical profiles of the pressure amplitude are shown in
Figure 3.4 for a test condition of one foot of pea gravel above three
feet of silt separated by a very permeable fabric, This configuration
approximately corresponds to the laboratory conditions for several of
the experiments. Stream function [Dean �974!] wave cases 58, 78 and
88 for a water depth of eight, feet are shown. The wave heights and
periods for these wave cases are summarized in Table 4.4. Figure 3.4
indicates that the decay of pressure response with depth is exponential
[in accordance with equations �.2.5a! and �.2.5b!] and that the shorter
wave lengths are more highly damped,

The potential pressure model provides reasonable estimates of pore
pressure for sands [Liu  personal communication!j which are relatively
permeable and stiff. However, no information on the phase shift wi th
depth is obtained from thi s solution.
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The most general analytic solutions to the Biot equations for
wave-induced marine soil response have considered a periodic, two-

dimensional case I eg. Yamamoto �977!j, If the solution i s assumed
to be periodic in x and t, with the same frequencies as the wave, the
Hiot equations �.1.12a!, �.1.12c! and �.2.16! reduce to the matrix

form

 -i g! D2 2 2v ~~!
l-2v

Q

p �.3.1!�2 1 2v ~p!   1 1 2'v D!
2-2v G 2-2v ,' �D!

[D + i ~~ wns'x']j]2 i K u�!Y
K

 - � A~! P

in which

D  ~ ! =- �   ~ !d

dz
�.3.2!

The exi stence of a non-trivial solution requi res that the determinant

of the coefficient matrix vanish LWylie �975!j, The eigenvalues corres-

ponding to the roots are

+ X

G  »'G+ 2 Z~!j

With the eigenvalues known, general solutions for horizontal displace-
ment, vertical displacement and pressure in the two soil layers are

3.3 Periodic, Two-Dimensional Biot Model

�.3.3a!

�.3.3b!

�.3.3c !



3'9

� = [a> ch Az! + a2 sh Xz! + a3z ch Az! + a4z sh Xz! t a5 ch A'lz!

�.3 4a!

ql = [bl ch Xz! > b2 sh Xz! t b3z ch Xz! + b4z sh ~z! i b5 ch A'lz!

+bh g!!] i  Ax-~t ! �.3.4b!

pl = [cl ch hz! + c2 sh Az! + c3z ch kz! i c4z sh Xz! + c ch ~'p!5

!] i  xx zt! �.3.4c!

2 a7 ch Az! + a8 sh Az! + a>z ch Kz! + a10 h ~ + all ch a2z

+ a sh� 'z!]ei
12

�.3.4d!

|;2 = [b7 ch Az! b8 sh Az! bgz ch Xz! b10z sh kz! bllch A z!2

h ~, !] l Xx-Lit!
12 2

�.3.4-e!

p2 = [c7 ch !z! + c8 sh Xz! + c>z ch Az! + c10z sh Xz! + cllch A'z!2

+ h y~ !] 1   x Rt!2' '

in which the subscripts on E, r, and p refer to the soil layer.
There are 36 integration constants but only 12 boundary conditions

 see section 2.3!. This suggests that 24 of the constants are not
independent. This dependency may be determined by substituting the
general solutions into the governing equations �.3.1! and collecting



�.3.5a!bl 2 iAl a3

�.3.5b!b2 = -ial + iA1 a4

�.3.5c!b3=-i a4

�.3.5d!

�.3.5e!

�.3.5f!

�.3.5g!

�.3.5h!

b4 = -i a3

6 5
b =-i

5

b
6

b7 = s a8+ ~~1

b8 = -i a7 + iBl alo

�.3.5i!b9 = -i al 0

�.3.5j!bl o = -i a9

~ '12

11

�.3.5k!

�.3.51!

�.3. 5m!

b
11

b =-i
12

c = -i A2 a
1 4

�.3.5n!c2 = -i A2 a3

�.3.5o!c3=0

40

like terms in ch Az !, sh Xz!, etc. The resulting system of equations

can be solved to yield the vertical displacement and pressure integra-

tion constants as functions of the horizontal displacement constants.

These relationships are



c4 =0

�.3.5q!c = -A3 a
5 5

�.3.5r!c = -A3 a6
6

�.3.5s!c = -i 82 a 07 10

c8= -i 82a9

c =0
9

�.3.5v!
10

�,3.5w!c]1 = -83 all

�,3.5x!c]2 = -83 a]2

�.3.6a!

2G]
A2 �.3.6b!

�.3.6c!

2G2
82 = 1+C2 �.3.6f!

in which ]yC] � 4 !
1 1

A3 = K "~ L] +C]�-2v] !]

Cl =
] -2v

1

1 ] i C2 � 4~2 !
1+C2

4]

�.3.5p!

�.3.5t!

�.3.5LI!

�.3,6d!

�.3.6e!
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th kd] a] a2 + [d] th Xd]!-A]] a3 + I.d]-A] th Xd !] a1 4

sh X']d] ! X'] ch X']d !
+ I ~ch Xd> 5 X cCh~Cd1 6

- t"  ~d] ! a7 - a8 - rd] t" ~d] - B]1 a9 �.3,7e!

sh ~

1 1 10 X cChCd 11

ch A'2d]!
chclcd1 12

A]A tt  ~d]!
- a] - th kd] a2 ] -2v  A]- >! th kd] -d] ] 2XG ] -n 3

] -v]
+  [ 1 2  Al- ~! � dl th Xd]!j-

1

]A3 ch X ldl

n] A3

 ]-,!x']
+ I

! ' ] -2~ !

1 1 1
~ ~' �  ]-v !~'

X' ]-2v !

n] A2
! a4

sh ~'] d] !
cChCkd1 6

�.3. 7f!

 continued!
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1- G2 1-n2 G2
+ 0 th Xdl!] y Il G thkdl kj1 7 1 nl G

�.a.7S!
 continued!

2 G2 1- 2 1 n2B2 th kdl!
 ] G Ll 2  Bl- ~! th Xdl!-dlj

+ @Bi - pdl th Adl !] a9

1-n2 G2 1-v2 1 n 8

1-n G 1-2u 7 1 1 2AG I-n
1 1 2 1 1

j cChCAd
1

n282

+ 4Bl th Xd> ! � d> 4]! al o

1-n G2 u2X - �-u2!A 2
- [ 1 1 X�2u!

X'2 sh X'2d !
c hCXCdi 11

1-n2 G2 v2A � �-u2!
+  [1 1 1 X �-2u2!

ch X' d !

cchchd1 12

n2B~ ch X 2dl
cc~CACdi



sh A 'ldl ! X' 1 ch A'1 dl !

G2 AK G2 AK
 l + G ! th Xdl a7 G   j + 4 8

62 l-AB1 K
+ dl th ~dl ! + G [1 +~dl th Adl ! j ! a9 �. 3. 7g !

2 1 -AB]
K

2X 1 ] G 1 1 10

G2 ~ 2 A'2K sh X'23dl !

I

G2 ~ 2 ~ 2K ch A 2dl !

ch ~',d, ! sh A 1dl !
i A2 thIXdi ! a3 - iA2 ad � A3 ~h>d aB � A3 ~>>< aB

+ i 82[th kdl ! AK2Cg] ag + i B2[1 -XKZC<th  adl ! j al 0

� . 3, 7 h !
ch X Zd ! sh A 2dl

hhhad 2 2 2 ch Xdi 11

sh A 2dl ! ch X 2dl
+ B3 L~zp >P -3'2K2C2~<P Z< j a12 =

45

th kdl ! al 2 23 + dl th Xdl ! j a3 + [ ~~ th Adl + dl j a<



46

K2 K2 sh ~ ,d, !
K B2 aB + i K B2 ch Xdl! a10 K ~ B ~ch Xg 11
1 1 1 1 �.3. 7i !

K S ch Z ctl !
Kl K cch ~cd~ 12

Ia + �-u! Ad th Xd!] a7 + La th Xd! + �-m!Ad a8

+  md + �-u! d[1 + X d th Rd!]! a9 + f~ d th Ad! +

�-a! d !th Ad! � Ad ! a 0 �.3 7J!

ch K'>d! sh ~'2d!
' �-"! "'2d ]

ch ~d! ch Ad

sh X' d   2 !
+ [m + �-o  ~ 2d h Ad! 12

ch ~d!

th Ad! a7 + a8 � [Bl-dth Xd!] a9 - I-81th ~d!-gd a10
�.3.7I !

~ 2 » >'2d! ~ 2
al2 = 0

ch Ad! ch Xd!

~'1 sh A 1 1 ~ 1 ch X'ldl
-i A2 a3 � i A2 Ch ~dl a< � ' A3 ~h Xd a6 � < A3 ~h ~d 6c C



sh ~'2d!
i B2 aB + iB2 th Xd! a>B + B3 + a>>

ch ~d!
�.3.71!

2 ch A 2d!
+83~ a � 0

ch Xd!

in which

�.3.8!

3.3.a Com uter Pro ram

Although the solution to the Biot equations is analytic, the
actual numerical computation requires the use of the computer. The
horizontal displacement integration constants are determined from equa-
tions �.3.7a!-�.3.71! using the International Mathematics and Science
Library subroutine LEgT2C. The remaining integration constants for
vertical displacement and pressure are determined by back substitution
into equations �.3.5a!-�.3.5x!. Stresses are calculated from equations
�.1.11a!, �. l.llc! and �.l.lie!. Fluid flows are determined from
equation �.2.7!. The shear stress ratio, r, is defined as the ratio
of the maximum shear stress, ~ , to the effective overburden, a' , and

m 0

is useful for identi fying potential soil failure condi tions.

m
r = �,

'a
�.3.9!

in which ~ is given by [Jumikis �969!]

0 - o 2 1/2
L  z x ! ]

m 2

�.3.10!
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Another parameter useful for identifying potential failure condi tions
is the shear stress angle, y [Jumikis �969!].

1/2

~ 2
m

4= tan �.3.11!
o + 0 o +cr

Table 3.1 Non-dimensionalizing scaling factors.

Yari abl e

Lp /Gl

Lp /Gl

Po

po

Po

Po

Kp /YL

Kp /YL

A listing of the computer program is given in Appendix H.

The computer program gives both dimensional and dimensionless results.
The scaling used for each variable is listed in Table 3.1.
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Figure 3. 5 Computer program block diagram.
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4.0 ANALYTICAL SOLUTION BEHAVIOR

4. 1 Sin le Soil La er Res onse

The dynamic response of a single, homogeneous soil layer may be

examined using the soil-geotextile interaction model. This is the

case for which both soils have identical properties and the geotextile

does not resist displacement or fluid flow. A single soil layer

40 feet thick is examined. The specific wave and soil characteristics

are listed in Table 4. 1 and are denoted as the case A condition. This

soil is generally described as a coarse sand [Creager et al.   1955!].

Table 4. 1. Case A wave and soil conditions.

YB = 60 lb/ft3G = 106 lb/f t2

~ = 0.33

n = 0.40

K = 0.01 ft/s

H = 19.8 ft

T = 10 s

Il = 50 ft

d =40 ft

1.0

The response of the soil-geotextile system to waves is not readily

apparent from the analytical solution. Therefore, the general so'lu-

tion behavior and response to changes in wave and soil properties are

examined. These responses are first presented for a single soil layer.

An examination of this simplified case provides insight into the more

complex case: two different soils separated by a "non-transparent"

geotextile. For a three -layered system examined at the end of this

chapter, it is shown that the relative properties of the soils also

influence the response,
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The vertical profiles of displacements, stresses and flows are shown
in Figures 4.1 - 4.3. The dimensionless depth is the depth scaled by
the wave length.

The amplitudes of the displacements tend to decrease with depth.
For the case A conditions the maximum horizontal and vertical displace-
ments are 4.4 x l0 3 ft and 1.3 x 10 ft, respectively. The maximum
horizontal displacem nt may occur at intermediate depths. However,
the maximum vertical displacement always occurs at the mudline.

For this case, no-slip bottom boundary conditions were imposed so both
components of displacement vanish at the lower boundary of the soil
layer.

The pore water pressure also decreases with depth for this case.
However, for certain wave-soil conditions the pressure may increase
near the impermeable bottom boundary. For this case, and in general,
there is little phase shift with depth.

The stress profiles for this case are typical for a single soil
layer system. The horizontal effective stress is a maximum at the
mudline and has a large phase shift near the bottom boundary. The
vertical effective stress is zero at the mudline as specified by the
boundary condition and attains a maximum at intermediate depths. The
shear stress increases approximately linearly with depth.

The horizontal velocity is proportional to the pressure because
of the periodicity assumption in x. Therefore, the form of the hori-
zontal discharge velocity is similar to the pore pressure profile,
The vertical discharge velocity decreases almost linearly from a rtiaxi-
mum at the mudline to zero at the bottom impermeable boundary.

The cyclic shear stress ratio is common1y used by earthquake
engineers in estimating soil failure. Yalues larger than 0,25 for a
drained soil indicate a potential failure condition. For this case,
failure would be anticipated in the upper 5 or 6 feet of soil.

Another indicator of failure conditions is the shear stress

angle. Far cohesionless soils such as silts, sands and gravels, if
this angle is exceeded the soil will fail. Failure is predicted for
the upper 2 feet of soil. It is of interest to note that even though
the maximum displacements are small  approximately 1/20 and 1/60 in.
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or the horizontal and vertical, respectively!, failures may

occur.

The amplitude of the pore pressure response is frequency selec-
tive, the higher frequencies being more highIy damped. This response
is shown in Figure 4.4 for the case A conditions but allowing the wave
period to vary. The soil acts as a low pass filter preferentially
removing the higher frquencies. This behavior is characterized by a
frequency-and depth-dependent transfer function. For a single soil
layer of thickness, d, the transfer function for dimensionless pressure
from the potential pressure model, T, is

T =
ch2  Xd!

This transfer function is shown in Figure 4.5 for the case A condi-
tions, The higher frequencies are very highly damped. The frequency
dependency is also given as a function of d/L which is a common scal-
ing. The depth of the soil may be classified as shallow, intermediate
or deep with respect to the wave length by examining the asymptotic
behavior of the transfer function. These domains are labeled using
the same criteria as used in linear wave theory. For a shallow soil
the amplitude of the dynamic pore water pressure is constant with
depth, for a deep soil the dependency is exponential; and for an inter-
mediate depth soil the dependency is hyperbolic.

The magnitudes of the maximum soil displacements and of the maximum
shear stress are also frequency selective. Both components of displace-
ment have a critical frequency at which a maximum occurs, For the case A
conditions, the maximum horizontal and vertical displacements and shear
stress occur at approximately 12, 8 and tl seconds, respectively, as

shown in Figure 4,6.
The magnitudes of the max~mum soil displacements are inversely

related to the shear modulus, the stiffer soils being more resistant
to displacement. This dependency is shown in Figure 4.7 for the case
A conditions, but with variable shear modulus. For these conditions,
the displacements are approximate1y linear functions of the modulus.
It is also shown that for values of the modulus greater than 10~0
1b/ft2 the stresses are constant.
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Figure 4.6. Frequency dependency of the maximum displacements and
shear stress for the case A conditions.
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The magnitudes of the displacements are a function of the degree
of slip at the bottom. The maximum horizontal and vertical displace-
ments and the horizontal displacement at the bottom are shown in

Figure 4.8 as a function of the degree of slip for the case A condi-
tions. Free slip corresponds to ~ = 0 and no slip corresponds to
~ = 1. In the field, the impermeable bottom boundary  clay, rock,
etc.! may interlock with the soil, restricting the soil motion. How-
ever, in the laboratory the impermeable bottom may be wood or smooth
concrete which provides little resistance to horizontal soil displace-
ment. In this case, the form and magnitude of the soil displacements

 and the associated stresses! are dependent on the empirical coeffi-
cient, o.. The value of m must be determined from experiments. How-
ever, this determination is difficult to make if the only measurements
are the pore pressure profiles because the pore pressure is relatively
insensitive to this coefficient  see Figure 4. 9!.

The degree of saturation of the pore water has a major effect on
the pore pressure response Air is much more compressible than pure
water so even sma'll amounts influence the response. Pore water pres-

sure profiles are shown in Figure 4, 10 for the case A conditions as a
function of the degree of saturation. The air easily compresses when
the soil deforms so the responses are not transmitted as efficiently

down through the soil column, However, the displacements near the
mudline tend to be larger  see Figure 4. 11!. An increase in the
volume of air in the pore water results in an increase in failure poten-

tial .

Pore water pressure profiles are shown in Figure 4.12 for the case
A conditions with variable soil depth. For shallow soils  d/L < 0,05!
the response is nearly constant in z. For deep soils  d/L > 0.5! the
decay with depth is exponential. The magnitudes of the displacements
and shear are also a function of the soil layer thickness. Figure 4. 13

indicates that for the case A conditions a maximum failure potential

occurs for a soil depth which i s approximately 15K of the wave 1 ength.
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4.2 Two Soil La er Res onse

The general responses of a two-soil-layer system are similar to

the one-layer system but are complicated by the geotextile properties

and the coupling of the two soil layers. A three-layered system  two
identical soil layers separated by a geotextile! with geometry simi lar

to the conditions tested in the wave channel is examined in detail.

These conditions are denoted as the case B conditions and are summar-

ized in Table 4.2. The soils may again be described as a coarse sand.

Table 4.2. Case B wave and soil conditions.

G1 = 2.5 x 105 lb/ft G2 = 2.5 x 10 1b/ft H = 2.03 ft

T=1,77 sv1 = 0.33 u2 = 0.33

n2 = 0.4 h=80ftn1 = 0.4

K2 = 0.01 ft/sK1 = 0,01 ft/s o,= 1.0

YB2 = 50 lb/f tYB1 = 50 lb/ft

2 3,0 ftd1 = 1.0 ft

The fluid energy dissipated in the geotextile is characterized by

the permittivity. This coefficient is primarily a function of the

fabric permeabil ity. Pore water pressure profi1es are shown in

Figure 4.14 for the case B conditions as a function of the geotextile
permeability for a geotextile with a thickness of 0.01 ft. The fabric

location is shown by the hashed line. When the geotexti1e permeabi1ity

is of the same order or greater than the soil permeabil ity, the fabric

is transparent. As the geotextile permeability decreases the trans-

mission of pressure is significantly reduced. The resulting displace-

ments and shear stress are shown in Figure 4.15. Decreasing geotex-

tile permeabil ity results in a decreased failure potential from the

cyclic stresses. However, as the permeabi1ity of the geotextile
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decreases, the failure potential due to the accumulation of pore water

pressure increases significantly. A low permeability fabric is an

undrained condition and the accumulating pore pressure is unable to

dissipate. If the permeability of the geotextile is of the same order

or greater than that of the adjacent soils, the geotextile permeability

will have little or no influence on the soil response. Most commer-

cially available geotextiles are more permeable than sands and silts

and therefore are transparent in the transmission of pressure. How-

ever, the geotextile pores can clog with soil particles, which reduces

the fabric permeability. A clogged geotextile is more susceptibIe to

a pore water pressure accumulation failure.

The geotextile permeability may be defined to include the effect

of the fluid acceleration in the same way unsteady soil permeabili ties

were defined. The imaginary portion of the permeability indicates

the importance of the acceleration. For, physically realistic values

for the inertial coefficient, Cm, the imaginary portion of the geo-

textile permeability has no influence on the soil response. The sen-

sitivity to the inertial coefficent has been examined for the range

-6 < Cm < 6. No discernible change in soil response was noted.
The solution is also influenced by the ratio of the soil permea-

bilities. Pore water pressure profiles are shown in Figures 4, 16 for

the case B conditions wi th variable K1. The pressure response in the

lower layer is decreased as the upper layer becomes less permeable.

Figure 4. 17 shows the maximum displacements and shear. When the per-

meabilities are within an order of magnitude of each other the solu-

tion is sensitive to changes in the relative permeability. However,

as the difference in permeability exceeds an order of magnitude, equil-

ibrium values are quickly reached which are associated with the less

permeable layer. Figures 4. 18 and 4.19 are simiIar to Figures 4,17

and 4.18 except Kp is held constant and K1 is allowed to vary. 1t is
of interest to note that for a relative permeability of approximately

10, a maximum pore water pressure profile results. This maximum is

also observed in the horizontal displacement and shear stress. This

corresponds to a worst combination of grain sizes in terms of failure

potential. The permeabilities for this worst case  for the case 8
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conditions! are representative of a gravel covering a coarse sand.

The imaginary portion of the soi1 permeabil ity has a minor influ-

ence on the soil response. Hannoura and McCorquodale �978! present

experimental results that indicate the inertia coefficient for coarse

granular media is between -6 and 6. The pressure profiles for this

range of inertia coefficient are not influenced by the acceleration.

The influence on the magnitude of the displacements and stresses is

also very small for the test wave and soil conditions. However, the

relative importance of the inertial term is given by ~ Cm k/gn. For

most marine soils, the added mass and porosity show little variation.

Therefore, the inertial term is primarily a function of the soil per-

meability and the wave frequency, high permeability  associated with

larger sediment size! and higher wave frequency tending to increase

the relative importance. For the case B cond~t~ons this coefficient

has a value near 10-4, while for graveI it is near 10 2,and for riprap

it may approach unity.

The mechanical properties of the geotextile are described in terms

of the elasticity and tension. The elasticity has littwe influence

on the pore water pressure: fess than 2X decrease for very stiff fab-

ri".s. However, the maximum displacements and shear stress are depen-

dent on the elasticity  see Figure 4.21!. The primary infwuence on

the vertical displacement and shear stress occurs for very compliant

geotextiles while the inf1uence on the horizontal displacement is a

maximum as the geotextile elasticity approaches the shear modulus of

the soil. As with the elasticity, the pore water pressure profiles

are only weakly dependent on the geotexti1e tension. The maximum

change occurs for fabric tensions less than 100 lb/ft. Figure 4.21

shows that pretensioning the geotextile to 100 lb/ft for the case B

condition results in a 30K reduction in shear stress.

It was shown in Figure 4. 10 that the degree of saturation of the

pore water influences the soil response. In a marine sediment, bio-

logical activity or chemical decomposition of organics may produce

gas. The influence of these bio-chemical processes on the soil

pressure response is shown in Figure 4.22 for the case B conditions
with variable saturation in the upper layer. The soil response is a
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function of the degree of saturation in the upper layer, but the
influence on the pressure profile is small even for a large variation
in saturation. However, the shear stress increases in the upper

layer in response to increasing gas content in the pore water. The
sensitivity of both the shear stress and pore water pressure responses
increase as the thickness of the organic layer increases.
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5.0 EXPERIMENTAL RESULTS

Two series of laboratory experiments were conducted at the Oregon
State University Wave Research Facility  WRF! dur ing the spring of
1980 and 1981. In both cases the pore pressure response was measured
in a three-layered system,: two different soils separated by a geotex-
tile. However, in the first series of experiments only the periodic
responses were measured while in the second series of experiments both
the periodic and mean change in pore water pressure were monitored.

5. 1 Laborator Setu

5. 1.a Ore on State Universit Wave Resear

The WRF is a large-scale open-air wave channel 12 feet
wide, 15 feet deep and 342 feet long. The hinged wave board is driven
by an MTS servo hydraulic piston. The facility is capable of produc-
ing simple periodic waves wi th periods exceeding eight seconds and
heights to five feet. Random waves can also be generated using the
on-site PDP 11 computer to generate the wave spectrum and transfer
function for the board motion. Wave heights are measured with a sonic
surface profiler. The wave energy is dissipated through breaking on
a concrete beach with slope 1: 12.

5.1.b Test Section

A test section 36 feet long was constructed in the wave channel.
The determination of the optimum test section length for minimum end
wall effects is discussed in Appendix C. The four=foot deep, four-foot
wide section was constructed of 3/4-inch plyboard reinforced with 2 x 4
studs. The side walls were braced to the wave channel walls and the
bottom was attached to the channeI bottom. Wood-to-wood connections
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were glued and screwed and the entire section was treated with a water
sealer. The test section is shown in place in Figure 5.1 before the

addition of the soil layers.

The volume between the wave tank walls and the test section was

filled with gravel to provide extra stability and prevent deflection
of the side walls during the cyclic wave loading. A typical cross

section of the test section is shown in Figure 5.2.

A uniform gravel  D50 = 10.5 mm! was selected as the upper soil
layer mater~al. The gravel provides good transmission of the pore
pressure to the geotexti le while also providing a stable surface under
the test wave conditions. A uniform, fine, clean sand �50 = 0.2 mm!
was selected for the lower layer. Such a material demonstrates a

potential for liquefaction [Seed and Idriss �967!]. Accurate deter-
mination of the physical properties of the two soils is important when
comparing the analytical model with the experimental observations.
These properties are summarized in Table 5. 1 and Figures 5.3 and 5.4.

Table 5. 1. Test section upper layer soil properties.

1 = 58 6 lb/ft

K1 = 0.059 ft/s

GI = 4.0 x 10 lb/ft

v1 = 0.35

n1 = 0.465

The two soil layers were separated by a geotextile. Four geotex-
tile conditions were tested; woven, impermeable, semi-rigid and tio

geotextile. Typical geotextiles are shown in Figures 5.5, 5.6, 5.7
and 5. 8.

Important geotexti le physical properties for the analytical model
include: tension, elasticity, permeability and thickness. The perme-
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Figure 5,1. In p1ace photograph of the test section before the
addition of the soil layers.

Figure 5.P. Typical cross-section of the test section.
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Figure 5.5, Monofilament woven geotextile  Polyfilter GH, Carthage
Mills!.

Figure 5.6. Needle punch nonwoven geotextile  Bidim C42. Monsanto!.
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Figure 5.7. Heat bonded nonwoven geotextile  Typar, Dupont!,

Figure 5.8, Combination woven/nonwoven geotextile  Terrafix 500N,
Terrafix!
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ability and thickness may be combined into a single term, the permit-
tivity. Properties for several fabrics are listed in Table 5.2.
The values for clast~city are only approximate values because the

stress-strain behavior of geotextil es i s very non-1 inear.

Table 5.2 Geotextile properties.

Elasticity
2

Permeability Thickness
~inGeotexti 1 e

2040

5280

12000

12000

0. 025Polyfil ter GB

Bidim C42

0.059

0.130

0.004

0. 118

0. 180

0. 015Typar

Terrafix 500 N 0.1/5

solidation technique was more consistent from test to test than the
hinged flap concrete vibrator method. Thielen �981! provides a
detai"Ied description of the bed preparation techniques.

The lower soil layer porosities for the 1980 tests are summarized
in Table 5.3. The 1981 tests showed little variation.

The unif'orm preparation of the lower soil is an important aspect

of the experiments to insure repeatability. The soil was first com-
pletely fluidized by injecting a high-pressure water jet into the
sand. The "fluidizer," an inverted tee-shaped manifold [see Nath

et al.   1977!], was moved through the soil at, one foot intervals. In
the 1980 experiments the soil was reconsolidated by moving a hinged
metal flap activated by a concrete vibrator through the bed at one-foot
intervals. This left the soil in a relatively dense state. The fol-
lowing year the soil was slightly consolidated by manually vibrating
vertical rods at a specific number of locations. This left the soil
in a uniform condition very near liquefaction. A gravel overburden

of approximately 60 lb/ft2 was then added and the soil was allowed to
consolidate f' or 24 hours. During this period the soil consolidated

from n = 0. 460 to a more stable value of n = 0.425. This second can-
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Tab1e 5.3. Lower soil layer porosities for the 1980
tests.

Geotextixe

woven 0. 430

0.480semi-rigid

impermeable 0.418

0.457no tabric

The average porosity for all tests was 0.442 with a standard
deviation of 0.023 or about 5N of the mean. Because of this small
variation, a single set of soil parameters is used to describe the
lower soil for all tests. These properties are summarized in

Table 5.4.

Table 5.4. Mean lower soil layer properties.

vZ = 0.374

n2 = 0.442

In both series of experiments the pore water pressure was moni-
tored to reveal the dynamic response of the soil-geotextile system to
ocean waves. The 1980 tests were designed to examine the periodic

pore water responses only, while in the 1981 tests both the periodic
response and mean accumu1ation of pore pressure was monitored. The
periodic responses were used to verify the Biot model and the accumula-

VB2 = 61.7 lb/ft

K2 = 2 6 x 10 4 ft/s

G2 = 3,0 x 105 lb/ft

0.000

0.000

0.005

0.015



tion measurements were compared with the earthquake consolidation

equation predictions [Thielen �981!]. Thielen �981! also includes
an analysis of the random waves and more information on the laboratory
experiments.

5. l.c Pressure Transducers

The response of the soil-geotextile system was examined by measur-
ing the dynamic pore pressure response in the soil. Nine pressure
transducers  Druck model PDCR10! were mounted in the side wall of the
test section in the 1980 experiments and 14 in the 1981 experiments.

Carborundum filter stones were placed between the soil and transducers

in flush mounting aluminum brackets. This prevented soil from clogging
the pressure transducers. The stones were boiled for 20 minutes to

remove air and were always kept underwater. A small amount of air in
the stones significantly changes the dynamic response of the transdu-

cers due to the compressibility of air.

Most of the transducers were placed to measure the vertical pro-

file of' the pressure. However, two transducers in the 1980 experiments
and four in the 1981 experiments were placed off this vertical profile

to insure that the central location of the test section was homogeneous

and free from end effects. The locations of the pressure transducers

are summarized in Table 5.5.

The transducers were calibrated by ra~sing the still water level

in the wave channel and the response was nearly linear at one volt per

psi of static pressure. The calibrations were checked before and after
each sequence of runs. No OC drift was observed as a function of time.

5.2 Laborat

The free surface profiles and the pore pressure response were

recorded for different wave and geotextile conditions The simple

periodic waves tested corresponded to Dean's stream function cases
[Dean   1974!]. These waves are sunmarized in Tables 5.6 and 5.7 for
the two water depths examined, four and eight feet, respectively.
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Tabl e 5. 5. Pressure, transducer 1 ocations

1980 1981

Transducer

0.00 4.00

0.00 3. 76

2. 210.00

1.450.00

1.170.00

0.540.00

0.000.00

2.21-6.00

6.00 2.21

Table 5.6. Simple periodic waves tested for a water depth of
four feet.

 dave Case H ftT sec

0.64

1.26

1. 88

0.74

1.46

0,78

1.54

0.78

1.58

7

8 9
10

11

12

13

14

7A

7B

7C

6A

6B

5A

5B

4A

4B

1. 98

1. 98

1.98

2. 80

2.80

3.95

3.95

6.25

6.25

0.00 3.44

0.00 2.77

0.00 1.85

0.00 1.60

0.00 1.35

0.00 1.10

0.00 0.85

0.00 0.62

0.00 0.36

0.00 0.00

-].0.00 1.60

-4. 67 1. 60

4. 67 1. 60

10. 00 1. 60
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Table 5.7. Simple periodic waves tested for a water
dep th of' e i ght feet.

Wave Case T sec H ft

8A

8B

8C

7A

7B

7C

6A

6B

6C

5A

5B

4A

0.68

1.36

l. 77

1.77

2.031.77

1. 282. 80

2. 522. 80

3. 762. 80

l. 47

2.92

4.40

1. 55

3. 07

1. 56

3. 95

3.95

3.95

5. 59

5.59

8. 84

The free surface elevation and pressure transducer outputs were
recorded on magnetic analog tape as a function of time, The 1980
results were transcribed on strip charts and visually read. The 1981
results were digitally recorded and analyzed by the computer, Both
sets of measurements are summarized in Appendix D.

The dynamic wave-induced pressure at the mudline drives the soil-
geotextile system. Therefore, an accurate measurement of this value
is important. It is also the amp1itude of the dynamic pressure at the
mudline which is used to nondimensionalize the analytic solutions.
There is some scatter in this measurement which is propagated through
the nondimensionali zing. These errors vary from 2N to 8X of the mean

The physical significance of the Dean's stream function wave cases is
shown in Figure 5.9. In the stream function wave case designation the
number indicates the relative depth and the letter, the percent of the
breaking wave height. The waves utilized in the tests span the range
of intermediate waves.
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mudline pressure amplitudes for the various wave cases. This error

primari1y results from small variations in the simulation of test

waves for a given stream function case. However, the nondimensiona1

pressure is not very sensitive to the magnitude of the mudline pres-
sure and the theoretical solution to the pressure ratio is amplitude

independent.

5.3 Com arison of Theor and Observations

The soil-geotextile system is driven by the wave-induced pressure

at the mudline.  The wave-induced fluid shear stress at the mudline

a'Iso drives the soil system but this stress is approximately five

orders of magnitude less than the pressure and is negligible.! The

pore pressure response in the soil is therefore linear in the pressure

amplitude at the mudline, Pressure profiles scaled by the mudIine

pressure amplitude would then be expected to be independent of wave

steepness. This result was confirmed by the laboratory measurements.

Figure 5. 10 shows the dimensionless measured soi"I pressure response

for wave cases 8A, 88 and 8C. Each case is the average of the four no

geotextile runs for the 1980 experiments.

A surprising observation is that the geotextile properties have

very little influence on the cyclic pore water response. This 'lack of

dependency on the geotextile properties is shown in Figure 5. 11, The

dimensionless pressure profile is similar for a no geotextile, an imper-

meable geotextile, a semi-rigid geotexti le and a woven geotexti le. Each

data point is the average of wave cases 8A, 88 and 8C for a given

geotextile condition.

Theory and measurements are compared in Figures 5. 12 and 5. 13 for

the no geotextile condition. Theoretical resultsfor both the free

slip and no slip bottom conditions are shown. For the smooth labora-

tory test section, the free slip cond~t~on provides the best predicted
response. In general the agreement with theory is good suggesting

that the soil response is well modeled by Riot consolidation theory

and that the soil-geotextile-soil model is valid for layered soils.
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Theory and measurements are compared in Figures 5.14 and 5.15 for
the Polyfilter GB geotextile. Again the agreement is good. The lack
of dependency of the pore water pressure profiles on the geotextile
properties  see Figure 5.11! is also revealed by the analytic solution.
Most commercially available geotextiles are relatively permeable and
do not induce a pressure drop. Geotexti'Ie e'lasticity is generally low
so little resistance to displacement is developed. Finally, fabrics
are usually placed rather loosely so that there is no tension. This
leads to the conclusion that most geotextiles will appear to be trans-
parent having little or no influence on the cyc'lic soil response, other
than maintaining the interface between the soil layers.

The permittivity of a geotextile may be measured in the laboratory
by inducing a cyclic pressure differential across the fabric and
measuring the gradients and head loss. Such a test for the compliant
impermeable geotextile indicated a permittivity much more transparent
to the transm~ss~on of pressure than would have been anticipated based
on the permeability. The apparent permeability is due to the dynamic
deflection of the loose membrane and is approximately equal to
10-4 ft/s. Employing this result, the theory and measurements are com-
pared in Figures 5. 16 and 5. 17 for the impermeable geotextile.

The f'ourth geotextile tested was an impermeable semi-rigid condi-
tion imposed by sandwiching a plastic sheet between two layers of
quarter-inch plyboard. Theory and measurements are compared in
Figures 5. 18 and 5. 19, As antic~pated from the discussion of geotex-
tile mechanical properties in Chapter 4, the geotexti le stiffness has
little influence on the pore water pressure profiles. The elasticity
and effective permeability were taken as 104 lb/ft2 and 10 4 ft/s,
respect i vel y.

The precedina comparisons of theory and measurements are based
on the 1980 experiments. The pore pressure responses in the 1981 exper-
iments were very similar, except that the gravel upper layer was only
five inches thick rather than one foot as in the 1980 experiments. The
influence of a reduced armor layer overburden is shown in Figure 5.20
for approximately the experimental conditions and a case 7B wave. The
maximum displacements and shear stress are also a function of the armor
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thickness as shown in Figure 4.21. For these wave and soil conditions

a maximum failure potential  as discussed in Chapter 4 and depicted in

Figure 4.3! occurs at an armor thickness of approximately two feet.

5.4 Nave-Induced Failure

There were two potential modes of soil failure: momentary failure

associated with the cyclic stresses and complete failure associated

with the accumulation of pore water pressure. In the 1980 series of

experiments neither type of failure was observed. In this series of

experiments the change in pressure amplitude in one hour of testing

was less than 0.1C of the initial values for eight time series measure-

ments. This change is less than the experimental error. The 1981

experiments were designed to monitor both the mean accumulation of

pressure and the dynamic response. There was a general tendency for

both the cyclic pore pressure amplitude and the mean pressure to

decrease with time. Decreases in amplitude ranged from 0.2% to 4. 5K

of the inital value in 100 waves for the different tests. The mean

pore water pressure decreased from 0.0$ to ]..7X. Again, this repre-

sents a relatively small change but suggests that cyclic stressing

associated with waves may slowly consolidate the soil and increase the

stability. An exception to this general trend was observed for an

impermeab1e geotextile. In this run complete failure occurred. The
mean pore pressure rapidly accumulated during the first several stress
cycles until the effective stress went to zero  see Figure 5.22!, The
response of the liquefied soi't was similar to a dense viscous liquid.
This response continued until there was a structural failure associated

with the geotextile and the excess pore pressure was released. The

geotextile is shown in place before and after this run in Figures 5,23
and 5.24. The settlement at the geotextile boundaries was approxi-

mately eight inches and occurred immediately upon the release of the

pore water pressure.

Although this type of failure was observed only once, it does

document wave-induced liquefaction. Complete soil failure due to

liquefaction should therefore be anticipated in the field, but is like-
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ly to occur infrequently. 4 more common failure is associated with
the presence of a structure. For such foundation failures, the soil
does not. need to completely liquefy, only experience a decrease in

strength. Several failures of this type were identified in Chapter l.
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Figure 5.23. 6eotextile before failure.

Figure 5.24. Geotextile after failure.



6.0 CONCLUSIONS

An analtyical model is developed to quantify the response of a
horizontal, three-layered, soil-geotextile-soil system to wave excita-
tion. The theory is based on the Biot consolidation equations in which
each soil layer is modeled as a homogeneous, isotropic, linearly elas-
tic medium. The fluid flow in the interstices of the soil is described
by an unsteady, compressible fluid form of Darcy's equation. The two
soils are coupled through the geotextile which acts as an elastic per-
meable membrane. A general salution is obtained to the differential
equations by seeking solutions with a simple harmonic dependence in
time and in the direction of surface wave propagation. The solution
is given as a 12 x 12 camplex matrix which is solved numerically.

It is also shown that two other common methods for modeling wave-
soil interaction, the potential pressure model and the ear thquake con-
solidation equation, are simplifications of the Biot model, These
models provide insight into the response of marine so~is to ocean waves.
The earthquake consolidation equation yields information on the mean
accumulation of pore water pressure not revealed by the periodic Biot
equation solution.

An examination of the Biot solution behavior indicates that;

1! the most important soil property is the permeability,
2! the pore water pressure profiles are very sensitive to

the degree of saturation,

3! the soil response is frequency selective,
4! soil stability may be slightly increased by pretension-

ing the geotextile.

Two series of laboratory experiments were conducted at the Oregon
State University Wave Research Facility. In both cases the pare water
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pressure was monitored in the soil and recorded as a function of time.
These data, which are among the first to be taken in a large wave

facility, are used to verify the theoretical model. A second result
of the experiments is the documentation of a wave-induced liquefaction
failure. Some investigators have expressed doubt about the actual

occurrence of such failures.

The theoretical description of the combined soil-geotextile

response to waves provides the basis for rational design procedures and
geotextile selection. A fundamental consideration in the select~on of
a aeotextile is the influence of the fabric hydraulic and mechanical

properties on the dynamic response of the soil. In general, for
commercially available geotextiles, this influence is very small. The
fabric appears to be transparent, its main function being separation of
the two soil layers. Exceptions to this are

1! When the geotextile becomes clogged with soil particles and
the permeability is significantIy reduced. This results in
an undrained boundary condition which is much more suscep-

tible to a liquefaction type failure due to the mean accum-

ulation of pore water pressure.

2! When the geotextile is pretensioned. For the wave and soiI
conditions examined in Chapter 4, a pretensioning of approx-

imately 100 !b/ft resulted in a 30~~ reduction in maximum

shear stresses.

The theoretical model also predicts the dynamic response as a function

of the soil properties. Results indicate that the relative permeability
of the two soi'I layers is important. For a given design condition, a

worst combination of geologic materials exists in terms of potential
soil failure. The model may be used to select the optimum armor

layer thickness for a given set of material properties. The soi 1-
geotextile model may be used to model the response of a single homogen-
eous soil layer or a vertically inhomogeneous deposit, the vertical
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inhomogeneities being approximated by homogeneous horizontal layers.

6.3 Future Research

The development and verification of the wave-soil-geotextile inter-
action model provides the theoretical foundation for the ana1ysis of a
number of other wave-soil interaction problems. Among these are:

1!

2!

3!

4!

The response of marine soils to random waves. The Hiot

consolidation equations are linear. Therefore, the solu-

tions for the soil resonse at each frequency in the wave

spectrum may be superimposed to yield the total response.

Soil stability on s1oping beaches or structures. The down

slope component of the weight tends to reduce the stability

of the soil or armor. Mathematically, this is a diff~cult

physical system to analyze because the coordinate system is
not separable. However, several options are available. A

solution may be sought be expanding the equations in terms

of a small slope parameter, or slope dependent soil para-

meters may be developed  e.g., a reduced sediment density!,
Influence of standing waves. Standing waves frequently

occur near large structures such as breakwaters and Jett~es,

near beaches and in a wave tank. For a perfect standing

wave, stationary regions with large soil responses would

be associated with the antinodes of the standing waves.

These areas may require additiona1 protection due to the

locally large erosive and soil destabilizing forces. Again,
because the Biot equations are linear, superposition of two

progressive waves may be used to model a standing wave.
Mean accumulation of' pore water pressure. The solution

developed to the Siot equations is strictly periodic in
time while the solution to the earthquake consolidation

equation provides no information on the dynamic response.

A coupling of these two models would provide a more com-

plete description of the wave-soil interaction process.



The periodic solution oscillates around the mean drift

solution. The coupling is accomplished in the evaluation

of the failure indicators, the shear stress ratio and the

shear stress angle,

5! Buried pipe stability. Buoyant buried pipe lines may float
to the surface during periods of reduced soil strength

associated with periods of high wave activity. For small

diameter pipes, the presence of the pipe may have a minor

influence on the stress field. However, for larger dia-

meter pipes, soil-structure interaction must be considered.

A geotextile may reduce the failure potential by acting as

a membrane in tension ho1ding the pipeline down.

6! Wave-soil-structure interaction. The presence of a struc-

ture changes the wave field, possibly producing a standing

wave as discussed above. A more accurate description of

the fluid motion and resulting pressure distribution on

the bottom may be obtained by solving the wave-structure

interaction problem. The resu1ting bottom pressure is

periodic in time but not space. Again, because the Biot

equations are 1inear, the pressure distribution may be

represented as a Fourier series, a solution obtained for

each spatial frequency component and the complete solution

obtained through superposition.
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APPENDIX A

List of Notations

an,n=l,12

Al,A2,A3

bn, n=l,12

BI,B2,B3

cn,n=1,12

CD

Cf

Cp

Cm

d,dl,d2

ex,ey,ez

Kf

Ks

horizontal displacement integration constants

Biot solution constants in soil layer l

vertical displacement integration constants

Biot solution constants in soil layer 2

coefficient of consolidation

pressure integration constants

drag coefficient

friction coefficient

permittivity

inertial coefficient

soil layer thicknesses

total thickness of both layers

normal strains

Young's modulus

accerlation due to gravity

shear modulus

water depth

wave height

square root of -1

unsteady permeability

geotextile permeability

geotextile e1asticity

bulk modulus of pure water
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Appendix A  continued!

steady permeabH ity

length of text section

wave length

porosity

number of cyclic loadings

number of cyclic loadings to liquefaction

excess pore water pressure

reference pressure

pore water pressure generation term

amplitude of dynamic wave-induced mudline pressure

hydrostatic pressure

Ng

Pg

po

ps

vector discharge velocity

vertical dependency of vector discharge velocity

shear stress ratio

relative error due to end conditions

constants in potential pressure solution

pressure source term

degree of saturation

R1,R2,R3

time

dimensionless time in earthquake equation

wave period

geotextile tension

potential pressure model transfer function

dimensionless time-averaged pressure in earthquake
equation



Appendix A  continued!

Uo

vA va'C

Yx ~Yys Yz

Azf

Kn

horizontal discharge velocity  relative to soil!

amplitude of near bottom fluid velocity

vector velocities of solids, liquid and gas

vertical discharge velocity  relative to soil!

coordinate in direction of wave propagation

coordinate along wave crest

vertical coordinate down from mudline

dimensionless depth in earthquake equation

bottom slip parameter

pore pressure accumulation shape factor

liquid compressibility

combined liquid-gas compressibi'Iity

weight density of fluid

buoyant weight density of soil

shear strains

pressure drop across geotextile

geotextile thickness

volume strain

vertical displacement of soil

eigenvalue in potential pressure model

dimensionless eigenvalue in potential pressure model

radian wave number

eigenvalue in Biot model

geotextile displacement

Poisson's ratio
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Appendix A  continued!

PA ~PE, ~PC

Po~Pg

ax oy,az

Ox ~ay,az

oo

<A <e <C

0 .!

v  !

 '!

  !

  	

 


!max

horizontal displacement of soil

numerical constant �. 14159!

fluid density

densities of solids, liquid and gas

reference densities

effective normal stresses

total normal stresses

effective overburden stress

shear stress

total shear stress

maximum shear stress

shear stress angle

geotextile mechanical property coefficient

laterial displacement of soil

relative mass of soIids, liquid and gas

radian wave frequency

vertical gradient operator

gradient operator

divergence operator

La Placian operator

time-averaged

vector

soiI layer 1

soil layer 2

maximum value in vertical profile
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Appendix B  continuedj

f ~ Dc ALP~2
ALc =1

INT f RHE Il IA '1 f
NQ 5l TP

~ 0 ~ ll4l ~ ~ v 1i ~ %If ~ ~ v'r vJ%% ~ etc ~ e ~ I ~

I I'IP U 7 O A 1 b
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C~ HE A OEF CAPO
R AG� 50! IIIIENT I TI ~ i=i 2>!
FORVAT  ixei SA4159

C~
C~ WAVE PA RA! F'TEif'5

READ� 200! I.EhGTV ~ P- FICO,OEPTH,HF IFHT.~0 ~ PGW,r..rF
FORNAT   hrl 0 . 4!199

C~
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Appendix 8  continued!
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 continL ed!Appendix 8
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E >-" 0 ~ 5"  cF x P  x'L PZ ~ Oil -CF xP -x I ~2 ~ ri I I
E 9= 0 5  CF XP  XLPZ OB! ICE xP -XL~Z ~ IB! I
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r ~ » 1»» r» r r» ~ »» 'r r r ~ r» r» r r» ~ ~ r» r % r I 1 I ~ r r r ~ r I r» ~ »

HRKTE COE FF!CIEHT MAT F IX

WRITE ar480!
WRITE  8 ~ 1500 I

I'50D FORWAT </ZOX,"CO= FF ICIE HT HATPIX" //1
OO IEOD I»ir IZ
WRITE� 8.1700!  REAL  '1  I,JI !.J=1,121

1600 HRI TE  8 15001  A I>AG  O I J! 'I J =] ] 21
1700 FOR>AT <2Xri2Eia ~ 31
1800 FORWAT ZXr12Fiar 3/!

C ~
C I r»» r» r ~ ' ~ » r» r r» ~ »»»» s» r r r r» r 'r»» r r r r»» r r ~ ' ~ ~ r r ~ r r ~
C»
C» FORCING VECTOR
C»

04PL X  Pdr 0 ~ 0!
ZF RO
/Gil ~ <A. 0/ �. 0 r PI ! r Rnw»CF »IIO»<10!
CMPLX < XX r 0 ~ 01
ZERO
ZERO
7EPO
ZF I?9
ZEPO
7EI?0
7ERO
7ERO
rf PO

P»
C ~ HPI TE F

HRITE  8
HFI TE < 8
FOR'l A T  
OO 2000
WRITE 8
FOR 4A T  
WRI TE C
WPT TE<A
FOo4AT  
HEI TE   rl
F ORl'AT  

~ 15X rE]"
HPI rE  8
F OR4b T  

~ Sy ~ r ~ QQ ~ I
.!rx rE]5

OPCING VECTOR
,4'la l
~ 1900!
III]0X "F 'FC <rl
I=1,]Z
r?1001FEAL <5  I
ZX,ZEI5.~!
OWSTA!ITS
, 210 2!
I/]OX,"COI' ~TA 4
r 7104! X<, F ~ AL <

»<L",AX,E]5
~ Ilrl 5X, 15 ~ Al
r710 r! A] rFI r

5Xr "A1" ~ rl! r<]5
~ hx ~ 15 ~ »/Ax,"
~ X e15X r'- 13 ~ Al

V~CTOF"//!

I ! rh<4AI f=<T!l

1900

2000
2100

C»

2 1 Id 2

2104

2106

S i!
S<Zl
XX=�,8
S�1
S �!
S�!
5  rr I
S  '71
5<8!
S 9!
5 <101»
S <ii!=
S <12!=

r c' ~ //!
X r ! I, ~F AL «L>7 I, h 'r ] i < Xl P] I, h T»A l, <'P LP jl
~ X/SY !LR] 5» -5 8 ~ +X r XI »2 r<X ~ ' 1 ~ 4/

r F 7 r F 5 hl   h r ! ~ 9 = h] l r r 1, 3 [" A 5   'l 3 ! ~ A < ' h 0   I r !
r r ./r' I "rr<Xrc  '..r/ Xr "AZ "r5X ~   15.»,

,, >, |r,"']r" hx r 1', <I
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Appendix B  con ti n !ed!

l RITE  8 ~ 210 8!HLL
Z108 F0RNAT �X,"HLL", 7X,E I 5, 8 15 Y ~ Ei 5 ~ PI

c«
C«
C«

IE R=0
CALL LE 020 �,17.12,S,1. 12,0, Na, N«,'. IE Pl

C«
C«
c«
c ~
c«

CIIECX CCEFFIclFNT NATPIX

0>1 2109 I= I ~ 12
Ri   I! =5   I I
40 211Z I =i ~ 12
SUN«ZERO
00 Z110 J= 1, 12
SUN «SUM «0  ! «J! «Ri   Jl
CHECK II=SUN
WR! TE  8 «Z	41
FCRNA I  /r/10x,-ccEF F IC IEhT ~h TPI x CNEC4 "//!
00 ?!le!=i, 12
HRI TE  8«211 8! CNEC<  I !
FORH4T  ZX ~ 2E15.51

2109

2110
2112

2114

Z11E>
2 118

C ~
C« VERTICAL DISPLACI PENT INTEr Ph TT0N CONSTA?lTS

'R2 �! =-4 Ri  Zl +b«hl«RI  TI
PZ Z I =-4 Rl �1+4 Al F 1 �1
PZ�1 =-4'Rl�1
RZ �1 =-A Rl �1
RZ�! =-A«XLl 1/XL Rl E'!
kZ �! =-A«XLPI/XL«Ri �1
RZ   71 =-A«Ri  8! +A«61«Fi �1
RZ  81 = A«R1 �1 «4 «41 «>>l �01
RZ 91 = A«R1�0!
RZ�01=-A Ri �1
P2  11! - -A Xt P2/XL «Ri �21
R2  1Z! =-A«XI.P2/XL «Ri �11

C«
c« Phf ssURE INT  GPAT ION CcNSTANT .

R3  T.l =-A«A?'Fi �!
R3�1 =-A«AZ«F1�!
P3  31 = 7E. QO
R3  41 = 7E P0
P3 '5! =-43 Ri �!
R3�! =-43«RI  81
R3�! =-A 92«41�0!
R3  >I! = -A«0?«Pi  91
P3 9! =?EP9
P3�0!= 7EPO
'P3  111 = -4'« "R1 �1 'I
PT�2!= R3«P1�21

c«
WPTTE INTFCPhTTOh CON.TANTS

21?0

21�

2140

<PITE
WPI TE
f 0P 44
NDITE
f ORNA
1'X «"
WPI TE
F OP.PA

 8,4a0
 8 «?12
T  ZDX,
 8«213
T  / X ~"
PFESSU
� ~ Z14
T ?X ' 3

I
0!
"TNT E Cf4 T ICh Pr>l Th'lT « "//I
0 !
4  FT7CNThL CI 'l I. 0<' '1= ",1' ~ 3~ "V' 41!i 41 9 'PLh'' Il:
PE "/I
0!
  7 X > " I P 4 I ",; '< w "T >< t' 4 I N / ' v " > r I
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Appendix 8  continL ed!

OG 21501=1 ~ 12
HPITE <8«2160!oi AL < R1 T! I tAI4Ar~ R1  Il ! ~ PEAL  PZ I11 eA IttAG<PZ  I! ! «

~ Rf. 4 L < R 3   I I 1 I A I N A 0   R 3 '  I I I
FORNAT ZX,3 �X«7E12 ~ 5!r!

2150

ZIeo
C«
C ~
C«

COPP<IT AT ION CE PTH3

NZ=40
a7= aerNz
N ZF "-a1/DR«N 7 «1«5
N7>«NZ+2
L=1
F!n ZZooI=1,NZP
IF  I GT ~ N7FI L=Z
Z  I! =az  I-L I2200

C«
HORI7ONTAL DISPLACENENT

CALL FUNC  XL IXLP1 tXLPZ ~ 7 ~ P1 iNZF ~ N7P ~ Ul
xrIIp=LFNGTH«po/  I
HRI TE �1 t4/0!
HPITE 8«26001
FoRNAT  r/zx, «HORIroNT AL a15 ot ACEN NTs"rr I
CALL OUT!� tutN7P AX'! I!t!

Zepo

C«
C«
C«

V R CHICA L [I IOPLAI E 8 NT

CAL L FUNC' ,  XL, XLP! XLPZ ~ ? 12 ~ NZF, N?> ~ Wl
HPI Tf  8, 4 I<0!
HPI TE <8 +2 �0!
FOQPAT <r/zx,-vfRTTcAL aIsrLAcf4rNTs" r/1
CALL OUT!   Z t W t NZF, Xn IV!

2800

p «
C«
C ~

PRE <%<!RE

CAL L I UNC < XL XLP1 t XLP2 7 ~ R3 N?r NZ+ P!
XOI tt= Po
HPI TE  8 ~ 4 80!
HPI TF  Il «3000!
FORNAT  //7X « "P>E5<URE "r/I
CA< L OUT! <7«I tNZF ~ XD IX!

3000

C«
C ~
C«

HORIZONTAL bNO VI I!T ICAL r PA'lT. IIT 5

17P
L'F  Il
L «I' Tl
L«W< I!

Ixr=xl.pZ

«! 'f tt,4 <Yg ~ n! ! «
L>SI t
I
2 I t rr;tt IXL «r I «

! «
«PI ! 4
!
7!«t'ri tt XL«!!«

3010

L=0
XP= XLPI
 IO 3010 I= <.t
OPnx < I! =4 x
I!Un x  I I =A'x
Ownx !! -A«x
IF   I . C. I . N 7 r
IF < I . C- I ~ N 7m-
=77  I!
DPO 7'< I! = X L«

~ XP«� ~ '5 « CF
~ 0 ~ 5 «<CF; X>< X

i<In 7< I! =XL«
1 L43! ~ <r n

.Ri<L«4!  ,I
~ xv

~1 L«6! «0 ~ 5
nW'I 7  I! =XL«

~ P~<L«3!    O

<I.x  <. 411' 5 INN  XL
XP  XP«tt!-Cx XP -X
P n!«CrX'<-Xo ~ nl
 P 1 � «! !" Ii It   XL
,tt XL P!/XL ~ 3«GI
NN XL«PI/ XL+'!'rn
«0, < «  r. F X > < X 8 « it !
« r=/F <xF'r!xrFx
 FZ  L«1! Tt'tt< XL
5!t xL'P!/XLt! ~ GI

«P! «F < Lt
»':! I «r<92
! '"3<L t6!
' Il «~1  L t
III'  XI «ttl !
~ It   X L «r I I
-r; Xp<
'<-X~« t!I
~ P I «I'7  L t
tIII  VL «II! 'I
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8  continued!Appendix

~ RZt L h4! r  SI NH f X 1 ra! /XL ~ Or COSH  XL rll! I !r
~ XPr fRZ  Lt51 0 ~ < fr EXP  XP Dl -CEXP -XP lll I +
.RZ Lie!'0.5 ~  C xF XF C!+CfXP -XP a!I!

Dt
C ~
Cr
Cr
Cr

'FLUID VELCCITY

0 IS CHAR CE V ELCC I I Y

. Zxr "f ~ELAT I VE TO THE SCIL HATRIX! "//!
CALL OUT1 Z,FV/rh7PT XOI " I

C
Cr
r.r
Cr

STRAINS

VOL UI E STRA IN
DO 35 52 Ir1 v hZP
V S   I I = D Ua X   I ! h II HD 7 I I I
XDIHrPO/Gj
HT!I TE  8 g 4 80 !
WRITE  8,3554!
F OR HA T f //2X, "VOL LHE S TRA IN'//1
CALL OUT i � r VS r NZP ~ XDIH!

3 552

3554

Cr
Cr
Cr

DO 355eI=I, h?F
S 5 t I ! = D I lfl I I I I r 0 w C x f I I
H'PI TE  8 r 4 80!
HPITE  8 ~ 3558!
FOP HAT //ZX,"SHEAR STRAIN"//I
CALL OUTi � r SS ~ h{ZP s X{! IHI

3556

35r

Cr
C
Cr

SEEPAGE VEL CCTTY

I=i ~ h7PT!n 3400
Xhl = hll
IF t I
FVX  Il =
FV7 TI=
HEI TE  8
HP.IT E  8
F0+HAT t
2 X ~ " f I' E
Xf!IHrPO
CAI. f. OU
HP~TE II
HP! TE  8
FarHAT f

, NZF I Xhl =HZ
� ~ 0/XN!r <VX I Il
� ~ 0//I ! rFV7  Tl
i480!
~ 3r! OO I
//? x H 0 > I 7 o'I T 4 {, 5 r ' r . Vr L lc I T v" /
I ATIVE TO THC 0 IL 'l!T ~ TY! "//!
rxxl 1/ LfkrTH'rCW~I
Tl  Z ~ FVYeh?Pexl  HI
r48O I

qr r; 0 !
// X "VE RT IahL E I r'!" r ~ VI I 0! 1""/

3400

3500

35" 0

DO 3100Irl ~ h7P
X Yr XKP1
IF  I ~ AT ~ N?F! xv=xKPz
FVX tI! =-XV/  FOWrr! OPDX  II
FV7 tl! r-XY/  PCH I ! r IPD7 T!

3100 CONT INU
XDIHr  XKPlr PO/LE hGTHI
HRI 'T E f 8 e 4 80 !
WRITE  Or 3? OOI

3200 FORHAT t//ZX "HORI?ONTAL DISCI{AQrf V- L{!CI 1 Y"/
~ Zxr  Rf LATIVE TO THE SCIL HAT R' X! //!

Xr!I H=PO rXKP1/ I Eh I I Hr ROI{r f I
CALL OUT1  Z ~ FVX rh7Pr XDIH!
WRITE  8,480!
'HRI TE to r 330 0 1

3300 FORHAT  //ZX "VERT ICAl. DI SCHA +rf VE L {!CTT v" /
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Appendix B  continued!

~ 2X." RELATIVE TO TWF SCIL VATRIXI "f/!
CAL L OUT1   2 ~ F V7 ~ h ZP ~ XOI t!
X W= I�
ll 0 3'5 6 0 I = ! ~ h 7 P
IF   I ~ GT N7F! Xh=N2
FVX  II=F VX t I! «XN
FV7.  I!=FV?  Il «XN35<! 0

I
f «
C

STRESS AND SHE b!?

XOIH=>0
r,=r,1
XNU =NU1
OO 3600 I=!e h7P
II   I ~ Gl ~ N/F I I,=I,Z
IF   I e GT ~ N7F ! XN l!= hUiZ
SIGX  I! =2 ~ 0 G/ I 1 0- ~ O'XNUI   l! ~ 0-XNIJ! OI>DX  II «

~ XNU «O'WO 7  I ! !
SIG7tI! =2.0 G/�.0-2.0 XVUI ~   t!.0-XNII! ~ DWD7 II+

«XNU «OUOX I I ! I
3600 TAO I! =G« DUO7 II+OWDX I I!

XOIH«r 0
WRI TE  8 ~ 440 !
WPITE  8«3700!

3700 FORYAT //ZX ~ "HORI TONTAL EFFrr TIVE STR -5" //!
CALL OUT1  Z SIGX ~ NZP «XliII'I
Wr? IT E  8 ~ 440 !
WPITE 8«3hpp!

Tl 00 FO?HAT //?X,"VERTICAL EFFErTIV' STRr5;-"//I
CALL OUTI � ~ SIG7 ~ NZP ~ XOI H!
WRITE  8,4!!PI
WFITE 8 ' 3aPpl

390 0 FORHAT   //ZX «SHF 4 P "// I
CALL OUT!  Z ~ TAU ~ NZP ~ Xf TW!

C«
C«
C«

SHEAR STRE S" ANGLE

«
C HEAR ST I<:: bT!r
C«

W<IT'  8e4«PI
W P I T I I !I e «9 1. 0 1
rpyvbT  //; x,"= !Eb= -..'c

WPI TE  8 «4001
'W~I TE  8 «390 2 I

3502 FORWA T  //? X,"SHEAV S TFESS AwrL-"//I
Dn 3504 I«<.N7~
I AI! 44 X   I ! = 0 S 0 P T   t   S I I- 7   I ! -5 I r. X   T I ! «0 . 51 ? «T A I! t I I ««2 !
OIIHI= SIGx  I! S!r 7 I I !'p."
OU!�«TAUHAX I! /   OUH! « IAUHAY I I I I ~ �1IH'-I hwwbx I !! I
DU!  3=   4 tO IWZ I / I 4-DU42!
DU	4=CA ~S t DUH31
O�W5=RF AL  O IH3'I
D I �«A I HA 0  OUR 3!
IF  DUW5 . EO ~ t! . 0 ~ AND. Cf 5 r.r I, 0 ~ PI 'IU<7 =D0. 0
IF I OU W5. E 9. 0 . 0 . b II D. f 0 W F . L « . P, P I Dl!H 7 = - ~ 0 . P
IF I O »5 ~ E'! ~ 0 ~ 0 ~ bllO ~ C'L"H' .E> 0 ~ P!~UH7='7 ~ f
IF  !UH i+F 3s 0 ~ 0 I r'  TD ~ lijp
D<IM T=AT AliZ I UUH< ~ ID 'WG I

3903 CONT I'IUE
3+04 PHI   Il =   AL Or  O l	41 14 *CU'</I 0 .. A ~  I hP . /DT !

XDI H- "l1 ~ 0 e 0 ~ 0!
C4LL OUT 1 � I'H'. 6?P XN [HI
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Appendix B  continued!

C»
C»
C ~
C ~

Of!T PUT TC GRAPHIC�

I ID PTH= 0
XDIH=CHPLX  1 6«6 ~ 6!
IF  NOlfD IH. EQ. 0! XCIH=LE NGTH 0/01
CALL SCALE � «FF «> DIH N7P 1
CALL AP lrHOD  FF ~ F 1 ~ FZ «N/P!
CALL OUT Pf T  LE NGTl IDE Nt N7F N7" XOIH 1 I I l>PT4 7 Fi ~ F'2!
C A L  . S C A L F   >«F F «X D I H h' Z P !
CALL ARGHOD FF ~ Fi,F? ~ NZP!
CALL OUT PLT  LENGTH ICE h!T «N7r ~ N7" ~ XOI H,? ~ I! '!PTH,7 ~ Fi ~ F?1
IF   NCND IH. 6 O. 0! X DIN»P0
CALL SCALE  P «FF, xrlIH«NZP>
CALL ARGHOD FF Fi F2 h'7P>
CALL OUT PLT  LEhlGT H ~ IDENT N7 F ~ NZP XOIH ~ l ~ I I t PTH 7 Fi ~ F 21
CALL SCALE SIGX FF XDIH« l>7P!
CALL ARGHCD   FF ~ Fi «F2 «hZP
CA .L OUTPLT f LF NGTH IDENT NZF N7P XDIH 6 I I'l PTH 7 Fl F? 1
cALL Sc ALE f SIG7, FF, xrr IH«N7Pl
CALL ARGHOD  FF ~ Fi FZ, h'7P!
CALL OUTP , T  LE»GTH,IDENT,NZF.N?P.X >IH«5 IT> FTH,7,FI,F;!
CALL SCALF TAU« FF« XDI< ~ h7P!
CALL ARGHOD FF«F1«FZ ~ NZP 1
CALL OUTPLT f LENGTH IDENT N/F N/P X'lIH t I I'lPTH ~ Z 1 F !
IF NDND Il ~ EO ~ 61 XCIH=P0/61
CA .L SCALE  VS ~ F F «XD !Hi N7P!
CALI ARf HOD FF Fi F? NZP!
CALL OUT PL J LF NrTH IDF NT, N7r, NZP, xDIH,T, I!'l FT'l,7, ~i, F 7>
CALL SCALE SS ~ FF ~ XD IH«NZP!
CALL APGHOO FF «F1 F2 ~ NZP!
CAL  OUT PLT   LE ~16TH If!F NT ff7F ~ NtP Xr>I H R, I Il> >TH ~ 7, Fi, F 2>
IF f NC>>0 IH. ED. 0 ! XCIH» XKl 1 «P6/  L=. >lr Tff PrrH' :1
CALL SCALE f F VX ~ FF ~ X'1 Il' ~ N7P>
CALL APrrHOO  ~F ~ F1 «F2 r NZP1
CALL OUTPLT LE NETH If>K h T,N?r N?Pr XllIH 9 I IQ PTlf,7, r I.F Zl
CALL 'SCALE  FV7iFF,XDI>rr N7Pl
CALL ARGHDD FF, Fi F2 ~ h7P!
CALL DUTP . T LENGTH. ICENT,N7>,N7r ~ XDI4.16«I TnFTH,Z,F I,F 1!
Dr> 3r>76 I»1«h7P
XN= Ni
IF   I ~ GT ~ N7F ! XN=N2
FVX fI!=FVX II /XN
FV 7   Il =F V7  I 1 /XN
CALL SCAL   F VX,FF,X "I JH ll. r'1
CALL AF  HCD FF A »1 f'
r ALL Of!T Pf T f LE NGT 4, IDi NT,N/<, N». XlI" ! 1. I I DEPTH, '.F 1 r F:!
CALl. SCAL'  FV7 SF,XDI««,N7V!
CALL APGrHD'D FF ~ ~ Fr «NZP
CALl. OUT ~LT   Lr N�T ", Ir'E h'T, N/r. N7P, X lI",! 7 ~ I f OPT Hr t, F !
XDIH»fi 0«0 ~ 0!
CA  L SCAL! � ~r F rX'1TH«N?r >
CALL 1% rHD 1  FF ~ r I ~ Fr. ~ N?P
 'AL  OUT PLT f LF ".I TH, ILr N T.r~/r, r -~, X lf !,1 ', f DPSH,/,r 1 «F 21
CALL SCAL'-  PHIrFF r Vlf" rN7P>

3~76

DO 3926 =2 ~ h7P
IF  I. LE. N/F! SSR  I > =T AUHAX  I 1 /�   I! «r AHHA1>
IF  I ~ GT ~ NZF ! SSP 1 I! =TAUHAX  I> /f? N7Fl l:A' HA1 «�   Ii-7  N7F 1! ~

~ l. AH HA21
3920 CO'NT INDE

S<P �! = 7ERO
CALL OUT1 � ~ SSP« h7P«XDI<l
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Appef!dix 'B  continued!

CALL ARr»99 1 FF» Fi ~ F2, NzP!
CALL OUT PLT LFNG»THI 19ENTr N7rr NZP ~ XDIM«14« IIOPTH I 7«F 1 rF 2!

CI
CI

4000 COHT INUE
E Nf!

C«
C ~ I 'I II I I I I II ~ «I I I I I I I I I I I ~ ~ 'I r 'I I I ~ I I ~ I I ~ ~ I I I ~ I ~ I I ~ « ~ «« I I I I ~ I I ~

CI
S�'RROUT INF FUNC XL ~ XLP1 ~ XLPZ ~ 7«R ~ NZrr HZP ~ X!
COMPLEX P �21 I X �21
OII FNS ION I 142!
C 0'l PL E X X P I X L P 1 I !» L P 2
L=O
XP=X .f 1
90 1001=1INZP
IF   I.GT ~ H/Fl L=F
IF   I ~ r»T ~ N7F! XP =XL PZ
9=Z  Il
X   I ! =R  I+1! ICOS» f XL 91«R  L i21 «SIN!t  "LIDl +P  L «3! DIG CS!'I  XL «9! +100

~ P   . i41 DI5 INN I XL Il ! IR  L f51 «0 ~ 5« CFXI'  XP f! ! +CE XP  -XP «f! ! 1 i
.R Lie:! 0.5  rFXP xP 9!-CExP -XP«n!!

RETURN
END

St! f!<OUT IHE OUT 1 t 7 ~ X r N/Fr X�1<!
rom>LF x x �2!,xntv,FF t421
OI } ENS I OH I �2 ! ~ !+9'1 1 4 21 X ! ~ r �21 FF M'3O 1 4 ! FF A Rl, �2!
NRI JE  8 I 50 ! XDI I'
FORMAT �X,"NCh-f! I }»5hS I CHAL I 7F f! f! x" 2F 15. 5/1
NR! IE   f I 100!
FOR YAT � 0 X "7", 12X, "REAL ",!I, "IM" GI !AP~" /X "!'OOULL!S" ~

50

100
I'!X ~ PHASE "~ 6X ~ "DIHE hSICNLF S ' ~ ZX r "i3! k} }lS I�»LESS" /1
CA .L APrMQD I X Xk[f3,X AFf;, HZP1
CAL 1 SCALF  X ~ FFIXOIk ~ hlZP!
CALL AR MOO FF,FF409,FFAPG,N7r !
00 ZOOT «if NZP
H=Z ll
F1= PFAL IX  I! !
F 2-" A I k A r»   X   I ! 1
F I I XMOO   I!
F4= XAPG  I 1
F5= FFMOO T!
FF =Ft AP » I!
! PETE  8«3001M,F I,FZ,F3,r 4,r=.r6
rORka I  F I Sr 5,3F15.5, F15. <, ! 5.5, r
. 5!
f!E T  IPN
END

200
300

C«
III ~ ~ r«r r I r I II rr ~ I I I ~ I r «I rr ~ I I I I I ~ rr I rrr I I I r ~ I I ~ IC«r ~ II

CI
StfaROLITI»S OUT I'Ll  XL. IS; hT, '�r-.  !»,XnI", IF l»r T, I I'iP T}I,7, F 1, }21
DI»!END ION IF �4«  !! IDF N»T �5!,F1 �2!,FZ�2 I,, 1 I, }
rov~LE x x~1 «

CI
r 4 Il» i 9 r. r ~ 4 }» 7 fl !I I
/
~ 44

»4}l l>fr 4III 5
/

f!AT A   IF � I ! ~ I =1 '!! /4lt
4»I'5 PL, 4 MAC k, 44E IIT, 4}t
llf 3  IF�» I! I 1 1 ~ f ! /4}t

r 4»'5 ~L A» 4 }ICE }!i r '» }  1 1 r 4 }I
DATA   IF  r»I! ~ » «1»A! /4!I

~ 4 'I P F I » 4 }» = > il 4 r 4 H 1, I»»
f!>TA  IF � I! ~ I=1  !! /4H

» 4}iAL f} r

,'»HL»!f ~

, O'IIA 1~f'I

}I lr»»»»P 1 7 r ~ »r}I''» AL»I ~ »I   I

CI
C ~ I 'I ~ I I ~ « ~ ~ I I I « I I ~ ~ ~ ~ I ~ I I ~ I I I « I I ~ I I I I r I ~ I I ~ ~ I ~ I r I I I ~ I I I I I 'I I I I I I

CI
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Appendix B  continued!

«4H vOL«4rf !HF

C«'

XOI rf

C«
C' ~ «««««« ~ «««s «« ~ «« ~ ~ «««««««v «+ ««««««««««« ~ ««« ~ «a s ~ ~ ~ ~ a ~ ~ « ~ ~ ««
C~

APGHOC  f ~ FVOD, FANG,N7P!
  4 2 l, f YO r! f 4 2 'l ~ f 4 P G f 4 2 !

7P
!!
I! l

  b ] ««««4 2 ««2 !
0 .hr P. AZ.GT.D. I:! I'5«

.gr f. 4?«LT,D.A! f.= T
D,ANC ~ A2,5'!, 0, <! TE ~ I
0! GO T" 50
AE ~ 41! «57 Ecf'

= «D.E
=-90.0
=BI rl

«' 0
100

100

200

300

400
450

'500

600

700
r�0

~ 4HECTI ~ 4HVE 5 ~ 4HTRES,4HS /
OAT 4   IF � I ! I=i f!! /4H V ~ 44ERT I «4HCAL "HEFFE ~

~ 4HC TIV«4HE ST «4fff E SS ~ 4H
DATA  IF � ~ I! «I-1 ~ 6l /4V ««H «4H S f«41 EAR

~ 4HS TPE,4HSS .4H
DATA  IF � «Il «I=i «r! l /4H «4H

~ 4HS TRA«4HIN «4H «4H /
DATA  IF f! Il I=i ~ Al /4ff 4H ~ 4H SH 4HEAR

~ 4HSTRA«4HIN «4H «4H /
OAT 4   IF f 9 ~ I l, T=2 ~ f!! /4H HOP «4HI 7ON ~ 4HT AL, 4HPT SC

~ 4HHARG ~ 4H VE «4HLCCI«4HT+
OAT A  IF f 10 ~ I! I"-1 ~ r! ! /4H V" 4kRT IC ~ 4HAL D, 4kISCH

~ 4kAR'GE 4H VEL 4HCPIT «4HT /
DATA t IF  ii ~ I! 1=1 r!! /4H 'llO 4'ff P I 70, 4HNTA L, 4H SE F
4HPAGE.4H VEL,4HCCIT,4HV /
DAT 4 < If �2 ~ I! « I =2«r! ! /4H V«4HEF TI«4HCAL «4HSCF P ~

.4HAGE,4HVELD,4HCIT V,4ff
DaTa  IF �3«11,1=2,8l/4H,4H S,4HHEha.4ff STP,

~ 4HFSS «4HPAT I«4HC «4H /
OAT 4  IF �4« I! « I =1 ~  !i /4H «4H S«4HHE AP«4ff STP,.

~ 4H S S «4HANGL «4HE,4H /
DATA DEPTH /5HOEPTH/
DAT A IHDD /4 Hoor! /
DATA IARG /4HAPG /

IF  I IOP TH Ef! ~ 1 l f C I C 450
IIOPTH=1
HPITE  9 100!  IDES'I f I! I=i 1'5l
FORHAT �X ~ 1 5A4!
RP I TF  9 ~ 20 0! N7F ~ h7P
FfrRHAT �X ~ I 2 ~ I X IE!
HPI TE <9«300!DEPT V ~ Xf.
Fr!RHAT <1X«45«2F12 ~ 5!
!f" I TE  '9 400 ! � f Il I =I,NZP I
FORHAT�7 ~ G12 '5!
CONT INUE
!«f«I TE  9,%00!  If < If UNC I, I!, 1=2.rf! .
FORHAT  iX 844/1X 2015 ~ '5!
HPI TE  9 «6DO! IHOO« I4PG
FORHAT <7X,44,12X,A4!
Oa 700I={.N7P
! RI TE <9 «fr00! F2 f I! ~ F2 f I!
F Or  +AT �X, 2C1 5, 5!
RETURN
END

S Uff POUT INE
OJHEN:ION
CO' PLE X F
OO 100 I =1«k
A!=P«AL  f  I

F Vf!q  I! =SDR
IF { AI.EV.D.
IF AI ~ E ! 0
If bi ED 0 ~
If   Ai ~ EO ~ D ~
T«'ST =AT ANE f
CONTI!<US
FARY f 1! =I=5
RETUPff
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EHO
C~
Q 4 ~ 0 8 ~ 0 t l ~ ~ 0 0 ~ ~ I ~ I I T ~ I 1 0 0 4 0 0 I I ~ l 0 0 0 1 1 0 0 0 ~ e ~ l ~ ~ I I 0 '< ~ ~ ~ 0 0 0 I l ~ 0 T.
C~

SUB POUT THE OALE  X F ~ XO I V, N7< 
COHPKE X X ~ F ~ XOIN
DINEHSIOH X �21 ~ F �2!
OO l IEI =liH7P

100 f  I  =X ll/XOIH
PE J URN
EN9



128

8.2 Pro ram PLOTT

PROGNAH PLOTT lINP T TAPE5=INPUT ~ OUTPUT TAPE6 OUTPUT
~ SOIL I he TAPET=5OILIN ~ 'TAPE 1 0= Dl

DIHENSIOk IF dl IDENT�5 ,IPLOTS�4! Z�2!»fi�2! Fzl42I
DII'ENSIOk ZD�1! »FD�1! »Ffi�2! »FFZ�2!
COHPLEX XCIH
READ T» 100! IDENT Il ~ I=i»15!

100 FORHAT�X ~ 15A4!
READ T»200!NZF ~ NZP

200 FORHAT�X ~ I2»6X»IZ!
READ T ~ 230!DEPTHS XL

230 FORHAT�X ~ A5 G12 ~ 5!
READ T ~ 250l  Z I! ~ J=irkZPl

250 FORHAT �X eG12 ~ 5!
NZPH1=k ZP-1
OO Z60I= 1 ~ NZPH1
I I~!
IF lI GT NZF! II=I»1

260 F1 II=Z II!
Fi NZPI =I  NZP!
DO ZTOI=I»kZP
II=NZP+I-I

ZT0 Z I!=F1  II!
300 FORMAT�X ~ tEkTER TOTAL hUHBER OF PLOTS OESIREDtl
400 FQRHAT�X ~ tEHTER CODES FOR DESIRED PLCTStll

~ 1X et HORIZON 'A L DISP LACE RENT tl
~ 1! r t Vf RT ICAL DI SPLACEHE NT 2 tl
»1K» tPORE HATER PRESSURE t!

500 F ORHAY�X rtHORI ZCNTAL EFFECTIVE STRESS re tl
» 1 Xe t VERT ICAI EFFECT IVE STRESS 5 tl
~ 1 Kr t SHEAR STRE SS 6 tl
» 1X ~ t VQLUHE STRAIN T tl
~ 17 ~ tSHf AR STRAIN 0 tl

600 FORHAT   iX tHORIZOkT AL 0 ISCHA'RGE VELOCITY 9 tl
~ 1 > ~ t VERTICAL DISCHARGE VELOCITY 10 Kl
~ 1X»tHORIZCNTAL SEEPAGE VELOCITY 11 tl
.10»tVERTICAL SEEPAGE VELOCITY 12 tl
~ 1X ~ tSHEAR STRESS RATIO 13 tl
~ 1 Xr tSHE AR STRESS ANGLE 14 t!

620 FORHAT  1X t PHASE PLOTS ~  YES=i, NO-0 ! t!
HRITE � ~ e00!
READ rr !PLOTS
HRIT E � »4 00!
HRITE � ~ 500!
HRITE � »600 1
READ r ~  IPLCTS I! ~ I=ter PLOTS!
HRI T6 �,620 I
READ ~e IPHASE
HRITE l6 ~ 640!

640 FORHAT�X tFA BRIC LOCATION 'SHOHN4 l YES=   NO=0! t!
READ r ~ LI'kf.i
NN=1
DO 1100k=i ~ 14
READ   T ~ TOOl  IF l I l »I =1» hl ~ XO Ik

T00 FOR'HAT �X ~ 0A4/1 X ~ ZGt 5~5!
RfAO T»T50! IHOOeIARG

750 FORHAT   TX »A 4 »12X ~ A4l
DO d00I =1 ~ NZP

000 REAll Te 900!FF1  I!»FFZ Il
'900 FORHA'T   1X »2015 ~ 5l

IFlIPLOTS kh! NE ~ k!GO TO 1000
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950

1000
1100

~ Z ~ Fi ~ FZr

�11 ~ ZD�11

1 r XLABF �01

100

120
130

140

150
Co

200

HH=HN+ 1
DO '120I=i ~ NZP
Ii~iri
IF   I ~ GT ~ NZF1 II=I
Fi II1=FF1 I!
F2  Ill='FF2  Il
F 1�!=FFi �1
F 2 �! =FFZ � 1
HRITE � ~ 9501IOEH'f rXOIH
FORMAT  Xt15A e/ ~ 1X ~ ZG15 ~ 51
CALL PL THOO RUN»CASE ~ NZFr NZP ~ IF r DEPTH e

~ I ~ F ir F 2 r I PHASE r L INE 1 ~ He Xt. 1
CONTINUE
CONTINUE
ENOSUBROUTINE PLTHOO RUN ~ CASE ~ HZF r NZP»IFr DEPTH

~ IPHASf r LIhE 1» NSSR »X Ll
OIHENSION FOZ �9'1 ~ ZOZ�9!rFD1 �01 ~ ZO1 �0 1 eFO
OIIef NSI ON DOT i �91 ~ DOT2 �9!
DI VENS ION IF �'1 r Z�21 »Fi �21 ~ F2 �21 e XLA !Z �
DIVE NSIOh XLAOZO�0!
! I OT H=5 ~ 5
Hf IGHT=4»5
CALL PLOTYPE �1
CALL TKTYPE�010!
CAt.L BAUD iZOO!
GALL SIZE NIDTH Z ~ 0rHEIGHT+2 ~ 0!
F HIM*0. 0
FHAX=F1 �!
OO 10 0 I =irk ZP
IF  F1   I 1 ~ G'f ~ F HAXI FHAX � F1 1 It
OO 120I *1 50
I EXP N=I-1
IF FHAX»t. T 1»0! If XPN=-IEXPN
TEST=10 ~ ooo IEXPh
IF   IEXPh»LT ~ 0 ~ AND» TEST ~ LE ~ FMAX!GO TO 134
IF  IEXPNeGf ~ 0 ~ ANO» TEST ~ Gf»FHAXlGO TO 130
IF FHAX ~ Gf ~ 1»0 ~ ANO ~ FHAX ~ LE»io ~ 0!GO TO 130
CO'HT I NUE
CONTINUE
DO 140I = 1 r NIP
F 1 il"-F 1 I! /10» 0 IEXPN
F HAX=FHAX/10» 0r »IEX P'N
EXPN= IEXPN
CALL RANGE t FHIH ~ F VA Xe5 FLON.FHIGH, DIST!
CALL RANGE�» Or Z  il ~ 4 ~ ZLONr2'HIGH ~ ZDISTl
FFAC T=RIOTH/F NIGH
ZFACT =HEIGHT/Z�1CALL SCALE FF ACT »!FACT ~ 0 ~ Ge1 ~ oeFLONeZ NZP! I
DO 150IROX=i ~ 3
CALL PLOT FLOH ~ Z NZPl oe ~ Ol
CALL PLOT FLCN» Z�1 eirel
CALL PLOT tFHIGH ~ I I 1! ~ 1 e Dl
CALL PLOT�  FVIGH Z  HZ'Pt 1 ~ 01
CALL PLCT  FLOH ~ Z  HZP! ~ 1 ~ 01
CONTINUE
DL - HASH MARK LENGTH
OL=0. 04
NF=FHIGH/DIST-0 ~ 5
OZ=Z NZP!+OL
OO 2001=1eNF
CALL PLOT  FLOHeIrOI'ST»Z  NZP! e0 e 0'1
CALL PI.OT  FLONr I»OISTe DZ ~ 1 ~ 01
CONTINUE
DZ=Z�1-CL
DIST 2=O IST
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Appendix 8  continued!

IF   IP HA S'E ~ Er! ~ 1! O I ST Z=FH IGH/4 ~ 0
IF t IPHASE ~ EOe 1! NF =3
OO 3061=1qNF
CALL PLOT FLO!r+I~CISTZ ~ 7 il ~ oi0!

360 CALL PLOT tFLO'M+OIST Z~I tOZri ~ 0!
oz=zri! /4 ~ 0
OL>DLif HIGH/i �!
OF=FLOHtOL
oo 406I=1 ~ 3
CALl. PLOT FLOWr I tNZP! >Iiozr 0 ~ 0!

460 CALL PLOT'tOF s7 rh ZP! +IiDZe 1 ~ Ol
OF FHIGH-OL
MR= I I 11/ZOI ST-0 ~ 5
OO 5U6I=I ~ NR
C AL'L PLOT  FH!GH ~ I  NZP! +I ZOIST I 0 ~ 0'1

%60 CALL PLOT  OF, 2 r HZP! +I+ZOIST ~ 1161
OO 606I=i ~ 5

SOO XLABZ  I!=Z�! - r I-1! ioz
NF =F HIGH/D I ST+1 ~ 5
OO 700I=1 ~ NF

700 XLABF  Il  I-il OIST
C~ OS - LABLE CHARACTER SIZE

os>0 ~ 0125~F!rIGH
OSF=0 ~ D375izt 11
00 0061=1e5

800 CALL NUrr DER  FL Orr 6 oiOS ~ I  NZP1+ I-1 ! ~ CZ-OSF/4 0 ~ 0 0 ~ 1 ~ 4 XLAB1  Il 1
MRPI=NR+I
OO 8201=1eMRPI

020 XL Ar! ZO  I! =  I-1! ZOIST/XL
00 $40I =li MRPI

840 CALL HUMEER f HIGV >OS/2+0 ~ I 1 1! r I 1! +ZOIST OSF/4 ~ 6 ~
.O.O,O.!.5,XLABZOtI! !

00 9001=1| r F
900 cALL HU!'BER  FLQ'N 3 ~ 0+os+ 1 I-i! oIsT I  hzP1 "osF 6 ~ 0 ~ 0 1 4 ~ x LA BF  I ! 1

E HCOOE  Z5e 920 e LABLE il
926 FORMAT  tMOOULUS X10  SO .IO LIHEl X!

CAL'L SYMBOL  FHIGH/2 ~ 0 23+ 0 OSr I  NZP! 2 ~ 5 OSF ~ 0 ~ 0 ~ 0 ~ 12 ~ 25vL ARLE1 !
ENCOOE t 19,930 r LABLE 3!

'930 FORMAT rrOIMENSIONLESS OEPTHX!
CALL SYMBOL FHIGH410.5~OS ~ Zti!/2.0-!.5iOSF,90 0,0,1Z,19,LAB!.E3!
IF  EXPN ~ GE ~ 0 ~ 01 ISP= 1
IF EXPN GE 10 ~ 0! ISP=-2
If  EXPM ~ LT ~ 0 ~ 0! ISP- 2
IF  EXPH ~ LE.-�.0! ISP=-3
CALL NU!rBER tFHIGH!2 0 2 2 OS I  NIP� ! -2 ~ 0 0 F ~ 0 ~ 0 0 10, ISP,EX PM!
ENCOOE  2!I940iLABLEZ!

946 FORMAT   XARGUMEMT  OASHEO LINE�'l A!
cALL svMBo!. FLa!r-e.Dios,7 ril/2.0-1. a asF,So.0.0.12,5.oEr Trr!
IF   IPHA SE ~ EO. 1! CALL SYMBOL 92F HIGHi2 6-1rr ~ 0 'OS Z r 114 2 ~ 1 OSF ~ 0 ~ 0

. 6 ~ 1? w 21 ALA!!LE 21
IF  NSSR shE ~ 13!GO 1'0 960
NZPHZ =HZP -2
DO 95OI =1 ~ HZPHZ
II~Ii2
ZOi  I!= Zr II!

956 F01 I! ~F! tI I!
CALL LIhE tF Ci e ZO! io iN7PMZ!
GO TO 970

960 CONT IhUE
CALL LINE  F 1 e I s 0 ~ NZP1

970 CO!tTINV E
IF r IPHASEIEQ,0! GO TO 1500
XP=FLOrr-O.2~US
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 continued!Appendix 8

YP =Z   2 1 + DSF/2 ~ 0
C4LL SYHBEL  XPr YP»0 ~ 0 ~ 0 24»3 ~ 3H>rP!
CALL SYHBEL XP-1.05 DS ~ YP ~ 0 ~ 0 ~ 0 1 ~ 3 ~ 3H< 1
XP =F HIGH DS
CALI. SYHBEL IXPr YPr0 ~ Dr 0 ~ 14r 3 ~ 3H++P!
XP*FHIGH/2 ra OS
CALL SYHBEL XP,YP ~ 0.0,0 ~ 12,3 ~ 3H*»0!

C»

1400
C»

1460

2480

1450

1490
150 0

lCAT HZP 1 rZ�1

1550

1560

2600

DO 24001=2 ~ NZP
F Z   Il -" f F2  I 1 +280 ~ 01/360 r 0»FHIGH
IF  NSSR ~ NE 131GO TO 1400
NZPH3=NZP 3
CALL DASHES
DO 146 OI =1 r N ZPH3
II»!+2
'F DZ I!=F2  II!
ZDZ I!=Z II!
CAlL LI NE  F fZ ~ ZE2 ~ 0 ~ HZPH31
GO TO 1490
CONT INDE
NZPHI=NIP-1
DO 14501=1 ~ NZPH1
ZD I!=Z  Il
FD Ii=F2 I!
CALL DASHES
CALL LINE F I ~ ZD»0rNZPH1!
CONTIhUE
CONT INUE
IF LIhE1 ~ EO ~ 0!GO TO 1560
DO 1550l=ir49
XZ~ FLOAT  NIP !-FLCAT NZF! <0 5!/F
DOTi   Il -  FHIGH FLON!  I 1/50 ~ 0
DOT 2   I! =XZ
CALL PLOT FLON.XZ.0.0!
CA I.L POIhTS
CALL LINE OOTir DOTZrir49!
CONTINUE
Os=i.5 aS
DO 160 0 I I=1 r 8
CALL SY HBOL  f HIGH/2 ~ 0 25 0 OS»   I
DSF ~ 0 ~ 0 ~ 0 ~ 1 5 ~ 4 ~ IF  II! 1
CONTINUE
CAL'L BE LL
CA LL PL OT END
RETURN
END

I-1!»6r3b»OS ~ Z NZP! 5 ~ 0»
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APPENDIX C

Determination of Test Section Len th

The ends of the test section are no flow boundaries which are not
included in the formulation of the Biot model. It is therefore neces-

To estimate the region of influence two, one-layer potential
pressure models were developed, one for a test section of' infinite
length and the other for a test section of fi nite length. The bound-
ary value problem for the infinite length test section is

V2p = 0

p x,z,t! = p" z! cos k.x-u>t!

p*�! = po

 C,Ia!

 C. Ib!

 C. Ic!

p* d! � 0d

dz
 C.Id!

A solution to this problem is

cos kx- ut!  C.2!
p po

The boundary value problem for the finite length test section is given

by

'72p = 0

p x,z,t! = p* x,z! cos ~t!

 C.Za!

 C.2b!

sary to examine the region of influence of this boundary. laboratory
measurements are only valid outside of this region. The longer the
test section, the less the influence on the measurements made near the
centerline. However, each increase in the length of the test sect~on
of three feet results in an additional four cubic yards of soil. It
is therefore desirable to estimate an optimum test section length
which minimizes both the volume of soil and the end eff'ects.
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Appendix C  continued!

exp oz! =0  C. 2c!

� p* a,z! = 0a

3x
 C. 2d!

 C. Ze!p*  x,0! = po cos Xx!

� p*  x,d! = 0a

3z
 C. 2f!

p = po Z o.n ch[~n  d-z!] cos < x! cos ~t!
n=0

 C. 3!

in which

 -1! Z ~n sin «<!n

2lT Ch K d! A -< !
 C. O!

and

n vr
~n =  C. 5!

The relative error due to the end conditions, re, is

n
chL«  d-z!j

 �p p! ch K~d ~cfl X~d-z cos lx+
A -Kn

 C. 6!

The portion of the test section in which the error is less than
5/ is shown in Figure C.1 for different wave and test section lengths.
The false bottom concrete plates are 12 feet long. Therefore, the

in which R is the length of the test section. A solution to this prob-

lem is
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Appendix C  continued!

test section is most easily constructed at a multipwe of 12 feet. A

36 foot test section provided an optimum between end effects and vo1-

ume of soil.
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APPENDIX D

Laborator Measurements

D. I l980 Measurements
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APPENDIX E

~En lish/SI Unit Conversions

1 ft2 0 0929 m2

1 slug/ft = 515,4 kg/m3

1 lb = 4.4483 N

1 ft = 0.305 m

1 slug = 14.60 kg

lb/ft2 � 47.9 N/m2

Area:

Density:

Force:

Length:

Mass:

Pressure:

I lb/f t2 � 47 9 N/m2

1 ft/s = 0.305 m/s

1 ft3 = 0.0283 m3

Stress:

Velocity:

Volume:

Specific Weight: 1 lb/ft = 157. 1 N/m




