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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 ercsion resistant coarse
aggregate above. Geotextiles provide a cost effective alternative
to graded aggregate in marine foundations. The need for rational
design procedures has led to a theoretical description of the
combined soil-geotextile behavior which quantifies failure poten-
tia) and facilitates optimum geotextile selection. A two-
dimensional analytical model has been developed for a three-layered
system, two different soils separated by a geotextile. The soil
response is modeled by Biot consolidation theory and an unsteady
form of Darcy'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 section was exposed to simple harmonic and random waves with
heights up to four and one-half feet and periods to eight seconds
in water depths to eight feet. The pore water pressure was



monitored continuously at seven to ten s0il depths and three to

five lateral positions and recorded on magnetic tape along with tne
soil displacement of the free surface. Four geotextile conditions
were tested,including woven, impermeable, semi-rigid and no geotextile.
Wave-induced liquefaction was observed for a low permeability geo-
textile.

The experimental results verify the soil-geotextile interaction
model and also provide insight into the dynamic response of hori-
zontally layered soils. Results indicate for the permeabilities
of commonly available geotextiles that the hydraulic properties of
the geotextile are dominated by the adjacent soil properties. However,
clogging of the geotextile increases the potential for soil failure.
The pore pressure amplitude response s 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.
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QCEAN WAVE-SOIL-GEOTEXTILE 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 structural
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 stabilization under sea
walls, caissons and outfalls; intermediate layers in composite break-
waters, jetties and groins; and reinforcement of 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 Tife of the structure. Thus, properties
such as resistance to ultraviolet deterioration, biofouling, tearing,
puncturing, etc., must also be considered in the selection of the
optimum geotextile. It is readily apparent that the performance
functions, constructability 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 economical geotextiles suitable for both marine and

terrestrial application.



1.1 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
layers with the smallest in contact with the undisturbed sediment sur-
face and with each layer increasing in size up to the final armor
Tayer 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 difficult. 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 held 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 well-defined analysis, design
and construction procedures required to insure their successful perfor-
mance in the field [Heerten (1981}].

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-geotextile
interaction is developed which provides the framework to develop mean-

ingful design procedures.



1.2 Scope

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 engineering. 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 lTiterature 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, fragmented the literature.

The present study, while falling in the ocean engineering cate-
gory, is an attempt to draw concepts from all four disciptines to
develop a physically meaningful set of defining equations with a trac-
table solution. An overview of the ocean engineering literature is
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presented, followed by a review of geotechnical literature, a review
of geotextile literature and a summary of the literature 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. (1980}],
and demonstrated in the laboratory [Nakamura et al. (1973) and Nath
et al. (1977)]. Heerten (1981) suggests that significant profile
changes and slope reduction of a revetment was caused by wave-induced
Tiquefaction. Wave-induced failures associated with large storms
observed in the Mississippi delta and have resulted in pipeline fail-
ures [Bea et al. (1980)]. In a soft permeable sediment,excess pore
water pressures develop and the bottom deforms in response to
the wave pressure. Either or both of these mechanisms may lead to a
soil failure. Since energy is dissipated at the fluid-soil interface
and in the soil 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 soil skeleton, 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 (1952, 1964}, Case
and Parkinson (1957), Ippen (1966), Van Dorn (1966), Johns (1968),
Treloar and Bebner {1970), Mei and Liu (1973), Isaacson (1977), and
Kamphus (1978)}]. Wave heights are attenuated due to viscous dissipa-

tion.
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The impermeable soil assumption has also been applied to deforma-
ble bottoms [Mallard and Dalrymple {1977), Dawson (1978}, and Dawson
et al. (1981)]. 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 [Gade (1958) and Dalrymple and Liu
(1978)]. As in the case of the elastic solid, the bottom deforms in
response to wave pressures. Viscous dissipation in the bottom fluid
results in wave attenuation. Hsiao and Shemdin (1980) and MacPherson
(1980) 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 (1957) 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 mudiine. Hunt (1959),
Murrary (1965), Liu (1973}, Dalrymple (1974), McClain et al. (1977),
and Puri (1980) have resolved this difficulty by allowing for the
development of a viscous boundary layer at the mudline.

Porous rigid bottom solutions have also been developed for aniso-
tropic soils [STeath (1970)1, turbulent flow in the bed [Massel (1976)]
and a compressible pore fluid [Nakamura et al. (1972) and Moshagen and
Torum (1975)]. The extension to anisotropic s0ils 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 s0il skeleton is usually an inap-
propriate assumption since the skeleton is often more deformable
[Prevost et al. (1965)].

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 (1941). It is
assumed that the soil skeleton behaves as a Tinearly elastic 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 (1969) and accounts
for the partial saturation of the pore fluid. The theory predicted
stresses, displacements and pore pressures for an infinitely thick
s0i] deposit in which the water waves were decoupled from the soil
response. Depth profiles of pressure amplitude and phase agreed with
laboratory observations. Madsen (195@) developed a solution by a dif-
ferent mathematical approach and extended the model conceptually to
anisotropic permeability and layered soils. Yamamoto (1978) 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.

Yamamoto has recently developed a multi-layered model [Yamamoto
and Suzuki (1980) and Yamamoto (198la)]. This model approximates ver-
tically inhomogenecus soil deposits. Yamamoto has also examined the
potential for sea bed Tiquefaction 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. Wave height attenuation is determined for the
combined effects of viscous dissipation at the mudline and wave induced
flow 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 dilational 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
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fluid and soil and the inertia terms are unimportant. The approximate
solution was within five percent of the Yamamoto et al. (1978) results.
Yamamoto {1981b) has also developed a solution to the Biot equations
including the inertia terms and internal Columb friction. This solu-
tion agreed well with field measurements.

1.3.b Geotechnical Literature

Geotechnical engineerg have also studied the wave-soil interac-
tion phenomenon. Primarily, two aspects of wave-soil interaction have
been analyzed: 1) wave-induced slope instability and 2) wave-induced
Tiquefaction. 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. (1976)]. Terzaghi's
one-dimensional consolidation equation [Terzaghi and Peck (1967)1 is
time-averaged over one wave period and a semi-empirical pore pressure
source term is included to account far the pore water pressure accumu-
lation due to the cyclic stressing of the soil [Finn et al. (1977),
Rahman et al. (1977), Seed and Rahman (1978), Finn et al. (1980)]. 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.¢ Geotextile Literature

The geotextile Titerature identifies a variety of appTlications:
highway construction, erosion control, soil stabilization, drainage
and ocean engineering. However, the vast majority of the Titerature
is related to highway engineering. In ocean engineering the first geo-
textile applications were in coastal protection on sand beaches
[Agerschon (1961) and Crowell (1963)]. The geotextiles were placed
beneath an armor layer to prevent washout of the underlying beach
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sands. Cathage Mills, a major manufacturer of geotextiles, identified
a variety of applications in ocean engineering including revetments,
seawalls, bulkheads, groins and jetties [Barrett (1963)]. A number of
coastal structures using filter fabrics are discussed by Barrett (1966)
suggesting that geotextiles were becoming an integral component in many
coastal construction projects. Other marine experiences with geotex-
tiles are reported by Lee (1972), Dunham and Barrett (1974), DeMent
(1978), Welsh and Koerner (1979), and Heerten (1981). Heerten also
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 (1979). This circular also iden-
tifies literature related to soil-geotextile interaction models.

Broms (1977) showed that geotextile layers in soils increase the
Tateral strength analytically and experimentally. Several models have
been developed which indicate that geotextiles increase the bearing
capacity of soils [e.qg., Nieuwenhuis (1977) and Jessberger (1977)].
However, the geotextile must be very strong to perform this function.

A number of finite element numerical models have been developed to ana-
lyze the states of stress in soil-geotextile systems [A1-Hussaini and
Johnson (1977), Bell et al.{1977) and Barvashov and Fedorovsky (1977)].
The pretension in the geotextile increases stability, but this tension
must be Targe.

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 (1941)] coupled with the
storage equation [Verruijt (1969)] provide the best description of
wave-induced soil response [Yamamoto (1981b)]. The inertia terms may
be neglected as they have 1ittle influence except for very soft muds
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[Dalrymple and Liu (1979)]. The equations presented in Yamamoto (1977)
are appropriate for the present study. The coupling of the scil layers
is conceptually similar to that suggested by Madsen (1978), Yamamoto
and Suzuki {1980) and Yamamoto (198la) 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 Geotextile Properties

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 Bell at Oregon State University to
develop test methods and use criteria for geotextiles. In an interim
report, Bell 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 single 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 Tess expensive than
woven geotextiles and have lower strengths. Combination fabrics are
combinations of the above techniques. A typical example is a 1light-
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.

Most geotextiles are formed from polyester or polypropylene
fibers. However, the individual fabric hydraulic and mechanical prop-
erties are highly 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 allow 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 soil and geotextile is large, then
the fabric wmay 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.

Geotextile physical properties employed in this study are permit-
tivity, elasticity 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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2.0 DEFINING EQUATIONS

The physical system under consideration in this study is two hori-
zontal Tayers of soil separated by a geotextile. The dynamic response
of this system to ocean waves is to be modeled. The model will be used
to predict states of soil stress and identify potential failure condi-
tions as a function of wave, soil and geotextile conditions. Biot (1941)
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 model the dynamic response of the soil skeleton.
The pore water pressure is modeled by the storage equation [Verruijt
(1969)]. 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 spil inertia is small, and that the body forces are
small. A short derivation of the Biot equations is presented for
completeness.

The convention for identifying stresses is shown in Figure Z2.1. 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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The components of the total stress tensor, ¥Hj’ are denoted hy

T, .
1

T
XX

T
¥Yx

Tx

Txy
Tyy

sz

T
Xz

T
yz

TZZ

——y

(2.1.1)

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

T1J

TJ,I

(2.1.2)

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

The total

g, T, T

zZ

Y

(2.1.4b)
(2.1.4¢)
(2.1.4d)
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in which cx,cy and o, are the x, y and z components of the effective
normal stress, respectively, Tx,Ty and T, are the components of the
shear stress and p is fluid pressure.

The sum of the forces in each direction is equal to the product
of mass and acceleration of the elemental volume in that direction.
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 inertia
is small and body forces are separated as a static load, the dynamic
equations are given by

30 ot 3T

X z y _ 9p
5 T3y '3z X (2.1.52)

3T 30 3T
z y X - 3p
e 5 * %y (2.1.5b)

at 3T files
Y, %, 2o
3% ¥ oy ¥ az 0z (2.1.5¢c)

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

given as
e, = & (2.1.6a)
e, - %§_ (2.1.6b)
e, - %% (2.1.6¢)
v, = 172 (%% + %§) (2.1.6d)
vy = 12 (%% + %%) (2.1.6e)
v, = /2 (2 + 5) (2.1.6f)

in which e © and e, are the components of normal strain and Yoo Yy and
Y, are the shear strains. Only the linear terms in the strain tensor
have been retained which requires that the strains are small. For small
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strains and displacements the sgil is assumed to be linearly elastic
and obey Hooke's Law. Hooke's Law relates strains to longitudinal and

lateral stresses according to

e, = [0 - v(o + cz)]/E (2.1.7a)
e, ~ [0 - v Ox t o, JI/E (2.1.7b)
e, = [oz - \)(0x + oy)]/E (2.1.7¢)
Y, ST, / (2G) (2.1.7d)
Yy - Ty/ (26) (2.1.7e)
v, = 1, / (26) (2.1.7f)

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 normal strains [equations (2.1.7a-2.1.7c)] and that shear
stresses produce only shear strains [equations (2.1.7d-2.1.7f)]. The
relationship between E and G is

__E
6 = 5ro) (2.1.8)

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

strains according to

o, = 2G(e  + 157) (2.1.9)
o, = 2Gle, + 55) (2.1.9b)
o, = 2(e, + ngs) (2.1.9¢)
T, T ZGYX (2.1.9d)
T, = 26y, (2.1.9)
1. = 2By (2.1.9F)
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in which

E=e + ey te, (2.1.10)

and is termed the volume strain. Substituting the strains expressed in
terms of displacements into the above form of Hooke's Law yields

i} 3& v_ (9€ , IX 4, 3L

9% ~ 2G [Bx Yyme B T 3y * Bz)] (2.1.711a)
- 39X v_ (98 4 38X 4 3%

oy 2G [ay trog e t sy ¢ 2] (2.1.11b)
= 9L V(95 49X 4 3L

o, = 26 [z + 7y (55 * oy * 52! (2.1.11c)
= 63X 4+ %%

T, G(az + =) (2.1.11d)
= (3L 4+ 38

Ty G(ax + Z) (2.1.17e)

o= 63X + 23X (2.1.11f)

z ax oy T

Using these relationships, the equations of equilibrium may be written

in terms of the displacements

2p 4 B 3 (98, BX , BLy _ 9P

e+ 7 ox x tay Parl TEx (2.1.12a)
2, 4 6 3 (98 L 93X , 3Ty _ OP

GV2x *+ 1255 5y (Bx + 3y + az) Ty (2.1.12b)
2y B3 (3 LB, 3Ty 3P

GV°e * 155 57 (ax * oy * 53) 3z (2.1.12¢)

in which v2 1is the LaPlacian operator defined in Cartesian coordinates

as

v2(ey = 2Lty 0%(+) , 3%(-) (2.1.13)
ax2 ay2 822
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Equations (2.1.12a), {2.1.12b) and {2.1.12c) define the response of the
soil skeleton. The equation for pore pressure must now be derived.

2.2 Storage Equation

The relationship between an elemental volume change and the fluid
pressure is modeled by the storage equation [Verruijt (1969)]. The
porous media is assumed to consist of three components: 1} 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, ¢, in a fixed volume is

vy = (1_n)DA (2.2.%a)
Yp = NSpp (2.2.1b)
Ye = n(1-S)op (2.2.1¢c)

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 com-
ponent of the relative mass must satisfy conservation of mass.

%5 [(n)p, + v-[(1-n)p, V] = O (2.2.2a)
2 [nSpgl + -[nSpy Vgl = o (2.2.2b)
2 [n(1-Sypg] + 7-[n(1-S)pg V] = 0 (2.2.2¢)

in which v is the vector velocity of each component and v+(+) is the

divergence operator.
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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

py = constant (2.2.3a)
og = 0y € (2.2.3b)
=5 P
o 0 (2.2.3c)
C
9 Py

where Po and pg are reference densities, pg is a reference pressure and
8 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 censervation of mass equations may

be written
MYy v - (1) 7 -y = 0 (2.2.42)
%%+%%+B%§+V-VB+%=O (2.2.4Db)
PRI NETRIRIN. (e BT

in which v(+) is the gradient operator. Elimination of the %%—term from

equations (2.2.4b) and {2.2.4c) gives

1 80 , 1-S+Sgp 3p LT oe (L 1-5488P  ypny.y. =
o 5 £tV ovgt (n vn + 5 vp) Vg 0 {2.2.5)

The fluid discharge velocity (relative to the soil) is given by
Darcy's equation for small relative pore fluid velocities. Previous
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applications of Biot's theory to the wave-soil problem have ignored the
effect of pore water acceleration in Darcy's equation. However, Sollitt
and Cross (1972) and Hannoura and McCorguodale {1978) have shown this
effect may be significant for unsteady flows in coarse aggregate. A
more complete, but Tinearized, form of the equation of motion of the

pore fluid is

2

T q (2.2.6)

(1+¢,) 5¢ 4= -3 -

it
=

n
P

in which Cm is an inertial coefficient, aris the two-dimensional vector
discharge velocity and K is the steady permeability. The wave-induced
flows are periodic in x and t and therefore

=

3 (x,2,t) = 0(z) el XX -ut) (2.2.7)

Substituting this periodic form of the discharge velocity into equation
(2.2.6) yields

-iw(1+Cm)

1 _
o + :Ti q=--——Vp (2.2.8)

Tl (2.2.9)

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

g=- K
q og P (2.2.10)

Taking the divergence of equation (2.2.10) yields
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L

o _ . _ _
53 VZp = (vB vA) v (Sn) - Snv-(v VA)

BK
+ Vp-V 2.2.
050 p-Vp ( 11)

Eliminating v- v between equat1ons (2.2.5) and {2.2.11) and using equa-
tion (2.2.4b} to eliminate S -T-g1ves

K_g2p = svev, + sn(1=2238R) 2B 4 n §.vs

pgd p ot

b Ve [-75 4 5(1“5;53 yvpl (2.2.12)
K8

$ DR gpey
og 7P

It has been assumed that the volume of air in the water is small
and therefore, S = 1. Since pure water is nearly incompressible,
pR<<l. It has also been assumed that the soil skeleton deformations
are small and second-order terms were neglected. Adhering to the same
order of approximation, second order terms are also neglected in the
storage equation. Equation (2.2.12), for these assumptions, is

K g2p=vyev 9P

05 Vip = Ve vyt ng' =¢ {2.2.13)
in which

g = g+ Léi (2.2.14)

For wave-induced pressure fluctuations in soils the pressure in
equation {2.2.14) may be approximated by the absolute static pressure,

Pg - The combined air-water compressibility, g', is given by

gr= 1+ 128 (2.2.15)
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in wnich Kw is the bulk modu]us of elasticity of pure water. Noting

that the divergence of vA is equivalent to the time rate of change of ¢,
the final form of the storage equation 1is

vip = %T G5+ 2 4 30y 4 gt 2B (2.2.16)

in which Y is the weight of density of the fluid, not to be confused
with the shear strains, Yy, ¥y and Y, in equations (2.1.7d-2.1.7f).
The first term in equation {(2.2.16) 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 Boundary Conditions

In two dimensions the Biot consolidation equations are second
order in three variables: £, ¢ 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 soil 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 Boundary Conditions

In two dimensions the Biot consolidation equations are second order
in three variables: £, 7 and p. Therefore, six boundary conditions are
required for each soil Tayer. 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 Mudline Boundary Conditions

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

pressure boundary condition is given by

pl(x,o,t) = P, ei(lx"wt) (2.3.a.1)
in which i is the square root of -1, X is the wave number, w is the
radian wave frequency and Po is the amplitude of the wave-induced bottom
pressure. Subscripts 1 and 2 denote values in the upper and lower 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

g1 {x,0,t) =0 (2.3.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 stress
is conventionally expressed proportional to the velocity sgquared;
however, using Lorentz principle of egquivalent work [Lorentz {1926)],
a linear stress which dissipates the same amount of energy per wave
period is given by

N 2 i(ix-wt
17 (x,0,t) = 3= pCpu e (Ax-ut) (2.3.a.3)

in which m is a numerical constant, CD is a drag coefficient of order
0.01, p is the fluid density and U is the amplitude of the near
bottom horizontal velocity. As with the pore pressure, stresses
associated with the small displacement of the mudline are small and are

negiected.
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2.3.b Geotextile Boundary Conditions

Geotextiles usually have rough surfaces or pores which provide a
no-sT1ip 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.

g](xsd] st) = gz{xsd]st) (23'3]61)

gy (x,dyst) = 2,(x,dy,t) (2.3.b.1b)

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 (1964)]

c 32 3 3y (d
T 5;2 [V (gz'T) (5; U) + f =10 (2.3.b.2)

in which % is the tension per unit width in the geotextile, u is the
vertical geotextile displacement and f is the normal stress. The second
term in equation (2.3.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, Kg. 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
geotextile and therefore equal to the fabric displacement. Balancing
vertical forces across the geotextile, equation (2.3.b.2) may be written

(1'”1) OZ](x,dI’t) + n]p](x)d])t) = (]-nz) Uzz(x’d]’t)

Aaz 8
+nop, (x,dy,t) + (T 2 + Ko =) go(x5dy5t) (2.3.b.3)
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The elasticity of the geotextile also resists horizontal displace-
ment. Balancing horizontal forces across the geotextile yields

T](x,dl,t) = TZ(X,d],t) + Ez(x dy,t) (2.3.b.4)

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
KZ 3
1

in which K] and K2 are the permeabilities of soil layers 1 and 2,

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

fluid energy dissipated in the flow through the fabric. From the
energy equation, the pressure drop across the geotextile is due to a
head 1oss in the geotextile. An estimate of this pressure drop is
obtained from Darcy's equation and conservation of mass between the
fabric and the Jower soil layer

--’\‘l_.hy‘:

oL 28 ,
i, 7 % py{x,dyst) (2.3.b.6)

in which Kf is the fabric permeability, Ap is the pressure drop across
the fabric and Azg is the fabric thickness. Defining the permittivity

CK’ as

C, = — (2.3.b.7)
the energy equation across the fabric yields

Py {x, d;»t) = p, (x, d],t) - Coky az pz(x dy»t ) (2.3.b.8)
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2.3.c Impermeable Bottom Boundary Conditions

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

3 -
gpz(xsd'l-"dest) =0 (2.3.(:.1)
Also at this boundary there is no vertical displacement.

Cz(xsd'l'l'dzst) =0 (2.3.(:.2)

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-
lTocking 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.

G[EZ(X,d1+d2st] + (1-a) (dq+dyp) %E [Ez(x,dr+d2,t)] =0 (2.3.c.3)

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

constant, o,

o =0 free slip (2.3.c.%)
0<a <1 partial slip {(2.3.¢c.4b)
a =1 no slip (2.3.¢.4¢)

The gradient term, with o = 0, assures that the free s1ip boundary
condition is allowed to penetrate to the full depth of the bottom

layer.
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3.0 SOLUTIGNS 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 examination 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 model, are examined before developing solu-
tions to the full set of Biot equations.

3.1 Earthquake Consolidation Equation Model

The solutions developed by Yamamoto (1977) 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 silt or fine sand may
increase with the number of cyclic loads [Seed and Lee (1966), Seed
et al. {1978)].

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 point 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 soil behaves as a liquid. Lique-
faction due to cyclic earthquake loading has been well documented [Seed
and Idriss (1967)]. This problem has been analyzed by earthguake
engineers using a modified form of Terzaghi's one-dimensional consolida-
tion equation [Terzaghi and Peck (1967)]. More recently this technigue
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. {1977), Rahman, et al. (1977), Seed
Rahman (1978), Finn, et al. (1980)]. The derivation of the consolidation
eguation is not based on the Biot equations and the resuiting boundary
value problem is solved numerically although for simple 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 (2.1.39), (2.1.40), (2.1.41) and (2.2.12) by seeking a one-
dimensional solution. That is, all gradients with respect to the x and
y coordinate directions are assumed to be zero. The resulting equations

are

2-2v 3%z _ 9p
G 173 g;z- = 53 (3.1.1a)
K 8%p _ 9%z 9P
? g;z - BZBt + n B Ef (3.].]b)

Differentiating equation {3.1.1a) with respect to t and equation (3.1.1b)
with respect to z and eliminating ¢ from equation (3.1.1b) yields

3

3? 3%p
= ¢ (3.1.2)
8Zd 323
in which

€=y T(-2v) ¥ (Z2-2V)nR'G

and is termed the coefficient of consolidation. Integrating with respect
to z yields the earthquake conselidation equation

op _ . o°p

£=c E_Z + g (3.1.4)
z

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

source term and may be time dependent. However, for generality {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 drift 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+ 7
f pdt (3.1.5)
t

= |
It
|

The boundary value problem for the pore pressure accumulation for a
homogenous soil of thickness, d, over an impermeable bed material is

given by
p _ . 9%,
sE-C—o*+s (3.1.6a)
3z
p {0,t) =0 (3.1.6b)
5P (dz) =0 (3.1.6¢)
p (2,0) = f(z) (3.1.6d)

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 variablies and application of the

boundary conditions is given by

e 2t o2 d
e n b e Ty s(z,t)sin(an)dz]dT}
0 0

ajro

p:

™M g

n=1

X sin(an) (3.1.7)
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in which the eigenvalues are given by

« = 2n-l . (3.1.8)

This solution applies for an arbitrary pore water pressure source term.
For the solution to be physically meaningful an analytic expression
for the source term must be determined. The laboratory results of

De Alba, Chan and Seed {(1975) relate the development of pore water
pressure to the number of Toad cycles in simple shear. This relation-

ship is given by

= %-+ %-sin'1 ()" 1) (3.1.9)

O.+Q“D |
=]

in which Eé is the pore water pressure generated due to the cyclic load-
ing, 06 is the effective overburden stress corresponding to static
conditions, N is the number of cyclic loadings, N£ is the number of
cycles to liquefaction, and o is a shape factor. This family of curves
is shown in Figure 3.1 as a function of a. Seed, et al. (1975) suggest
using a value of o = 0.7 for which there is a somewhat linear relation-
ship between the pore pressure ratio Bé/ca and the cyclic ratio N/NE
(the dashed 1line in Figure 3.1). For a linear relationship

— N
p =g (3.1.10)
g 0 N£

The pore pressure source term in equation {3.1.6a) is given by Seed,
et al. (1974) as

Q2

s = — (o' E—) (3.1.11)

o2

The effective overburden stress is

0y = YpZ (3.1.12)
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Figure 3.1 Rate of pore water pressure buildup in
cyclic simple shear tests.
[Seed, et al. {1975)]
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Figure 3.2 Dimensionless pore water pressure accumulation profiles.
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and the cyclic ratio as a continuous function of time is given by

|=

-t (3.1.13)

N,T

Ne N

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

source term is given by

'B
5 =N—'T z (3114)
£

For this source term, the solution to the earthquake consolidation

equation given by equation (3.1.7} is

_ o 1\ 2y .2
eI - (K13 cdﬁxT (1-e™n *) sin(c 2) (3.1.15)
n

It is convenient to express the pressure in a dimensionless form
by introducing the following variables

z = z/d (3.1.16a)

t = t(c/d?) (3.1.168)

~ _ 2n-]

Kp =3 7 (3.1.16¢)

A cNﬁT

p=p —35— (3.1.16d)
2d°Y,

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

is
~ oo - _’:2/\ ENS
p= L - L—%l-(l-e “n t) sin(an) (3.1.17)
n=1 K
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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 (3.1.16d} con-
tains fluid properties, 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 Biot 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 failures 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 Model

Moshagen and Torum (1975) developed a two-dimensional heat equation
for modeling wave-induced pressures in marine soils. This gquation is
a simplified form of the Biot equations for compressible pore fluid but
an incompressible or rigid soil skeleton. The resulting equation is

2 = 1 P
¥ p=nB A (321)

==
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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 (1975)]. A more physically consistent assumption is
that the pore fluid is also incompressible. This yields the poten-

tial pressure model.
vip=20 (3.2.2)}

A number of investigators have examined soil response to waves by
assuming that the field equation for pressure is LaPlace's equation
[cf. Putnam (1974), Reid and Kajura (1957), Hunt (1959}, Murray (1965)
Liu (1973), Dalrymple (1974), McClain, et al. (1977), Puri (1980)]. The
most common derivation of this relationship is from Darcy's equations

for horizontal and vertical flow.

- _Koap

u= - gy (3.2.3a)
. _ Ko3p

LI+ {3.2.3b)

Taking the derivative of equation (3.2.3a) with respect to x and the
derivative of equation (3.2.3b) with respect to z and adding, for a
homogeneous soil and assuming continuity, yields

vip = 0 (3.2.4)

[t 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 (2.3a.1), {(2.3b.3), (2.3b.6) and 2.3c.1). They correspond
to pressure matching at the mudline, fluid continuity and a pressure
head 1oss at the geotextile and a no flow bottom boundary condition,
respectively. For these boundary conditions, a solution obtained by
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separation of variables to equation (3.2.4) is

Py = P, [ch {(xz) + R2 sh {Az)] ei(Ax-wt) {3.2.5a)
K] - i(ax-wt)
P, = Py %o R1[1+R2 th (Ad])][ch (xz)-th(Ad)sh(iz)]e
z (3.2.5b)
in which
Ko - -] (3.2.6a)
R1 = W [1-th(id;)th(Ad) + R3] . e
0 < R][th(XdT) - th{xd)] - th(Adl) (3.2.6b)
I-thh()\d])[th(kd])-th()ﬁ)]
R3 = KgCg[th(Ad” - th{xd)] x {3.2.6¢)
d = dy +dy (3.2.6d)

and Pq is the pore pressure in soil layer T and Py is the pore pressure
in layer 2. Vertical 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 Taboratory conditions for several of
the experiments. Stream function [Dean (1974)] wave cases 5B, 7B and
8B 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 (3.2.5a) and (3.2.5b)] and that the shorter
wave lengths are more highly damped.

The potential pressure model provides reasonable estimates of pore
pressure for sands [Liu (personal comnunication)}] which are relatively
permeable and stiff. However, no information on the phase shift with
depth is obtained from this solution.
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3.3 Periodic, Two-Dimensional Biot Model

The most general analytic solutions to the Biot equations for
wave-induced marine soil response have considered a periodic, two-

dimensional case [eg. Yamamoto (1977)].

If the solution is assumed

to be periodic in x and t, with the same frequencies as the wave, the
Biot equations (2.1.12a), (2.1.12c) and (2.2.16) reduce to the matrix

form

(i %wD)

I .
0) (~i ) 3 0 |
|

1 1-2v _ (3.3.1)
S S = LU I N I R
|
[Dz+(i %-wnﬁ'xz)] p 0 E
L2 R

(3.3.2)

The existence of a non-trivial solution requires that the determinant

of the coefficient matrix vanish [Wylie {1975)].

ponding to the

The eigenvalues corres-

roots are
Y {3.3.3a)
A {3.3.3b)
1/2
Vo 2 .Y W . 1-2v
+ ' =[x -1 X T (nB'G + 2_2\))] (3.3.3c)

With the eigenvalues known, general solutions for horizental displace-
ment, vertical displacement and pressure in the two soil layers are
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£y = [a1 ch{xz) + a, sh{Xz) ch(xz) + 8,2 sh{iz) + ag ch(r4z)

o+
o

(453
N

+ ag Sh(Aﬁ;)]ei(Ax_wt) (3.3.4a)

Z = [b] ch(iz) + b, sh{xz) + bsz ch{xz) + b4z sh(xz) + bg ch(r'z)
+ b sh(xig) e’ (Ax-ut) (3.3.4b)

Py = [c] ch{xz) + Cs sh{xz) + €52 ch(xz) + €2 sh{ixz) + cg ch(x'g)
+cg shiry)le’ PXut) (3.3.4¢)

gy = [a? ch(xz) + ag sh{xz) + agz ch{xz} + ay 2 sh{xz) + a]1ch(kéz)
10x-ut) (3.3.4d)

+ag, sh(Aéz)]e

Ly = [b? ch(xz) + b8 sh(xz)} + bgz ch{xz) + b]OZ sh(xz) + b11ch(kéz}
+ by, sh(Aéz)]ei(kx'wt) (3.3.4¢)

Py = [c7 ch(xz) + g sh(rxz) + CyZ ch{xz) + C10% sh(xz) + c]]ch{léz)
+ oy, sh(Aéz)]ei(*X‘Mt) (3.3.4f)

in which the subscripts on &, ¢ 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 (3.3.1) and collecting
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like terms in ch(Xz), 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

b] = -ia2 + iAl aq (3.3.5a)
b2 = -ia; + 1Al a, (3.3.5b)
by = —Ta4 (3.3.5¢)
b4 = - a3 (3.3.5d)
J\']
b5 = -1 54 (3.3.5e)
J\']
b6 = -j 7__'35 (3.3.5F)
b? = -i 38 + iB1 all (3 3 59)
b8 = - a, + 181 a1 (3.3.5h)
b9 = -1 a; {3.3.51)
Iza]0 = -1 g (3.3.53)
. Al2
b-n = =1 - 312 (3.3.5'()
}\'2
b-{z""‘l-k— an (335])
¢y = -i A2 ay (3.3.5m}
Cy = -i A2 ay (3.3.5n)
= 0 (3.3.50)



in which

Al

A2

A3

c1

B1

B2

il

-A3 66

-i B2 a10

-i B2 a

=0

= -B3 a'l'l

1

-B3 ;o

X

14C1 (3—4v])

2G]

T+C1

T+C1

¥

K

—

1

i;\i [1+C1(2-2v;)]

M8

X

T-2v

14C2(3-4v,)
T#C2

26

1

2
+C2

1

(3.

(3.
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-5p)

.5q)

.5r)

.55)

5t)

.5u}

5v)

.5w)

.5x)

.ba)

.3.6b)

.6c)

.6d)

.be)

.6f)
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A w
B3 = Ké‘f [1+C2(2-2v2)] (3.3.69)
n,.BLG
_ 27272
ce = _—]“2\)2 (3.3.6h)

and the subscripts on v, G, K, n and B refer to the sail layer. The
12 boundary conditions are now imposed to determine the remaining 12
unknown horizontal displacement integration constants. The resulting
system of 12 simultaneous equations is solved numerically.

i A2 a, - A3 3 = p, (3.3.7a)
' 2 2
(I—v])(1—AA1) (l-v])k : -u]k ( )
a; t a, + a_ =o0 3.3.7b
\ _1 8 2
2>\a2 + (1-xA1) a, + 22 1% = ﬁ; 3 OC¢ Ug (3.3.7¢}
ch(A']d])
a-‘ + th(ld]) a, + d a3 + d th()\d W 5
sh(l']d])
YehDd) % T 97T th(d; Jag (3.3.7d)
h(l'zd})

- dy ag + dy thirdy) 214 - X, M

sh(x' 2d}) i

" chixd;)” 412 ©
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th(xd,) a, + a, + [d; th(xd;)-A1] ag + [d)-Al th(rd;)] a,

. sh{x',d;) A ch(n',d,)
AN 171 a + ] 171 a
t— chhd.l) 5 X ch(?xd1) 6
- th(kd1) a; - 2g - [d] th Adl - B1] ag (3.3.7e)
X', sh(r',d,)
2 21
ch(}\'zd.l)

2 _
"% Tehtad,) Y12 T 0

-y, n1A2th(Ad )

- 2y - thOdy) ap + (g - 1) th(rd,)-d,1- -13-11'7rj‘* a

1 —\)1 1 HIAZ
+ ([ Ti?G;'(AT' +) - dy th(xd )] - g;g;(T:ﬁ;j—* a
W A2 (T=vg)r'y? n,A ch(x'dy)
e[ A LR A 1 17
ES 120G, (T-n,7 < “ch(ddy) 75
) (3.3.7f)
2 ! !
. VAt - (]-v1)l 1 n]A3 ] Sh(l ) ) {continued)
A2 (1-2v;) 1226, {-my ) Ch(ld ) °



1-n G ]'nz G2

2 2 -
+[]-n1 GT'+ ¢ th(hd])]a? +[]_n] ET’thld] + ¢138
(3.3.7F)
(continued)
1-n, G, T1-v n,B, th{id,}
2 %2 1™V 1 oq . M% 1
- {]—n] g [1—2v2 (B1- 5} th(xd;)-d;] 236, (T-n,)

+ [4B1 -'$d] th(Ad])] ag

1—n2 G

i 5y [ 1—v2 n B2
T-n] G] 1-2v

1 2
(B1- 3) - dy th(xdy)] - 236, (11,

2
+ [oB1 th(xd1) - d]¢]} 30

2 1 2 1
]—nz 62 vzk - (]-vz)l 2 nZB3 ch(x 2d])

-{[ = : ]
1-n] 61 l2(1-2v2) 12)61(1—n]) ch(Ad])

3 A'z sh(k'zd])} ,
A ch(Rdlj 11

{[]-n2 6, VA - (Tavp)r',f n,B, ] sh(x',d, )

+ {[-—= 5 - =

1'”1 G] Az (]-Evz) 12AG](]~H;) Ch(ld])
A, ch(r'.d.)

. 245 -

% Teh0d) Y ag,
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th(xd,) a + [] *Al + 4y th(xd;)] ay + [F50 'kA] th(xd.) + d,] a
1 1 43 ] 1 4
A'1 sh(A']d]) A ch(x' ]
LA a,. *+ d
)Y 'bE(AJ{Y 5 A ch(k ;) 6
G 2K G AK
2 s p s
22 (1 4+ =2) th(Ady) a, - &= (1 + =) a
6 G, 11°7 7§ G, 8
-6 1 K
G; {oy— * d th(kd]) + GE-[1 +Ad, th(Ad])]} ag (3.3.79)
G, K
- 1 AB] 5
——{ (ld]) +d] +E~2—[th (Ad]) +)\d]]}a10
) (A 2, Mos, sh2 24 )
) Eg : 2 , A 2Ks ch(>' 2dl) e 0
61 )y G2 ch(J\d } 12

| . ch()\'] D h( 1)

+ i BZ[th(Ad] )-}\KZCQ] ag + iBZ[l-szCRth()\d])] atg

(3.3.7h)
ch(X',d, ) sh{x' zd])

+ 83 [gprag, ) ' 2%2C2—hnig 1) 21

sh(A 201 ) ch(A 24 )
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A;]

sh(r' d;) A"
DAV R wli

ch(r'.d.)
ch(id,) A3

-1 AZ a 5 X e

- i A2 th(xd

[l

3

K, K, K, A5 sh{A',d))
+1—K—BZa9+1qBZth(Ad])a]0+q T83Ch)\d a”

] (3.3.71)

fo + {1-a) Ad th{xd)] a; + [a th(xd) + (1-a)Ard] ag

+ (ad + (1-0) A1 + 2 T th(A@)]} ag + fa d th(XT) +

(1-a) @ [th(xd) - X1} a4 (3.3.7])

ch(k'za) Vﬁsh(k'zﬁ)

+ [a =
ch(xd)

th(xd) a; +ag - [B1-dth(rd)] ag - [B1th(xd)-d] a0

(3.3.7k)
A', sh{xr',d) X, ch(A'ZE)
a1 X ——2
ch{xd)

12=0



At sh(x'd) a7

i B2 aq + iB2 th(id) a;, * B3 —~%— a
9 10 Ta eh(xd) 11
{3.3.71)
A', ch(r',d)
P82 a0
ch{id)
in which
M 'Ks (3.3.8)
MDY

3.3.a Computer Program

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 (3.3.7a)-(3.3.71) using the International Mathematics and Science
Library subroutine LEQT2C. The remaining integration constants for
vertical displacement and pressure are determined by back substitution
into equations (3.3.5a)-(3.3.5x). Stresses are calculated from equations
(2.1.11a), (2.1.11c) and (2.1.11e)}. Fluid flows are determined from
equation (2.2.7). The shear stress ratio, r, is defined as the ratio
of the maximum shear stress, T, to the effective overburden, 06 , and
is useful for identifying potential soil failure conditions.

Tm
po (3.3.9)

%

in which 7 is given by [Jumikis (1969)]

172 (3.3.10)



48
Another parameter useful for identifying potential failure conditions
is the shear stress angle, ¢ [Jumikis (1969)].

1/2
-1 T 2
¢ = tan M (3.3.11)

g, +a0
X 2z X Zz
(Xgt e r) (Zgt- )

The computer program gives both dimensional and dimensionless results.
The scaling used for each variable is Tisted in Table 3.1.

Table 3.1 Non-dimensionalizing scaling factors.

Variable Scaling
£ Lp,/6
4 Lp,/ 6
p Po
9% Po
9z Po
T Py
u KponL
W KpO/YL
z L

A 1isting of the computer program is given in Appendix B.
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4.0 ANALYTICAL SOLUTION BEHAVIOR

The response of the soil-geotextile system to waves is not readily
apparent from the analytical solution. Therefore, the general solu-
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.

4.1 Single Soil Layer Response

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 so0ils 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 & coarse sand [Creager et al. {1955}].

Table 4.1. Case A wave and soil conditions.

G = 100 Tb/ft2 Yg = 60 1b/ft3 H=19.8 ft
v = 0.33 d = 40 ft T=10s

n = 0.40 a = 1.0 h = 50 ft

K = 0.01 ft/s
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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 Tength.

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 10-3 ft and 1.3 x 10-3 ft, respectively. The maximum
horizontal displacement 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 siress 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 )inearly 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 1inearly from a maxi-
mum at the mudline to zero at the bottom impermeable boundary.

The cyclic shear stress ratio is commonly used by earthquake
engineers in estimating soil failure. Values 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. For 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 so0il. 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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for the horizontal and vertical, respectively), failures may
occur.

The amplitude of the pore pressure response is frequency selec-
tive, the higher frequencies being more highly 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 Tow 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

_ ch? [x(d-z)]
R () (4.1.1)

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 sha11ow 501
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
chear stress are also frequency selective. Both components of displace-
ment have a critical freguency 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 11 seconds, respectively, as

shown in Figure 4.6.
The magnitudes of the maximum s0i1 d1sp1acements are inversely

related to the shear modulus, the stiffer soils being more resistant
to displacement. This dependency s shown in Figure 4.7 for the case
A conditions, but with variable shear modulus. For these conditions,
the displacements are approximately linear functions of the modulus.
[t is also shown that for values of the modulus greater than 1010
1b/ft2 the stresses are constant.
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Figure 4.4. Frequency dependency of pore water pressure profiles for
the case A conditions.
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Figure 4.5. Transfer function for the dimensionless pore water
pressure from the potential pressure model.
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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 a = 0 and no slip corresponds to
o = 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, a. The value of o 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 small 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 is approximately 15% of the wave length.
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4.2 Two Soil Layer Response

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
jdentical soil layers separated by a geotextile) with geometry similar
to the conditions tested in the wave channel is examined in detail.
These conditions are denoted as the case B conditions and are summar-
jized in Table 4.2. The soils may again be described as a coarse sand.

Table 4.2. Case B wave and soil conditions.

6, =2.5x 105 1b/ft? G, =2.5x 105 b/ft® H =2.03 ft
v = 0.33 vy =0.33 T=177s
ng = 0.4 np, =0.4 h = 8.0 ft
Ky =0.01 ft/s Ky = 0.01 ft/s o= 1.0
Yg; = 50 Tb/ft Yz = 50 Tb/ft
dy = 1.0 ft dy =3.0 ft

The fluid energy dissipated in the geotextile is characterized by
the permittivity. This coefficient is primarily a function of the
fabric permeability. Pore water pressure profiles 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 1ine. When the geotextile permeability
is of the same order or greater than the soil permeability, 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 permeability results in a decreased failure potential from the
cyclic stresses. However, as the permeability 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 susceptible 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 permeabilities
were defined. The imaginary portion of the permeability indicates
the importance of the acceleration. For. physically realistic values
for the inertial coefficient, Cy, 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 < Cp < 6. No discernible change in s0il 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 with variable Ki. The pressure response in the
lower layer is decreased as the upper layer becomes less permeabie.
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 similar to Figures 4.17
and 4.18 except Kp is held constant and K; is allowed to vary. It 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 B
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Pore water pressure profiles as a function of the rela-
tive permeability for the case B conditions
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conditions) are representative of a gravel covering a coarse sand.

The imaginary portion of the soil permeability has a minor influ-
ence cn the so0il response. Hannoura and McCorquodale (1978) 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 w Cy k/gn. For
most marine soils, the added mass and porosity show 1ittle 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 conditions this coefficient
has a value near 10-4, while for gravel 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 Tittle influence
on the pore water pressure: less than 2% decrease for very stiff fab-
rics. However, the maximum displacements and shear stress are depen-
dent on the elasticity (see Figure 4.21). The primary influence on
the vertical displacement and shear stress occurs for very compliant
geotextiles while the influence on the horizontal displacement is a
maximum as the geotextile elasticity approaches the shear modulus of
the so0oil. As with the elasticity, the pore water pressure profiles
are only weakly dependent on the geotextile tension. The maximum
change occurs for fabric tensions less than 100 Tb/ft. Figure 4.71
shows that pretensioning the geotextile to 100 Tb/ft for the case B
condition resuits in a 30% 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 sofil
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) during 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 Laboratory Setup

5.1.a Oregon State University Wave Research Facility

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 with 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 channel 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 (Dgp = 10.5 mm) was selected as the upper soi]
layer material. The gravel provides good transmission of the pore
pressure to the geotextile while also providing a stable surface under
the test wave conditions. A uniform, fine, clean sand (Dgg = 0.2 mm)
was selected for the Tower layer. Such a material demonstrates a
potential for liquefaction [Seed and Idriss (1967)]. 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 Tayer soil properties.

Y31 = 58.6 Tb/ft3

Ky = 0.059 ft/s

6, = 4.0 x 10° 1b/ft?
vi = 0.35

ny = 0.465

The two soil Tayers were separated by a geotextile. Four geotex-
tile conditions were tested: woven, impermeable, semi-rigid and no
geotextile. Typical geotextiles are shown in Figures 5.5, 5.6, 5.7
and 5.8.

Important geotextile physical properties for the analytical model
include: tension, elasticity, permeability and thickness. The perme-
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Figure 5.1. In place photograph of the test section before the
addition of the soil layers.
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Figure 5.5. Monofilament woven geotextile (Polyfilter GB, 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 §.2.

The values for elasticity are only approximate values because the
stress-strain behavior of geotextiles is very non-linear.

Table 5.2 Geotextile properties.

Permeability Thickness Elasticity
Geotextile (ft/s) (in) (1b/ft2)
Polyfilter GB 0.059 0.025 2040
Bidim C42 0.130 0.180 5280
Typar 0.004 0.015 12000
Terrafix 500 N 0.118 0.175 12000

The uniform 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-
Jowing year the soil was slightly consolidated by manually vibrating
vertical rods at a specific number of locations. This Teft the soil
in a uniform condition very near Tiguefaction. A gravel overburden
of approximately 60 1b/ft2 was then added and the soil was allowed to
consolidate for 24 hours. During this period the soil consolidated
from n = 0.460 to a more stable value of n = 0.425. This second con-
solidation technique was more consistent from test to test than the
hinged flap concrete vibrator method. Thielen {1981) provides a
detailed description of the bed preparation technigues.

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

tests.
Geotextile n o)
woven 0.430 0.000
semi-rigid 0.480 0.000
impermeable 0.418 0.005
no fabric 0.457 0.015

The average porosity for all tests was 0.442 with a standard
deviation of 0.023 or about 5% 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.

Ygp = 61.7 1b/ft

Ky = 2.6 x 1074 ft/s
6, = 3.0 x 105 1b/ft?
vp = 0.374

n, = 0.442

In both series of experiments the pore water pressure was mont -
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 accumulation of pore pressure was monitored. The
periodic responses were used to verify the Biot model and the accumula-
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tion measurements were compared with the earthquake consolidation
equation predictions [Thielen (1981)]. Thielen (1981) also includes
an analysis of the random waves and more information on the laboratory

experiments.

5.1.¢ 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 experimentis.
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 Tocation 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 raising the still water Jevel
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 DC drift was observed as a function of time.

5.2 Laboratory Measurements

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 summarized in Tables 5.6 and 5.7 for
the two water depths examined, four and eight feet, respectively.
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Table 5.5. Pressure transducer locations
1980 1981
Transducer x(ft z(ft x{ft) z(ft)
1 0.00 4.00 0.00 3.44
2 0.00 3.76 0.00 2.77
3 0.00 2.21 0.00 1.85
4 .00 1.45 0.00 1.60
5 0.00 1.17 0.00 1.35
6 ¢.00 0.54 0.00 1.10
7 0.00 0.00 0.00 0.85
8 -6.00 2.21 0.00 0.62
9 6.00 2.21 0.00 0.36
10 -- -- 0.00 0.00
11 -- -- -10.00 1.60
12 -- -- -4.67 1.60
13 -- -- 4.67 1.60
14 -~ -- 10.00 1.60

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

four feet.

Wave Case T {sec) H {ft)
7A 1.98 0.64
7B 1.98 1.26
7C 1.98 1.88
6A 2.80 0.74
6B 2.80 1.46
5A 3.95 0.78
58 3.95 1.54
4A 6.25 0.78
4B 6.25 1.58
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Table 5.7. Simple periodic waves tested for a water
depth of eight feet.

Wave Case T (sec H (ft
8A 1.77 0.68
8B 1.77 1.36
8C 1.77 2.03
7A 2.80 1.28
7B 2.80 2.52
7C 2.80 3.76
6A 3.95 1.47
6B 3.95 2.92
6C 3.95 4.40
5A 5.5%9 1.55
58 5.59 3.07
a4A 8.84 1.56

The physical significance of the Dean's stream function wave cases i5
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.

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
sots 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 amplitude 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 nondimensionalizing. These errors vary from 2% to 8% of the mean
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Figure 5.9. Definition diagram for Dean's stream function wave

cases [from Dean (1974)].
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mudline pressure amplitudes for the various wave cases. This error
primarily results from small varfations in the simulation of test

waves for a given stream function case. However, the nondimensional
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 Comparison of Theory 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
also 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 mudlire
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 soil pressure response
for wave cases 8A, 8B 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 1ittle 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 geotextile and a woven geotextile. Each
data point is the average of wave cases 8A, 8B and & 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
s1ip and no slip bottom conditions are shown. For the smooth labora-
tory test section, the free s1ip condition provides the best predicted
response. In general the agreement with theory is good suggesting
that the soil response is well modeled by Biot consolidation theory
and that the soil-geotextile-soil model is valid for layered soils.
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Figure 5.11. Average dimensionless measured pore water pressure pro-

files for stream function wave cases 8A, 8B and 8C as a

function of geotextile conditions,



85

"UOLILPUOD 3| L1X91096 OU BY} U404 SIUBWAANSEIW pue A40dy} 4O uosiaedwo) °21°G 34nb1 4

§ g

Hisi30 ST HOISNIC

o
]

d e O rd
. . P o [+ ou
LN SRR U 0 e 2 - i
1
i
1
! o
“ Jes mne. e
|
__ a
a [+
1 xan =4 Z
I {rz B fn wia 1+ 8
, -— 174 s --- #
i —_ 0 — o -
y » E; B » 2
LS x M
LLLLENY S Ullllltll..--nlll'vltl-lliltllll!ll...‘n_.nﬂ s“.n ﬁ.ﬂ
[ M gs'vg S3asvd 29°a9‘ve S3EVI
1 . " [T 4. o ar
S sk
2w g W w @ e,
muu.. 4 (13
= [}
m o - ,..um
— Q
A Preva A E R R AR RA RN RER IR AR AR an] g
o & 3I6YD




86

&1

Hid3d SSIINDISNZIQ
] E
o
-y -h

-
g

*Uo(1LpuU0d 3{L1xa108b

ou Y] 40y

28°'98°VE S3ISWD

[4) Mid30

Stuswaansesw pue L4084l 4O uOSLaedwo)

HLd20 SSTINCISNIIO0

"€1°G aunb14

% 14

F ol o1 1 Bz" L
irs
o
‘___.um

|
—_— 0 -
)
b B
apanaparfhsnpsnsuarnaiharnsrdivrddddannrnnanwnnng §of

oL'BL'Vi BISVD




87

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. Geotextile elasticity is generally low
5o 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 cyclic soil response, other
than maintaining the interface between the 5011 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 Toss. Such a test for the compliant
impermeable geotextile indicated a permittivity much more transparent
to the transmission 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 fourth geotextile tested was an impermeable semi-rigid condi-
tion imposed by sandwiching a plastic sheet between two layers of
quarter-inch piyboard. Theory and measurements are compared in
Figures 5.18 and 5.19. As anticipated from the discussion of geotex-
tile mechanical properties in Chapter 4, the geotextile stiffness has
1ittle influence on the pore water pressure profiles. The e1astﬁcity
and effective permeability were taken as 104 1b/Ft2 and 10-% ft/s,
respectively.

The preceding 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 Wave-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 0.1% 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 4.5%
of the inital value in 100 waves for the different tests. The mean
pore water pressure decreased from 0.0% to 1.7%. 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
impermeable geotextile. 1In this run complete failure occurred. The
mean pore pressure rapidly accumulated during the first several stress
cyé1es until the effective stress went to zero (see Figure 5.22). The
response of the liquefied soil 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 geotextiie 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
1iquefaction should therefore be anticipated in the field, but is like-
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1y to occur infrequently. A 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 1.
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Figure 5.23.

Geotextile hefore failure.

Figure 5.24.

Geotextile after failure.
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6.0 CONCLUSIONS

6.1 Summary

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
s0ils are coupled through the geotextile which acts as an elastic per-
meable membrane. A general solution 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 complex 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 earthquake con-
solidation equation, are simplifications of the Biot model. These
models provide insight into the response of marine soils 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 jmportant 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 Targe wave
facility, are used to verify the theoretical model. A second result
of the experiments is the documentation of a wave-induced Tiquefaction
failure. Some investigators have expressed doubt about the actual

occurrence of such failures.

6.2 Applications

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 selection of
a geotextile 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 Tayers. Exceptions to this are

1) When the geotextile becomes clogged with soil particles and
the permeability is significantly reduced. This results in
an undrained boundary condition which is much more suscep-
tible to a liguefaction type failure due to the mean accum-
ulation of pore water pressure.

2) When the geotextile is pretensioned. For the wave and soil
conditions examined in Chapter 4, a pretensioning of approx-
jmately 100 1b/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 soil 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 ths optimum armor

layer thickness for a given set of material properties. The soil-
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 analysis of a
number of other wave-soil interaction problems. Among these are:

1) The response of marine soils to random waves. The Biot
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 sloping beaches or structures. The down
slope component of the weight tends to reduce the stability
of the soil or armor. Mathematically, this is a difficult
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).

3) Influence of standing waves. Standing waves frequently
occur near large structures such as breakwaters and jetties,
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 additional 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.

4) Mean accumulation of pore water pressure. The solution
developed to the Biot 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.
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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.

Buried pipe stability. Buoyant buried pipe lines may float
to the surface during periqdé 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 holding the pipeline down.
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 resulting bottom pressure is
periodic in time but not space. Again, because the Biot

_equations are Tinear, 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

horizontal displacement integration constants
Biot solution constants in soil layer 1
vertical displacement integration constants
Biot solution constants in soil layer 2
coefficient of consolidation

pressure integration constants

drag coefficient

friction coefficient

permittivity

inertial coefficient

s0il 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 elasticity

bulk modulus of pure water
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Appendix A (continued)

P

R1,R2,R3

L

—>

steady permeability

length of text section

wave length

porosity

number of cyclic loadings

number of cyclic Toadings to Tiquefaction
excess pore water pressure

reference pressure

pore water pressure generation term
amplitude of dynamic wave-induced mudline pressure
hydrostatic pressure

dimensionless time-averaged pressure in earthquake
equation

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

time

dimensionless time in earthquake equation
wave period

geotextile tension

potential pressure model transfer function
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Appendix A {continued)

"B
YxsYysYz
Ap

AZf

horizontal discharge velocity (relative to soil)
amplitude of near bottom fluid velocity

vector velocities of solids, ligquid 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 s1ip parameter

pore pressure accumulation shape factor
liquid compressibility

combined 1iquid-gas compressibility

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

gigenvalue in Biot model

geotextile displacement

Poisson's ratio
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Appendix A {continued)

horizontal displacement of soil
numerical constant (3.14159)

fluid density

densities of solids, 1iquid 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 solids, liquid and gas
radian wave frequency

vertical gradient operator

gradient operator

divergence operator

La Placian operator

time-averaged

vector

soil layer 1

soil layer 2

maximum value in vertical profile



APPENDIX B

Computer Programs

B.1 Program GEOTEX

(4

PFOGRAM GZOTEX(IMPUT ,TAPES=TNPIT (OUTOUT ,TACER=OUTAUT,
SOATA,TAPE7=DATA,,CPRIMNT ,,TAPZA=0RQRTMT , AN NT ,,TAPEA=DA LT

REAL HULgNU2 NLeRZ o X1 K2 JKFLFNLTI

COMPLEX CLpCleXLFL XLPE X fWDL KR, 32,07
COMPLEX HLL STRECH XNV, QUMY M2, 01147
COMPLLX FERD AT I HEUE7FALCN,T 1]
DIMINSICN INCHT 1S, 70420 FLta?) Flrath
COMPLEYX Q12412 4F1012Y ,F20120,23812)
COMPLEY S{12),CHECKILEY (W12 . WALLIARY
COMPLEX U2y W ki Y P LLZ2) WSIAXTLZY,STIR7 {02 . TAULGT)
COMPLE X FYXL42) ,FYTIL2Y,,SSRLL2) ,PHILLEY
COMPLEX DUNXTU2) 4 NUTT {2 4 DUNY (L2 QDT 042
COMPLEX OPNXILZ) ,OPIT 42, TAUMAX {LD)
COMPLEN SSTL2) ,VE{62) ,FFIL2Y

WAL EE L L R SRS LS RS R AR A A N A A L A A R

[l d
ne
[l
c'
C'
i
o
C‘
[
CI
c'
c‘
CI
c.
e
c-
c'
LT
CI
C‘
ne
ne
C'
cy
C’
l‘:'
I':'
c.
re
CU
C'
cl
[
c‘
[l
CI
C!
ne
C.
C‘
cr
ne
C’

INPUT VAFTAELES

HEACEF CARN
FORMAT (1544
INENT(T) - DATA FILF TARNTIFIAAT TN

WAVE PARAMETEPS
FOPMAT{RRIN, 4)

LENGTH = HAYE LONETH

PERION ~ WAYE PEEINN

DEPTH - RATEFR B7RTH

HETGHT = WAVE HTIGHT

2] - WAYE OREICIRE AMPLITIONS

FOwW - FLUID NENSITY

[ ~ ACCELERATTINN MHF TR ORAYITY
CF - ACTTOM FRIOTINN CHEFFICTIFNT

SOTL PARAMETERS (1 CA9N PTF LAYEQ)
FORMATIAGLID . &)

1.0z - SHEAFR HADHLIS

NUi.hl2 = FCISTMS 24771

L3 Y - PCROSITY

SATL.RATS = NFGRIE AF SATHRATION
FAMMAL, LAPHAZF = PUCYANT WD [RHT

rt1.0¢ - S{IL LAYFR THTSWKNT S5
i,k - FERAEARNTLITY

AL} Y et - ACCEN LTS ONEFCINTITHT

OFCTEXTILE PRUAMETEFRS
FORMATEL4RLD U

a5l

- GECTEXTILE TLASYICTITY

TN - FECTZXTILE TOm3T0ey
PzF ) -~ CESTeATTLE THTEYN 73
KF = GECTLRTTLS PO EAERATL T Y

ITLT(RHAL CARBMETESS
FORMATIL Y o TL"¥ (C10,71 .
MANATHY - DM NATONAL/N W O TARLT S FLAT BRgry 10

JOHNT = [ TE A L LN N RS < DI PR B

LT Aoy arworn oyl BT
ALP = PRTTCA "L RATAETE .

aLe=9 FapE omLr

113



114
Appendix B {continued)

ce 0<AL P INTERPMENTATE
[ ALP=L N SLTP
na

c“"'lll!Il!'ll"l'!".!!'!I‘!‘il"v'!.l‘

c'

ce IMPUT OIATA

c.

ce HEADEF CAPD

READCT,SOVLTNENTIT1 4 T=1415)

SO FORMATRLX,1584)

C*

ce WAVE PARAMETERS

QE&D(?.iGD?LEhGTP.ﬂfFICD.UEPTH'HFIGHI.DO.DGH.c.cF
100 FORMATIAGLD L)
c*
ce SOILL PARLIMETLERS
PEADI7 s 200 N Lo HUIL o NL,SAT L, AMMAL N ,¥1,0M2
200 FORMATI(RGLID,4}
READ(7 2001 G2+NUZ N2, SAT2,HAMMEZ (02,0 2,CM7
ce*
c* GLOTEXTILE PARBMETCRS
CEADU7 4 LO0IGE o TEh o NTF 4 XF
LOD FORMATTLGED . &)
c‘
ce INTERHAL PARAMETEFRS
REANC7y450INOHDTIFALP
450 FORMATIIX,I145XF20.7)
c-

CFF RN RN BTN R NS IR UEN IR RPN R TR E IR IR NS
£e

ce PPIKT INPUT DATA

c.

WRITE(B,480)
4R0 FOIMAT (LML Z /)
HETTE(A,520)
WRITE(B,510)
WRITE LA,S00}
500 FORMAT(10X,™* SOQIL-NECTZXTILF INTERACYTON HONFL *'™)
HFPITEEB,.S5141}
S18 FNRHMAT (10X, "*",35%x."*")
WFITEtR.520)
520 FORMAT(10X,37("*"))
WRITE{R LSS0V LITERTIT) ,I=1417D
S50 FORMATLA/75X™IREMTTFICATIONT "oi5A4/ 00
WPTTE(8.C001
BE) FORMATIESX +™WAVS FARAMETIIR"/Y
WPITE(A,ZAOILENGTHDEFTINGDFPTHHCTAHT 4P s FOW G, CF
7RO FORMATEAOX, "LENGTH™ 1F X, G156 /10X "PEETNN 1RX,E15,6/
ALOX "WATER CEPTHY» 11X a610.64/10X,"HIVE HETRHT " o L1¥ oL L5 0/
w10 s "PRESSURE AMFLITUNE ™ j4X.NLG, 07
LIOXLTFLUID NERSITY ™, O, 515, 6/ 10, "RBAVETYY,
LB 1S (/10 *NLTTOMN FRICTINR  Tr . LibbrrY
HOTTELRALRGDY
RNG FORMAT{SY,™SNIL FARAMETTRPS™)
HEITE (A,910)
goG FORMATELOA,™LAYTF 1%,1 72,7 LAYET 277)
WETTSLALIG00 0L, F2, N P HT N2
1000 FORMATELIO0X, "SHIAF MODULDIRT, X N15 . L.B0aG27 o/
D10 G POTISSONTS BATIN y FA IR b GA,HLN U
10Xy "POCOSITY  y Lay 15,54, X3R5, 0]
METTEGR L1301 TATE o3AT I RAMMALRAMD
1100 FORMAT (104, "NERKLL NF SATHEATIONT  2¥ o170 e SRR T0 47
LLOX G TAUOYANT & JOHT® AW, 010 55X, "L 0.nN1
MRITCUN {1200 M LoD etk 0, r 2
1200 FNRFATLLON, " THTCKRT I9M 1IN AR, by "X R1T 4/
AN G PERMEARTEITY 10X R P13, NS
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SA0X,MADCED MASS™y12Xs616.4,5X 015,47/}
WRITE(B,1300)

1300 FORMAT{SX,"GEOTEXYILE FARAMETERS™/)

WPETE{AI4D0IRE«TEN,D7FKF

1400 FORMATCLGX, "ELASTICITY",12X,615.4/

c-

10X MTENS AN 15X 6154/
10X p"THICKNESS™ 13X 4G15. 4/
»10Y "PERMEAPTLITY™, 10XsG15.4/7}

AL R AR AL R R A AR LA R RS

ce
c*
ce
Fld
ce
c.
oe
c.
c"
c'

c‘

PPOGRFAM VARIBELES

Z2ERD - COMPLEX 0.0

A - SQRT(-1.0)

¥ - RADTAN HWAYD FREAIENTY

AETAL,BETAZ = FLUID COMPOESSINILITY

XKPL,XKP2 = UNSYEADY PERPZAATLITY

XL = FIRST EIGENVALUFE (SaME JH ROTH LAYERS
AMD I3 ENUAL T THE WAYE HUMBER)

XLPL,XLRP2 « TECOND FIGFMVALUFS FOR LAYERS t AND 2

I} - COEFFICIFNT MATRIX

SN = FORCING VECTOR

R111) = HORIZONTAL DISPLACEMENT CONSTANTS

R2(I) - VYERTICAL NISFLACFMENT CONSTAKTS

RIII} - PRESSURR {OHSTENTS

uin = HORIZCNTAL DI3PLALEHENT

Wil - VERTICAL DISFLACSMENT

PII) - PRESSUFRE

FYXAT) = HORIZONTAL FLUID VELOCITY

FNZILIDY = VERTICAL $LUIN VELOCITY

STRECH - MECHANICAL GEOTEXTILF OoPOPCRTY

HLL = HEAD LOSSENTYENSTOHS OF LENGTH]

uo - NEAR FOTIOM WATE® PAFPTICLT WELOMITY

FPESSURE, STFEST AND SHEAFR APF NNMH=
CIMEMNS JONALTZED AY 2D,

PISPLACTFEMTS ARE NON-DIMENSICHAL TZEN

PY PORLERLTH/GL,

FLUID VELNCIYTIES ARE NOM-NIMERSTAMALIYZED
EY XKP1*PO/ (LENGTN*ROWYAY

[ ELI TSR L S R A AL RS AR AL LA s

ce
ce

(ol

Cl

COMSTANTS

pr=3,it150@

A1 B.041.0}

ZERO=(0.0,0.,01

F=2.0*PI/PERINP

UN=0,5*HE IGHT*PLFIQD/{LENATHRCOASHIZ  N*PTFNC OTH /LT HETH )
coMpP=2,1A79

ITIGaGT 32, D¥CIMF=4,R0UET

PATM=10137%0.0

IFEN T 17,0V FaTk=2117,A
QETAL1=1,.0/COMF+I1.0-SATLH/IOANERY (REPTHEN (SRNL1) #PAT M)
RITAZ=1 . .0/COMPHEL, 0~CATZ R/ EFOW NP (N PTHEDI 0, S N7 4FAT™)
XKP1=1.C0/01,.0/v1=(G F IR 1 =(ARFROL) 207 NLYY

NED 221 NATL.0/K2=TRYF I /LGN Y ={ARF m» ) F LU

ETRENVALYFS
A =2 . 0*PI/LFHLTH
A¥=HI*AFTALI%N)
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BX=N2*BETA2*G2

Ciz (A*ROHCGHFYFUYKPITCLN P A+ 1] 0-2.N"NULY/
s {22 0-2.0"NU1})

C2= (AROWPG*FYFIXKP2PCRY M {BYX+ (] .0-2.0" N2/
al2e0-2,0%NUZTIY

XLPI=CSAFT{XL*YXL=C1)

XLPZ=CSOARTIXLOXL-CD)

ce MORE CONSTANTE
S C3=1.0+NUL
Cu=1.0-2.0%NU1
Cs=1.0=-NUZ
Ch=1.0=-2,0%NU2
DP=n1+¢ng
STRECHZ-TEN®XL*XL$A®XLYGE
IF{KF.EMN0,D)IXF=1.0E-50
HLL=DZF *XKP2 sXF
€1=COSHIXL*D1)
E2=TANH(XL*D1}
E2=0,5%{CEXP IXLPATDLI4CEXPL-XLPL1"N1}Y
E4=0.5%{CCXFIXLP1*01Y =CFXPU-XLP1"N1Y )
E5=COSH {XL"1IR)
E6G=TANHIXL*DBP}
EP=0.,5*ICEXF(XLPR LY +CEXP(=XLD2"LY ]
ER=0,5% {CFXFIXLP2¥NLY ~CEXPE{-XLB2*N1) )
EF=0. 5% ICEXPINLPC*DA) $CEXPI-XLO2710Y)
E10=0.5*{CEXPIXLFZ DO =CFXP {=-XLP7*DAN)
Al=11 02X (L, 040X * 03, 0=4L,0"HILY/CLY/Z0L.)#AX/CL]
1= 1. 0/7XL) * (L. O4RN* (3. N=i, 0¥NU2Y/CHEEZELO0RNX/CHD
A2={Z.0* N1/ (1 0¢AX/CLY
BZ=(2.0%G2Y 7 (L. 04RX/CE)
A= (ROW*RPF Y/ IXL*XKPL IS LAX+1. 0}
AX= (ROWPG R} 2 {XL=XXP2) " {7XK+1.0F
L J

g-“"..'"‘.""“"""""“.""‘.-.'..."“‘.'

c‘

ce COEFFICIENT MATRIX
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C3ACU% (L. O-XL ALY /XL,
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7E PG
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7 50

7T RO
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reEr
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002 44}
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nez e
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c.

C‘

c

c.

c.

{3 11}
0{3.2)
13,438
Q13,40
Q3,50
QL3 46}
Q3,7
43«81
0¢3,9)
03,10}
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063,121

O{4,11
Al 2)
Ath .3}
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it ,5)
Dl 463
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iy A
Q4,2
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Olu .11}
Ath 12}
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(5.3}
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5 .5)
G5 47)
0158}
G145 .9}
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R{S+11)
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Ql6a11
Gih 42}
016,33}
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016 .5}
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IERD
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JERC
ZEPC
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ZEFC
ICFQ
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ZERD
ZERD
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Di1*E2-21
~AlvE201
(XLPLZXLY*EL/ED
(XLPL/XNLI*E3/EL
~-£2
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~D1*i2+nt
Ai*EZ-D1
~{XLP2/XLIPERSEL
- (XLP2Z/XLY*ET/E]L

E2

1.0
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(XLPLZXLI*EL/TE
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—G2FG1TTLLGHXLARE/SR2)

=GR/ L B/42.0%¥LY -RL/2,0401%- &
SGESGZFA{L O+ XL"DL"EZYD

“GR/RLT il G-XL LY 202 N " 7401
FGESGZH(EZ#XLM DY)
=R2FGLTIXLPEFXL4XLRERRE/R2)PE R/ L
—GPARIYUALPZAXLAXLP2*RESGPY Y 7/ ]

RTL-(1.0=HZ2)¥FR2/E{1,0=-K11"R1]
RTZ=7.0%XL"R1™(1,0-H1}

N7 1)
Ni7.21
Nty .3t
AT o)
N7 ,5}

o non ok

1.0

E2

1401, 0-XLERL) "F3/ L0 XL I T 2401 "0 2% 2/ 7T
MA*F 24010 =XL 81 *r 3/ 0L L) #M] A 2/ETE

117

CECTHXLPL*XLPL=NIE2XL A1) ZUNL A% ¥T LY &I FAT /(AR T I

g£3/81
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Appendix B (continued)

DI7.6) = 07,51 ELSEDS

07 7)) = «[ATI+STRECKHTER]

QU7 ,A81 = -(RT1PEZ+STRECH)

N{7,9F = (RTI*(CH/Z(XL*CEI*(XL*B1-1,0V*F2-N1}

. ~HZ*RZPFZ/RTZ+STRICH*LAL=N1*F2 1)

A7 ,10) = RTI{CS/(AL*CHITOXL¥ML-1,01-N1*E2)

. ~N2*P2/FT2+STRECHY (AL1*F2=-D1)

NU7411) = (RTL*NLUZ*XL*AL-CHYXLPZ*NLPZ) F(XLFXL"CRY

. “NZ*PI/IACRT VA FT/EL-STOECH XLP2/ XL*EA/FL

Q{74+12) = (RTL*{MUZ*XL*XL-CS*XLP2¥XLP2YI /{¥L*XL*CH)

. “NZ*R3/(ASFTE))*EA/TL-STRECHYXLPZ /XL ET/EYL
C‘

U{R.+1) = JEFD

ni{a+2Y = ZERD

G(8,3) = A*EZ

a4y = A

N8 ,5F = ATJAZYE3/EL

NiA,6Y = Aa3FA2%EL/EL

O{A,7} = TERQ

0tA,8) = ZERO

nta,9 = =ARRILAZT(EZ24XLYI=-HLLID

N{8,108 = -ARA2/7A2%71.,0+XL {-HLL)I"Z2)

OtA.111 = =BI/AZS(ET/FLeXLPZ* (-HLLY®EAR/EL L)

DUA,12Y = =A3/A2%(EB/EL+ XL D2 {-MLLY*ET/EL)
c'

{3,311 = ZEFO

at2,2y = FERO

N{,3} = -A

{441 = =-4%E7

13,5} = «AZZA2F{XLPL/XLI*TL/EL

Q9461 = =~A3782*{NLPL/XLI*Z2/71

a{3.?1y = IEFQ

ni3,.,Ay = 7ERC

19,9} = N¥PZ/XKPL*A®D2/R2

QEQ,107 = XXP2/XKPLY¥A®AZ/A2PE2

N(9,11) = XKPZ/XKPLFRIFAZ*UINLPZ/XLI*ERSEL

0{2,12) = XKP2Z/XKPL*PRX/AZ*(ALE2/XLI*ET/EY
c‘

N(10s1) = ZERD

N(L0.2) = ZERD

Nii18.3}) = ZERQ

QilN,4) = ZERG

NiL0,.5r = TEREN

N1 0.6) = ZERC

Ni104+7) = ALP+{1.0-ALP)=XL®NP*CG

N{10,8) = ALPTER+(L,B-ALPI*XL*NA

N{10+9) = ALP*NA4{1.0~ALPF*NA[L1.04XL*NA*ZH}

N(10,101z ALPYDAEL+(1.0=ALC) *TAT{EA+XL*N )

NEi0s11= ALP*FA/ZESHIL 0 -ALP)*XLP2*QAELD /7S

GiLl0,121= ALP*FLIO0/EGH (L. 0-ALFIANLP2ENATFA/ES
C.

11141y = 7EFOQ

Gitl.2F = ZERN

Ni1143) = 7ERQ

Ni{Lleul = ZERD

0{11.5) = ZEFD

Diii,&l = 7ERp

Niti.7y = =EF

Qiil.n) = «5.0

NEL1.,7) = B1-DO%Ef

Nf1t4i0)= NL*Ef-CH

N{Llat3h= =(XL2T YL L0 /05

00111212 ={XLP2/XLY*T2/20
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Appendix B (continued)

c'
QL1241 = ZERD
0142421 = ZERO
ATL2.3) = ZERG
Q112461 = ZERO
0{12,5) = ZERO
R{12+5) = 7ERG
Q0L247) = ZERO
A0124+6) = 7ERD
0112,9) = -4
0112,10)= -4*(5
Q112,110 =(XLP2/XLI*PYI/A2PELO/ES
QU124120= -(XLP2/XL)*OI/PZAEW/ES
[ ]
g.".‘l’.*"“'ll'l'"l‘.""‘l‘.‘!l“’ll! 2PN LY ERES
c'
c.
c* WRITE COEFFICIZNT MATFIX
c.

WRITE(B,480)
WRITE(8,1500)
1500 FORMAT(/Z0X,“COEFFICIENT MATRIX™//)
DO 1EODI=1,12
WRITE(B,17002 (REALINIT,J)1}.J71,127
1600 MRITE (8,130 (AIFAGINIT Y] 4J=1,12Y
1700 FORMAT{ZN+12E13.3)
1800 FORMATIZX.12E10.,3/)
Ce

cvn:sn;l--s:nsnn-aatu:-;utuvvcuw;-;-v—-c:muvnr-nv-u»
ce
c* FORCING VECTOF
C‘
S(1) = CHMPLX(P3,0.]
stzl = 7ERD
X¥={1,0/7G1Y "R 073, 0 FIITRANSCF¥IIO*UD?
S{¥) = CHPLX{XX,G.00
Sty = TERO
515 = JEROQ
sth) = JEFQ
{7t = ZFRN
S{AY = ZEPO
5(91 = TFEROQ
Sti0t= 7ERQ
Stily=s 7ERO
SM1g1= 7ERO
re
ce WRITE FOPCING VECTOR

WRITE(A,L930)
WFITE (R .1900}
1900 FORMAT(///10X "FCRCING WOCTART/SY
Do 2C00T=1.12
2080 WRITE (R 2100V REAL (S LTI ,2THRDIZHET)
2100 FORMAT {2X,2E315.5}
c* WRITE CONSTANTS
WRPTTEtA.Z2102)
2102 FNPMAT (/710X "COFTTANTET /)
HRITElH-?iﬂklxtvFFﬂL(XlPti.DFHL{‘L°2l.A["AﬂIXLpl!.ﬁI“ﬁG()LPZI
2104 FORVATION XU AY JE1G L F/BY, "y L1 u RN aF 18, A, 80 "¥LRZY, A X015, 3/
L 15Y GELSLAL150,7 1. R)
HPI'E{B.?IOBI51.F1e12-F?vFEﬁLlﬂfl-Q%ﬁllﬁ’i.ﬁl”ﬂﬁl13l.ﬂl'ﬂﬂtﬁti
2106 FUQ“HTIBX."ﬁl"o3>-F15-Fo?ﬁv""i"n“‘oélE.“!rY."ﬂk".ﬂI-P15.“.
.5?.“"2“.PX.?15.°/“Xo"ﬂ3".‘(-'17.°-ﬁ'."“‘".“!.'1’.*!
L15% W E 1B R15G%,= 17,20
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Appendix B (continued)

2108
i
ce
c*

c*
cl
c.
c.

2109

2110
2112

2114
2116
2118

C»
c*

c'
ce

cr
c'

2129

21%0

2140

WFEITE(B,2108)HLL
FORMAT(GX , "HLL" TX,F15,8,137,E15.P}

IER=0
CALL LENZN{N,17,124S+1.120Wa, W, JERY

CHECK COFFFEICIFNT MATRIX

00 2109I=1,12
R1{IY=511I

no 21121=1.12
SIM=ZERD

nn 2t11040=1,12
SUH=SUM+D LT 4+ JI*R1 LD
CHECK(TY=3UHM
WRITE(B.2114)

TORMAT U/ /710X "CCEFFTICIENT MATRIX CHECK™//)
nn 21i6l=1,4¢

WEITE (8,281 AYCHECKII)
FORMAT IZX42E15%.5])

VERTICAL DISPLACEMENT INTEGPATIAN CONSTANTS
RZ[1) =-A"R31{2) +2*AL*F1{Y)
B2{2) =-ARL{L}Y+AMALSFLLA)
RZ(3Y ==-a*R1(U]

RZ{u} =-4*R1 (31

R2L5) ==A=XLPL/XL*RL(F)
K216} ==A®XLPL/XL*R1 (D)
R2(7) ==A>*R1(A) +54"D1°F1 ()
R2{8) =«ATRI(7)ea*AL*PL{1])
R2{9) ==-a*RL{1C}
RZU10V=-a%RL{D)
RPCL1I=-AXLP2/XLPRL (12}
R2{12¥=-A%XLP2/XL*R1 {11}

PRESSURE INTEGEATION CCNSTANTS
R3(1) ==A*87°F1(k}
RI(2) ==-A*A2'F1L3)
P31 3y =7€R0

R3{K) =2£R0

R3I45) ==23*R1I{5)
R3{B} ==A3*F1{H)
RILT7Y ==4%72%R1 (10}
RAI(AY ==A%BI*FL(N
P3I(9) =7€R%
PI(LOY=7EFD
FI{111=-RT*R1 (1L}
RPI(12V=~-B%R1 (12}

WETTE INTEGRATIGN CONSTANTS

WPETTE(BL4RD)

WFITE(B.2120}%

FOPMAT (0N "THTLCFATICR COMITAUTSM/ 1)
ACITE(R,2130)

FORMAT(AXY J™HOFTZCNTAL DTGP ACEMIRTT 3N Yo R TIrat n{iegac’

e 12X o "PFCESUBL™ /)
WRITELA.Z16 00
FOPHMATIC R « 307N« "RFAL Y S "THPAOTNL 7Y ")

MET,



Appendix B

(continued)

NG 21501=4.12

121

21%0 ﬂPITEtG.ZlBG!FEﬁLIRl(TII.&I“AGIQilII).FEAL(QZIIil.&]HAGtPEIIII,

2160
o
ce
ce

2200
[
c*
C*

2660

C*
c*
ce

2880

ne

Cw
c*

3000

c.
ce
C’

AGL0 NWIZLTI =Xl (P2(L41Y "2 INHIXL "R VEP LI AT (XL E) e

“REALERI{IVY JAIMACIRICI)
FORMAT(ZX,3(2%.,F7E1245)710

COMPUTATION CEPRTHS

NI=40

n?=08/NZ

HZF =D1L70P*NZ+1.5
NZP=NZ+2

L=4

nn 22007T=1,N7P
IFfI.GT.N7FIL=2
ZtTy=pz+tIi-ty

HORTIZONTAL DISPLACEMENT

CALL FUNCIXU 3 XLPL¢XLPZ 47 +RPLNTF 4N7P L1
ANTP=LENGTH®PG/G1

HRITE (A, 4 20)

HPITE{B«£A0D)

FORMAT( //2X, "HORI7ONTAL DISPLACEMINTS™//Z)
CALL QUYL 7 4UeN7PXNEH}

VERTICAL DISPLAGEMOINT

CALL FUNCIXLyXLPL4XLPZ o7 +R24MZIF NP4 W)
HPITFE{8.4A0)

WRITE[B,.,28001}

EDQMAT (/77X "VFRTTCAL DISPLACEMENTS"//)
CALL QUTI{Z M HIF XTI}

PRE SSURE

CALL FUHCEXL 3XLP1aXLPZ o7 4R HIC (NTO,P)
XN 1 H=PY

WRTTE (B, 4A0}

WPLTE (A ,3000)

FORMAT {/#/2X, "PRESCURE"//}

CALL DUTLEZ 4P, N7F,XDI¥)

HORIZONTAL ANQ VERTICAL GPANTTHTS

L=0

AP=XLP1

N0 391C0I=t, h7P
NANXITY =A* XL "FAL}
DUNXALY =A*NL*UITY
DUOXEIY =A*XL 5K}
IF{I.GY.N7FYL=R
IFCT.GT . NFYXR=XLP2
n=7{1}

DPH?(I}=XL‘[PRIL41I'§INHI¥L‘HI'Q‘fL"l'r“THin'ﬂll5

LADY [0 S¥{CENP{{DFNY CEAP{-XD¥NYYEOT(L 45T
D5 ICEXPINP Y LCT D[ =XP Ny *=3 (L 25D}

FUNZLII XL (R L (L 413 *SIRH XL YN #210L FIVACACH XYL D) 4

YPEIL4 YR (ONSH{L O/ XLATSIN "N+
LRLOLASY S ISTNHLALY MY /XL 400Dl XL )4
JHEPELRL{L 3R PO Y ICEXP(APAN) ~FEIRE-(PEDIY
JRPLIL#AI* D, SPIC T AF{AF YT #CEX24=X2%0}Y )

CPPLLAZIRICOSHIXLEN) /XL 4RSI UYL X0 ) #
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Appendix B {continued)

WRZCLALIFASINHIAL® DI /XL ADPCOSHEXL®NEY ) 8
LEPT(R2IL4SI 0. S (CEXPIXPEN) ~CEXPI=AP®N) Y +
WRZIL4RIPOL5™(CEXFINEACI+CEXPI=XP*OLY)

e
c* FLUIO VELCCITY

c.

ce OISCHARGE VELCCITY
c'

D0 3100T<14M7F
Xy=XKP1
IF{L.OGT . H7F) XY=XKP2
FYNATy==XY/{FOW*CI*OPDX(T)
FYZII1==XY /7 (PCH*EI#OPDZ (T
3400 CONTINUC
XNDIM=[XKPLYPO/LENGTHY
WRITE (8 ,LADY
WRITE(B,3200)
3200 FORMATC//2X,"HORIZONTAL DISCHORGE VoLNCITY™/
2Xy"(RELATIVE TO THE SCIL MATRIX)™//}
XNT =PRI *AKPL/{LEROTHYRCH® G}
CALL OUTLIZ oFVALRTP,XTIMY
WPITE(R,LAB01
WRITE(B.3200)
3300 FORMATI//2%,"“VERTICAL GISCHAPRE VELNCETY™/
ZXL"{RELATIVE TO THE SCIL MATRINITZ/)
CALL OQUTLCZ,FVZ,NIP, XDIM)

c-

ce STRAINS

44

c* VOLUME STRATIN

00 3552I=1,A7P
3552 VSLTI=DUOXCIY +NWC7LI}
XOIM=PB/GY
WRITE(8,4R0)
WRITE {8,3554)
3564 FORMAT(//2X,"VOLLHE STRAIN“//)
CALL QUTL{Z,VS.NIP,XDTH)
L)
o
c*
D0 35561=1,A7P
3556 SSCI)=pUNZ{IY+DWCXIT)
WRTTE (8,4 80)
HPITE(8,3734)
3558 FOPMAT (/22X "SHEAR STRATNT//)
CALL OUTL(Z 55 «NZPXNTM}
c'
c* SEEPARE VELECTTY

NN 3uG0I=1,M7F
XM=N1
IF41GT  HZFIXN=HE
FUXLII=(1 N/ XN PFVXITTY
36400 FYZ LT =(1.0/202FVT LT
WEITE(RA,.420)
WRLYE(B,3500)
3500 FOAPMAT (72X, MHCFIZ70NT AL SLERAIGT VOLAGITY™/
PXy "UFELATIVE TO THE STIL MTFT0O)717)
XNIHz=PR*ANPL /ILENCTH"ED WY
CALL DUTLIZ PV MZP XTI
WRTTE{A,LAD)
HATTE LR 3ING0)
FER0 FOPMATC/ /20 MVERTICAL STEDANr QYFL751TYYY
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Appendix B (continued)

f.
C
c

I56g

»
-

380

3700

IA0O

jaoo

C'
C'

c

[y X Ry

-

yan2

3903
34

3oig

«2Xe ™{RELATIVE TOD THE SCIL MATRIX)I™/#)
CALL OUTL (Z,FV7,ATPL DTN

AN=H1

NG 3S5AGI=14M7P

IFIT.GT.NZFIXK=N?

FUNTII=FVXLTII"XN

FYZ{I}=FVYTILIVI"XN

STRFSS ANN SHEAR

XDiM=0rg

G=61

XHU=NUL

N0 JEDDiI=14M7P

ITCL.GT.NZIFIGERE

IFCTLOT (NZFY XNI=N02
SIGX{II=2.0%6/ 010~ DFXNF* (01 D=XNI*OUNX {]) ¢
« XN ROWROZ I
SIGZCIY=2,0%G/ (1, 0=-2.0%XN * (UL 0-XNINYOIUNZ {T)+

«XNU*DUDX LTI}

TAUALTI=G*(DUGT7 LIV +DWDXLT 1Y

AR IH=PO

HRITE{(A,LRD)

WPTTEtB,+37G01

FORMAT L /72X, "HORI7ONY AL EFFFCTIVE STRASSM//)
CALL OUTLIZ,SIGX4NIPXGTIMY

WRITE{B,uRD)

WPITE(8,3R00}

FORMAT(/ /2%, "YERTICAL EFFECTIVE STRESTI™//)
CALL OUTL(Z.SIGZ.NIP.XDTH)

HRITE(B,.GAT)

HFLTE18.32000

FORMAT (772X "SHEARP™Z /)

CALL OQUTI(ZTaUN7O,X0TH)

SHEAR STFESS ANGLE

WRTTE (B ,6LR))

WRITE(A,3302)

EORHAT{/ /71, SHERAR STFESRS ANLLT™/F)

nn 3904 I=1.H?P

TAUMAXE DI =CSRPT (S ICZIIY =S TRELTIIM0LG)* 2+ TALI (I **2)
DUMI=(SIGXCIY ¢ IC7(IFE"D.G
DUMZ=TAUMAXTIY 7 (DUML S TAUMAY (1) »(IHMI =T AIMAXTTY )
DUMI=(A+NUSMZ LA -DUMED

DHML=CANS(DUYHI}

MIMS=REAL {DUM3)

e =AIHACINUMSEY

IFENUMS .ENLN .0 WAND. CUMF,AYL0.0YNUM7=10,0

IFIDUMS  £3, 0.0 L28HT. DUMFAFLTL0.0IDOM7==50.0
IFIDUMS . ET.0.0 «AHND, CUMAHLEN N, QY NM7=9, ¢

IFEUMS FN.0.00RC TS 3933

NUMT=ATANZ IUUMAL'IME)

CONTFIMUE

BHT LTI = (ALOG{AUDLY +£*0UM7E*N, "*ar (180, /0T)
XNIM=tL .0y .00

CALL DQUTLL7 ,PHT (7P XNTHD

SHEAR STFL=U FATIC
HPTITF tA,4LR0)

WETTEtR.23L0}
FORMET (70K, "CNFLE RTRTUSS 2AT TN/ 7}
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Appendix B {continued)

Do 39200=2.,M/P
IFETZLEJNZFISSPIIF=TAUMAXIE) ZC7 (L) G AMMRL)
IFT Y. GT NZFISSPIIY=TAUMAXIII 7t (HIF I *CANMFALSC2TTN -7 [NZFY )"
LCAMMAZY
3920 CONTINUE
SSP (1)1=7€R0
CALL OUTL1 07 4S5F MNP, XOIMY
cl
C* NUTPRUT TC GRAFPHICS
C'
c.
IIDPTH=D
¥OTHW=CHPLXt1.0s0.0}
IFENONDIMLEQ, Y XCIM=LENGTHEPO/NL
CALL SCALENUFF¥DIM,NZP]
CALL ARGMOD(FF.F1.,FZ.NZ7P)
CALL DUTFLTILENGTH THENT yNIF NTP YOI M1, TINPTH 74+ F1.FZ}
CALL SCALE{W,FF4XNIH, NP}
CALL ARGMOD{FF,F]1,F2,N7P}
CALL OQUTPLTILENGTH ICENT4HNZF N7 AOIMZ23TINPTH 7 3F1.F21
IFENCNDIM.EQ. DI XD IH=PO
CALL SEALEAP4FF XNIMLNZF) "
CALYL ARGMODIFF,FL,F2.NZP)
CALL OUTPLT (LENGTH IDEKT 4NZF 4 N7P  XDTMy 3y TINPTH,74F14F 21
CALL SCALEU(SIGN yFF o XNIM, 7P}
CALL ARGHODIFF F1,F24h7P}
CALL QUTPLTILENGTHGINENT yN7F N7D , XOTMab, ITNPTH 7 +F1.F¢)
CALL SCALEISIG?FF, XNTHM,K7P)
CALL ARGMODUIFF oF { F2,87P) )
CALL OUTPLT(LEMGTHINENT ¢HIF JN7P XTI M, 5, TTOFTH, Z4,F2,F )
CALL SCALFITAUFF,XNIM,K7P)
CALE ARGHODIFF+F1,F2NZFP)
CALL OUTPLT{LENGTHyIDENT 4N7F  NIP XWIM, 6, TINPTH,7,T1,F )
IFCHNOND I, SN0 XDTH=PE/NGE
CALL SCALEIVE,.FF XD IM N’E)
CALL ARGHMOOUIFF +F1,F2,N7P}
CALL OUTPLTA{LEMGTHLIDENT (NZE NIP NI HM, 7, IINFTH, 74 1,F2)
CALL SCALE{SS«FFoXDIM4RIR)
CALL APGMONIFF,.F1,F2.N7P)
CALL OUTPLTALEMGTH, INFENT s H7F  HIP XNy A TINPTH,7,F1,F2]}
IFIRENDIM.EN. DY XD IM=XKF1*PO A (LENATH*PORW G
CALL SCALS({FVUXWFF AN yNTPY
CALL APLMOD{FF,F1,F2,NZIP)
CALL OUTPLTALENGTHITNERT 4NZF  NTP,XNLH, A, TTFTH,,7,F1.F2)
CALL SCALFUFVZ . FF,ADIK,NTR)
CALL ARGHODLIFF,F1,F2,4K7P)
CALL GUTPLTILEHGTHyIDENT yMNZF o N7 XN H 10+ ITNFTH,,74F14F 1)
NN 3970T=1.07P
XN=N1
IFLTCT JHNZF I XN=M2
FVXITI=FYX(TII /XN
3Aa70 FYTIDI=FUY7LIN/XN
CALL SCALUTFRYX FF,,XNI¥ NP
CALL AFGMCN{TF.FL1Fc,H70)
CALL OUTFPLT(LENGTH, TOENT 470, HTe XTI ¥, 11 TIAPTH, 7 «F L4 F )
CALL SCALE LRV FFXNIY.NZP)
CALL ARNUMNNLIFF C L Fl,NIP)
CALL OUTPLTILENGTHLINERT (HIE NIR XATH 37 JTRPTH 7, F1,F2)
XOTM=01.0,0.0)
CALL SCALE(SCSE,TF XNTIMNIMY
CALL ARMHANLFF V1 F2,NTPY
CALL GUTPLTALENGTHIOINT WM F T ) [ L T FINPTH7.F 1.F 2)
CALlL SCRALEIPHILFF XOTY,N7P)



Appendix B {continued)

CALL ARGMODIFF,F1.,F2.NZIP)

LALL OUTPLTCLFNGTHL TOENT N7 FyNZP XDIM, 156, II0PTH,7 4F1,F 2}

c®
ce
4000 CONTINUE
END
C'

c.¢t‘!lU!!!Ull!!‘.!!&lxnmll-;;nllllulall'atllln!!ll!l!!ltl!!!

c*
SURROUT IME FUNCIXLy XLPL1s XLP24 74 R4 NIFyNZP, X}
COMPLEX P42 X 14L2)
OTIMFENSION Z1u2)
COMPLEX XP,XLE{,XLPZ
L=p
xp=YLP1
DO 100F=1,4N7F
IFITI.GT.N7FILEF
IFLT1.6TJN7FYXP=XLP2
0=7 11}

125

100 XCIY=RIL#1}*COSHIXL®DI4RIL42I*STNHIYL*DI +PIL 43120 CCSHIXL D) +

SRIL AUFCDASINHIXL*N) #RIL 451 F0.5* (CFXP (XP*DI+CEXP L=XP*) 1+

SRUILABYTDSHICEXPINPRD) -CEXP {=-XP*N)]}
RETURN
END

o

c.c'lt#l!layliilnll-lliull!t!l‘lllu'lnus.!-nva;-!l!u!l-luttlttt

c*
SURROUT INE CUTIRZ, X M7F, XDIM
COMDPLE X X (62} XNTM,FF142]

NIMENSTION Z (420 «XMONELZY ZXATRL42Y JFFHONTLI) ,FFARN [42Y

HWRITE (8,50} XDIM
S0 FORMATELX,,"NOM-NIMENSTLMALIZEN AYT,2615,.5/)

HEITEL(A,100}

L00 FORPATHEOX 7™ 12X "REAL ™+ X, "THALINAPY ", TX, "1'00ULUS™,

2O "PHASE" 46X s "OIME RS ICNLESS Y ¢ 2X 4 "DIMEMSIONLESS™ /)
CALL APCMODIXXMCD X ARG, NIP)
CALL SCALFIX<FF4XDIM,NZP]
CALL ARGMOD(FF ,FFMOD,FFAFG, M)
Do Z00I=1,.NZP
H=F (1t
FLISPEAL IX (I}
Fe=aIMAGIY (I}
FI=XHOD I
FL=XARGLI)
FR=FFMOD (T}
FRaFARGIT
200 WPTTE(BI00IH F1,F2,F3,FU,F5,Fh
I00 TOPMATIFIG.5,3F15,.5,F15.5,815.5,F15.5)

RETHEN
ENT
c'
c"".“‘ll“"“‘l‘UF'l'l‘“F‘.l."‘ﬂil."!&l‘-.!'."!I
c'
SUIFOUT THE OUTﬁLT(KL.ISENT.W?F.N?D,XHI“,IFUNCTgII“FTH.7oF1.V21
DIMERSION TF(Ltg@Y fINERTILS) LFLEH2Y FPIL2Y 7107
COMPLER xMIM
CI
AATA TIF(L,IYaT=1¢R) 0N JHHUNT T LHTANT JWHAL N,
CUHISPLLLHACEMyGHENT LY ’
3T3 (IF(2,1)Y 4T =1 ,R)/70H GHRHOYTRLRHY ITA L RHL T,
DUMSPLA UHCEML o hHET G 4M ’
NATAE (IFET,E}aT=1,R) /700 slH  DDGLEHEE W WHATE,
SR EEE  WHTIUR, HE LM ’

DATE (IFTGL0) 11 4B FUH  HALMHRT TN 0 TAL  lH [ FF,
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s WHECTI+4HVE S+4HTRES,4MS 4
NATE(IF4S,I),I=1,A)/4H Ve WHERT I (4HCAL J4HEFFE,

CUHETIVsUHE STouHRESS,hH ’

DATACIF (6. TP I214B1 74K v M JuH  SHLLHEAR
JUHSTRE,4HSS  L4H LK r

OATACIFIT 410 4T=1,8)/4H s bH sla¥ VOL G GHUME
+UHSTRALZLHIN v 4H y UH r

DATA [IF(A,T1,121,8) /LM yuH oM SH 4HEAR .
e BHS TRA L UHIN »0H y UH 4

DATA (IF(9,11y1=1eAb/ UK HOR,LHIZONLHHTAL L BHRISC,
JHHHARG, bHE VE4HLOCILGHTY 7

DATE (IF(1041),T=1,81/74H Ve, GHRTTIC.LHAL Ne bHISCH,
CUWHARGE Z4H VEL 4 4HCCIT 4 LHY 4

OATA £IFI11,I) 121,V /74 HO,LHMPI70,bHNTAL,4H SEF,

«WHPAGE JLH VELGHCCTIT , LHY 4
DATA CIF{12,T1+7=14A174H VoS FTT, WHCAL o 4HIEER,

dHWHAGE +GHVELO,#HCITY,LH 4

DATA C(IFU13,11.1=14+8)/4H oM SeHHIARGGH STF,
W MHESS S 4HFAT I, 4HC 2 iH L

DATA(IF L1414 1=1+8)/4LH + BH SyWHHEAR,4H STR,
« WHESS JL4HANGL 4 LHE plH 4

DATA DEPTH /SHDEFTH/
DATA IMOD SGHMAD /
NATA IARG /LHARG 7/
c'
IFC(TIDPTH,EN,1IRC TC 456
IIDPTH=!
WRTITE(G 100 {LINERT{L) «I=1,4510
100 FORMAT(1X,15A44)
WRITE {94200V NZF «h7P
700 FORMAT[2X4I246X412)
WRTTE(S+300)0EPTH, XL
300 FORMATILX,A5,2F1c.5)
WETTETQH00) (2411, 1=1.KZP)
4ED FORMAT{L1Y,G12,.5)
450 CONTINUE
HEITE(D,500 ) CIFCTFUNCT,IY,T21.8)  X0IH
G500 FORMAT (1 X BAL/1IN2NR15.5)
WRITE 19,6003 IMO0,[4PC
600 FORMAT I7N Al L2X 000
00 7001=1.N7P
700 RRITE(A.800YFL(L),F211}
A0D FOPMAT(1X,2615.5)

RFETURN

END
ce
c‘l!‘!!.u.!!!l!!l!FD*‘!‘Q!i"tuli’.l#!!!-l;slqalulllli.llllnl
c-

SURSOUTINE APGHMNC (F,FXON.FAFG L N7P)
ODTHENTTION FLUZY,FPONLLE) LFAFRGTILZY
COMPLEX F
no 160I=14.87P
A1=ZFFAL(FLT)Y
AZTATMACIRLTHY
FEAN{I) =SART (A1%*2442%%2)
TE(ALEN.0.0 LAMD, AZJGT.3, 0VTRSTo0,F
IFTALLEN G wdfl e A2 LT 0, 0¥ TZST==-30.1
IC{ A1 EN.D.0 (ANE, AZ.EN,D,PYTRIT=0,8
IFIALLENLD.OYFD 10 56
TEST=ATAMF(AZ W ALI"RP.E5R

=g CONTINUE

130 FaRr{1) =T=46T
RETURM
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END
c*
AN v P IR N E NN S RN R A YT AV AR NSRRI SR TRV E S BVET SRR RS AT T NS aT
c*
SUARDUTINE SCALECX,F.XDIVM,N7F)
COMPLEX X F X0IM
DIMENSTION X (L2 .F(L2)
no 1t951=1.,K7F
100 FITI=XUIV/X0TWm
RETURN
ENT)
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B.2 Program PLOTT

PROGRAM PLOTT (INFLT yTAPES=INPUT 4OUTPUT,TAPEG=0UTPUT,
«SOTLIMN:s TAPE7=SO0ILIN,TAPELO0=D)
DIMENSION IFIBY,IDENTE15) ,1PLOTS(25%) , Z4u2) ,F1a2),F2042)
DIMPENSION ZO{41YFOOLL) ,FF1L0L2),FF2(42)
COMPLEX XCIN
READI7+ 100 {IDENTIT R 4I=1415)
100 FORMAT{ix,15Aa4)
READL(T,200INIFNEZP
200 FORRAT{ZX,]12+8X,12)
READU7 . 230Y0EPTH o XL
230 FORMATI1X405,G12.5)
READ(Z7.250V 02813« I=14NZP)
290 FORMAT{1X,612.5)
NIPHMI=NIP=1
DO 2601=1,NZPM1
I1=1
IF(ToGTRZFYIT=T+1
260 FL{I)=Z(111)
FLANZIPI=Z(NZP}
00 270I=),NZF
I1=NZP+1~T
270 Ii11=F1LIID}
300 FORMATULX,ZENTER TOTAL WKUMBER OF FLOTS DESIRED®)
40D FORMAT{IX,2ENTER COOES FOR DESIRED FLCTS2//

1Ny 2HORITONTAL DISPLACEMENT 1 =/
«iWy2VERTICAL DISPLACEMENT zZ tr
1K EPORE WATER PRESSURE 3 2
500 FORMAY{{X,fHORIZONTAL EFFECTIVE STRESS W2/
+1X42VERTICAL EFFECTIVE STRESS 5 £/
I Xy ESHEAR STRESS 6 *7
«1X g 2VOLUNME STRAIN 7T &
J1X,ISHEAR STRAIN a2

600 FORMAT{1X,#HCORIZOMTAL DISCHARGE VELOQCITY 93 2/
212+ 2VERTICAL DISCHARGE WELOCITY 10 2/
«1Xo#HORIZCNTAL SEEPAGE VELOCITY 11 2/

+1X4#VERTICAL SEEPAGE VELOCITY 12 2/
«iXy2SHEAR STRESS RATIO 13 »/
«1Xy2SHEAR STRESS ANGLE 12}

620 FORMAT{IX,2PHASE PLOTSE (YES=1,NO=0)2)
WRITE(6 200}

RERD %4 MPLOTS
WRITE(S,4001
HRITE(&,500}
HRITELE 6000
READ *, (IPLCTSCIY,I=1,NFLOTS}
WRITE (B +620)
READ *, IPHASE
WRITE(6,£€40)
640 FORMATULX.2FAPRIC LOCATION SHOWNS (YES=1.NO=0}#}
READ ", LINEY
NN=1
D0 110GN=1l,st4
READ(T. 700X {IFE1),I=1,8).X0IM
700 FORMAT(LX,8AL/1X,2615%.5])
READ(T, 7503 IMOD, I ARG
750 FORMAT(TX Al 12X 46}
D0 B30QI=1.NIP
RO REAN{AT,I00IFFLLI},.FFZL(LD
980 FORMATI1X,2615.5}
IF{IPLOTSC(NNY .NE. MIGO TO 1000
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NM=NN+1
00 920T=1.NIP
I1=1+1
IFt1.GT.NZFI]I=I
FLOII1=FFLLI}
920 F2EII)}=FF20D)
Fii{1r=FF1(1}
F2(L)=FF2(1}
WRITE LG 2950V TDENT JXOIM
G50 FORMATULX 1584/ ,1Xs2615.5)
CALL PLTHODIRUN,C#SE|NZF'NZP.IF'nEP‘H.
Z+F1,F2,IPHASEsLINELoNs XL}
1000 GONTINUE
1100 CONTIKUE
END
SUBROUT INE PLTHGB(RUN-C&SE'"ZFvﬂzpolFtﬂEPTthoFloF21
L IPHASE s LIME 14 NSSF XL
CIHENSION FUZ(39'|ZEZ'39|'F01{QU'slﬂllhﬂ"FD(ﬁlloZDlhll
DIMENSION DOT1(89},00T2(L3)
DIMENSION IF{B}.Z(ﬁZl.Fl(hz)oFZIhzi'XLﬂ32(5"XLlBFllol
DIPENSTIOR XLABIO{10?
HIDTH=5.5
CALL PLOTYPE(])
CALL TXTYPE{LOLOY
CaLL BAUQ(1LZOD)
CALL SIZE(NIOTH4Z.0,HEIGHT+2.0)
FHIN=0.0
FHRAX=F1(1)
00 100X=1,NZ¥
1090 IFIFIII1.57.FH“X|FHAX=F1(I!
oo 128I=1,50
JEXPN=1-~1
IF(FH“X-lT-ioﬂ'IEIPN=-[EIPN
TEST=10.0"*[EXPH
IFIIEXPN.LT 0 <ANDs TEST.LE.FMAXYGO TO 130
1FLIEXPN.GT 0. AND. TEST.GE.FHAXIGO TO 130
IF{FMAX ,GE+ 1.0 +AND, FMAX.LE.10.0060 TO 110
120 CONTINUE
130 CONTINUE
DO Lu0I=14NZP
140 FLUI)=F1(ID /710,07 IEXPN
FHAX=FMAX/10.0%*IEXPN
EXPN==TEXPN
CALL RANGE(FHIN.FPﬂXgS.FLOH.FHIGH'DISTI
CALL EﬂNGE{G.U'Z(Il'h.ZLOR'ZHIG"|ZDISTI
FFACT=HIDTH/FKIGH
IFACT=HEIGHT/Z{ 1)
GALL SCALE(FFﬂCT.?Flcr.ﬂ-ﬁoloqutﬁﬂvllﬂlPll
00 150I80X=14+3
CALL PLOTIFLOWZINTP) 0400
CALL PLOTIFLOW,ZU1} 1,00
CALL PLOT{FHIGH,Z111,1,0}
CALL PLOTIFHIGH, Z(NIPE, 2,01
CALL PLCT{FLOW.ZINZPI.1,0}
150 CONTINIE
c* oL - HASH MARK LENGTH
oL=0.0%4
NF=FHIGH/DIST-0.5
DZ=ZINZP}+DL
DO 2001=1,NF
CALL PLOTIFLOWSI®OISTZ(NIP) 0,0}
CaLy PLOT(FLGReI*0ISTyDZ 410
200 CONTINUE
DZ=Z(1) -CL
DISTZ=DIST
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IF (IPHASELEQ. 11 DIST2Z=FHIGH/ k.0
IFUIPHASELED. LI NF=3
D0 300I=14NF
CALL PLOTI{FLOW#I®CLIST2,7€1).0,0)
IN0 CALL PLOTUFLOW+DIST2%I,0Z.1.0}
02=Z(1) /u.0
DL=OL*FHIGHAT I1)
OF =FLON+DL
DO H00I=1,3
CALL PLOT{FLOW,ZINZP) +1%07,0,0)
400 CALL PLCTEOF Z(hIP) +#I¥DZ4+1.40)
DF=FHIGH-DL
NR=Z{1} 72DIST-0.5
DO 5U0I=14HR
CALL PLOTUFHIGHZ INZPY+[*Z0IST 0.0}
5060 CALL PLOTHDFZtNZP) +I®TDIST, 1,81
DO 600I=1.5
600 XLAOZ{I)=7{1}-(1-1) 702
NF=FHIGH/DIST+1 .5
DO 700I=1,NF
700 XLABFIEV={I-11*01IST
G DS - LABLE CHARACTER SIZE
DS=0.0125%*FHIGH
DSF=0.0375*Z11)
DO B00I=1.%
400 CALL NU"EER(FLUH-&.O‘DS.Z(NZPI*(I-lI’CZ-USF!ﬁ-'U.Ucﬂ.lok-lLﬁBI(Ilb
NRP1=NR+1
D0 A20I=L14NRP1
A20 XLARZO{IF=(I-42*20I5T/XL
00 840I=1,NRP1
840 CALL NUMEER(FHIGH+DS/2.0,2(1)~(1~-21*Z0IST~05F /4.0
«0.0,0.1¢5:,XLABZOMLY))
D0 FUOI=L.NF
00 CALL NUFEER(FLOH-3.H'DSGII-il'DISTqZ(NZPD-BSFQU-O.O.lvﬁ|XLABF(I!l
ENCODEN25,920,LABLEYD
920 FORMATCZNODULUS X110 (SOLID LINETH)
CALL SYHBOL(FHIGHIZ-U-ZS.U'DS.Z(NZPI-Z.S'DSF|B.0.0-12.25.Lﬂ8LEll
ENCODE(19,330,LATLED)
9310 FORMAT{ZDIMENSIONLESS DEPTHZ}
caLL SVHBUL{FHIGH‘lB-S‘DS'ZlillZ.U-?-S’DSF.QG«U.G-12-19.LRBLE3I
IFLEXPN.GEL 0.0} [SP==-1
IFLEXPN.GEL10. 0 [SP=-2
IfF (EXPN.LT.0.0)I5P==2
IFCEXPN.LEL=L0,0YISP=-3
caLL NUNEER(FHIGR!Z.O*Z.Z‘DS.Z(NZP!-Z-G'DSF;O-U,D.lﬂ.ISP.EXPN]
ENCODELZ21,340,LABLE2Y
940 FORMATILARGUMENTC(DASHED LINEDZ)
caLL S?HEOLlFLOH-&-ﬂ‘DS,ZIl!!Z-U*i.B‘DSF.EE-O.B.iZ.S.DEPTHl
IFUIFHASE.EQ. 1YCALL SYMAOL [FHIGH/2 . £~1A, 0705, Z(1142.1°05F0.0,
L0124 28LARLE2Y
IFINSSR.NEL13)G0 TO 9D
NIPM2=NZP -2
D0 950I=1.NZIPN2
II=T+2
I01CIV=F{I1)
950 FO1tI)=FatIl}
CALL LINECFC1,701.0,N7PH2)
60 TO 974
960 CONTIMUE
CALL LINEtFL4Z,0,NZP}
970 GCONTIKUE
IF(IPHASELER. Q) GO TO 1500
AP=FLOW~0.2%05
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YP=Z (1)1 +0S5F/2.0
CALL SYMAELIXP+YP.0.0,C.14;3,3HA>P}
CALL SYMRELIXP~3 .85 "0Ss¥Pe0e0sDalsTeJHev~)
XP=FHIGH-OS
GALL SYHREL AXP,YP a0y Delley J343HAPY
XP=FHIGHKH/2.0-DS
CALL SYMBELEXP o YP o0 0301243 53Ha>D)
c'
D0 1400I=1.NIP
1400 F2UIY=CF2Z{IV+180.0V/360,.0%FHIGH
ce IFINSSRANELLIIGO TO 14810
NIPMI=NZIP=3
CAaLL OASHES
DO1660T =1, N2PM3
IT=1+2
FD2UIV=FZLII}
t460 ZD20(1¥=2¢(11}
CALL LINKECFLZ,ZC2.+04NZIPM3}
GO TO 14990
1480 CONTINUE
NIPMi=NZP~1
D0 1450I=14NZPM]
Zotni=2i1
1450 FOULII=F2ID)
CALL GASHES
CALL LINE(FLyZD40.NZPHLY
1490 CONMTIMIE
1500 CORTINUE
IFCLINELLEQ.DIGO TO 1560
DO 1550I=1,49
K2=(FLOATINZP)-FLCAT(NZF)Y 0.5} /FLCATINZIPYVZ(L)
DOTLLIY=AFHIGH-FLOW)*(I}/50.0
1550 DOT24(Ir=X]
CALL PLOTIFLOWWXZ 0,0}
CALL POINTS
CALL LINEC(DOTL1,00T2414+49)
1560 CONTINUVE
0S=1.5*0S
DO 1600TI=1,8
CALL SYMPOLIFHIGH/Z2.0-2S.0%DS+#{II-1)*6.38705,ZINZPI~5.D"
wOS5F04040:154,IFLIIN)
1600 CONTINUE
CALL BELL
CALL PLOTEND
RETURN
END
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Determination of Test Section Length

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-
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 section
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 effects.

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 finite length. The bound-
ary value problem for the infinite length test section is

v2p = 0 (C.1a)
p(X,z,t) = p*(z) cos(ix-wt) (C.1b)
p*(0) = po (C.1lc)
& p*(d) = 0 (C.1d)

A solution to this problem is

p = po-EbE%%%§§ll cos{Ax-wt) (C.2)

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

by

v2p = 0 (C.2a)

p(x,2z,t) = p*(x,2z) cos{wt) (C.2b)
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%; p*(0,z} = 0 (C.2c)
—2-; p*(L,2) = 0 (C.2d)
p* (x,0) = po cos{Ax) (C.2e)
= p* (x,d) = 0 (C.2f)

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

lem 1is
p=py & anchlky (d-2)] cos(k, x) cos{wt) (C.3)
n=0
in which

n
-1 Ak, sin{k,2)
on = ( n n s Al ¢ an (C.4)

yan ch(Knd)(Az-an)

and

:
f

Kn

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

o (-1)n Xy sin(AR) op ad)  chlxp(d-2)] cos(xyx)

= - Z )
et n=0 1 {32-k,%) chlxpd) <h[A(d-2)T  cos(Ax]

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

36 foot test section provided an optimum between end effects and vol-
ume of soil.
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APPENDIX D

Laboratory Measurements

1980 Measurements
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Appendix D (continued)
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Appendix D (continued)
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Appendix D (continued)
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1981 Measurements
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Area:
Density:
Force:
Length:
Mass:

Pressure:

Specific Weight:

Stress:
Velocity:

Volume:

APPENDIX E

English/SI Unit Conversions

ft2 = 0.0929 m2

stug/ft3 = 515.4 kg/m3

b =
ft =

stug

4

0.

1b/ft2

1b/ft3

1b/ft2

ft/s

.4483 N
305 m
14.60 kg

47.9 N/m2

157.1 N/m3

47.9 N/m?

1

0.305 m/s

Ft3 = 0.0283 md
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