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ABSTRACT

Lateral Loads Exerted on Offshore Piles

By Subbottom Movements (May 1976)

Joaquin Martf, Ingeniero de Caminos, Canales y Puertos,

Escuela T.S. de Ingenieros de Caminos, C. y P., Madrid, Spain

Co-Chairmen of Advisory Committee: Dr. Richard A. Schapery
Dr. Robert L. Lytton

Very weak marine clay sediments may be subjected during storms
to considerable movement. A theoretical procedure is developed
to determine the loads that the moving sediments exert on pile
foundations. The lateral loading per unit pile length F derived from
the consideration of a plastic slip-line model is:

F = 10.10 D Cu

where D is the diameter of the pile and Cu is the undrained shear
strength of the soil.

Results obtained with model test equipment showed that the
above equation is valid for all cases studied if Cu includes the
effect of the velocity through an equivalent strain rate and the
influence of confining pressure.

A decrease in load and shear strength was observed with an

increasing number of cycles. Evidence is presented suggesting that
this degradation is associated with a build-up in pore pressures
caused by the cyclic straining of the mud around the pile.

A method is proposed for estimating the pile loading based on
the in-situ measurement of shear strength at one strain rate and the
value of the liquidity index. Suggestions for further work are
included.
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INTRODUCTION

During the last few years the number and importance of offshore
civil engineering projects have increased very rapidly. With them,
the need for a safer design and reduced costs has become greater than
ever. The already difficult problem of designing the foundation of an

offshore structure becomes still more complicated when the sea bottom
is composed of very weak unconsolidated clay sediments. Unfortunately,
this situation is not uncommon in places where the rate of deposition
is high relative to the permeability of the sediments, that is,
relative to their ability to consolidate. In particular, major move¬

ments of these weak layers during the passage of large storm waves are

thought to be responsible for numerous breaks in pipelines and total
loss or major damage to several oil drilling and production platforms
(4, 41)*.

The complete solution to predicting the mud loads generated by
a given storm involves the following steps:

(i) fully characterizing the mechanical behavior of the sediments
under the expected wave loading;

(ii) predicting the movements of the soil mass based upon the
knowledge of the storm and the properties of the sediments;

(iii) providing a system to compute, based on the movement of
the sediments and their constitutive properties, the forces that will
actually be exerted on the foundation of the structure, composed in
most cases of vertical pilings and cross-members.

The differential bottom pressure imposed by wave action causes

an oscillatory movement in a horizontal bottom but it may also
trigger slope instabilities even with slopes smaller than 1 % (4, 15).
In spite of these difficulties, satisfactory solutions have been
obtained to steps (i) and (ii) as will be noted later. Also,
there exist some partial solutions to step (iii), although they do

The citations on these pages follow the style of the Journal of
Geotechnical Engineering Division, American Society of Civil Engineers.

*Numbers in parentheses correspond to references listed in
Appendix I.



not precisely treat the problem at hand. Consequently, a study is
needed of the effect on the drag caused by changes in the parameters
involved, such parameters as confining pressure, velocity of the
sediments, etc. The goal of this dissertation is to provide an

adequate answer to step (iii) for the ranges of practical interest
of the parameters.



BACKGROUND

The Sediments

The sediments used in this research come from the upper layers
of the Gulf of Mexico near the Mississippi Delta. Their mechanical
behavior has been extensively studied by Stevenson (42), using
conventional vane shear experiments and by King (18) using smooth
and grooved rotating cylinders. Further experiments are presently
being conducted by Dunlap (13).

The most important of Stevenson's findings is that these
sediments can be characterized as a non-linear viscoelastic material

whose secant shear modulus for constant strain rate is represented by

G(t) = G1t_n/(l-n)
(*)

where tv ' is time, G-j is a function of shear strain and n is constant.
G-j can be correlated with shear strength and n with the liquidity index.

King's experiments confirmed Stevenson's findings and added
a study on the cyclic degradation of strength.

Subbottom Movements

The attention given to the problem of subbottom movements was

greatly increased by the arrival of Hurricane Camille in August 1969
in the South Pass Area, near the Mississippi Delta. A good survey

of work in submarine slides prior to Hurricane Camille was given by
Morgenstern (28).

Literature published after the occurrence of Camille include
among others: Henkel (15) who in 1970 used limiting equilibrium
methods to study the development of possible instabilities within
the soil mass. Henkel's work was the first one considering the

possibility of waves causing slides. Mitchell et al. (27) in 1972

(*) Symbols are defined in their first appearance and in Appendix II.
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and Doyle (12) in 1973 performed laboratory model tests to trace the
mud movements. Wright and Dunham (46) in 1972 were followed by
Arnold (3) and Bea and Arnold (5) in 1973 in the use of a finite element

computer program in which the mud is idealized as an inertialess

non-linear elastic solid. But probably the best existing approach is
the one taken by Schapery (36) in 1974 to account for a sloping and
layered non-linear viscoelastic subbottom. For this case, a computer
program based on analytical solutions was used to predict stresses
and displacements in the soil mass for a given wave train (37). The
material description is compatible with existing results for mechanical
behavior (42, 18, 13), thus, it is felt that the problem of predicting
movements in the soil mass can be tentatively considered as solved.

Pile Loading. The Fluid Mechanics Approach

There are two different classical approaches that could be
applied to the problem of finding the forces of interaction developed
by relative movements between a cylinder and the mud in which it is
embedded. Those two types will be designated here as the fluid
mechanics approach and the soil mechanics approach: the first one

stresses the rate dependence, that is, the viscous component of the
force while the second puts the emphasis on time-independent
plastic stresses.

There are several degrees of sophistication in the process of
trying to reproduce the behavior of the mud sediments.
Inviscid Ideal Fluid

For this case, the d'Alembert paradox yields the conclusion
that the resultant of the forces acting on an infinite cylinder
in normal steady flow is precisely zero (8).
Newtonian Fluid

Such a material is characterized by the following constitutive
equation in simple shear:

T = p Y



where t = shear stress

y = viscosity
y = shear strain rate

At very low Reynolds numbers (on the order of 1 or less) in the
so-called creeping flow region, it was first thought that inertia
terms would be negligible compared to viscous terms. Stokes

successfully used this idea to solve the problem of flow around a

sphere but he also pointed out that for the case of the cylinder
there exists no solution of the creeping motion equations where the
velocity vanishes on the cylinder and remains finite at infinity.
Oseen (29) suggested a method for partially accounting for inertia
forces, a method that Lamb (19) successfully used to derive:

C
D

1°.9/Nr6
0.87 - logNRe

where CQ drag coefficient defined as *—

D PV2/2

Npe = Reynolds number defined as

Fp = force per unit length exerted by the fluid on the
cylinder (the force is predicted to be aligned with the
component normal to the cylinder of the far-field
relative velocity)

p = density of the fluid
V = far-field relative velocity
D = diameter of the pile
y = viscosity of the fluid

However, for increasing Reynolds numbers, separation of the
laminar flow streamlines occurs with a drop in the pressure in the
wake of the cylinder. Thu' differential pressure increases the
pressure component of the drag, in contrast to the skin-friction
drag which is a tangential force developed at the surface of the
cylinder. Although a general solution has never been obtained for
the flow of a Newtonian fluid past a cylinder, the classical approach



has been to assume that the drag force depends only on the Reynolds
number Npe as it does for creeping flow and experimentally obtain
the drag coefficient Cp as a function of the Reynolds number. Large
amounts of data have been reported in the literature and a very good
empirical correlation exists today over a wide range of the Reynolds
number (17).

If the relative far-field velocity is not constant, a second
component o.f the force has to be considered. This component is
aligned with the projection normal to the cylinder of the far-field
relative acceleration and can be expressed as:

FI = CM ¥

where Fj = inertia component of the exerted force per unit cylinder
length

V = far-field relative acceleration
= mass coefficient.

The theoretical value of the mass coefficient for inviscid fluid
flow is 2; experiments with water yield numbers from significantly
less than 1 to greater than 5 (45) but values for the Mississippi
Delta Sediments or similar materials are not presently known, if they
do exist for these materials.

Bingham Plastic
The former two models were discussed for the sake of completeness

but cannot be used to represent the behavior of clay-water mixtures.
However, a Bingham plastic constitutive equation describes quite
accurately the behavior of low clay content mixtures (up to about 30%)
(30) and drilling muds (34). In simple shear, a Bingham plastic
obeys the equation:

T = Ty + V

where = yield stress, below which no motion occurs

yp = plastic viscosity.
Reported results of drag experiments conducted with materials

that behave approximately like Bingham plastics (6, 7, 30, 33) can



be summarized with the relationship for the drag coefficient:

C
D (1)

where
^ = drag coefficient for a Newtonian fluid at a Reynolds

number

NRe
= PVD

u p

It should be pointed out that for the materials considered here,
the second term in Eq. 1 (plastic or yield component) is far more

important than the first one (viscous contribution) if the variables
take physically realistic values. For concentrations ranging from
10 to 16% in aqueous clay suspensions Brooks and Whitmore (6, 7) report
for flow around cylinders k values of 3.9 and 16.7 depending on the
way that the yield stress is determined. Robertson and Pazwash (30,
33) measured values of k = 15 for concentrations between 5 and 30%.

Adachi and Yoshioka (1) derive a k value of about 10 from variational
considerations for Ng > 10 where Ng is the Bingham number:

t D
n =
B y

The same authors (1), following the procedure used for the case

of spheres by Ansley and Smith (2), obtain k = 10.28 from a plastic
slipline model; however, as noted on p. 17, a value of k = 8.07 should
have been obtained from their particular slipline model,
rather than 10.28.

Ansley and Smith (2) also proposed the use of a corrected
Reynolds number:

N" = —"Re V
PV‘

d^p + c Ty

where C is a suitable constant that allowed them to plot all of their



data points on the same line that correlates NRe and CD for Newtonian
fluids. It is clear that the corrected Reynolds number reduces to
the Newtonian one when xy = 0. It should also be noted that this
analysis is equivalent to replacing the viscosity in the Newtonian
fluid result by the apparent (secant) viscosity in the Bingham plastic
corresponding to an equivalent shear rate:

Pile Loading. The Soil Mechanics Approach

In the soil mechanics field, the theory of the subgrade reaction
modulus (43) is the traditional way to handle relative lateral move¬

ments in pile foundations. The assumption is that the exerted force
per unit cross-sectional area, p, can be expressed as:

p = Kh y

where = modulus of subgrade reaction
y = relative horizontal movement.

This is equivalent to assuming that the pile behaves as a Winkler
beam, which means that the soil reacts as a series of independent
linear springs of equal stiffness. This initial simplified method
has been improved, first by introducing a variation of with depth
and, second, by allowing for non-linear force-displacement relation¬
ships (38) known as p-y curves in the soil mechanics literature. In
general, a computer is needed to solve any problem involving the use

of p-y curves varying with depth. Finite difference methods have
been used successfully to solve these problems for quite some time (21).
Still today, more or less sophisticated versions of these so-called
"beam-column programs" constitute the most widely used method in
engineering practice and the difficulty with using them lies in
determining what p-y curves should be used for each particular
condition and depth. One procedure for obtaining them is, of course,
to perform full-scale load tests (as Matlock did in soft clays (23)



or Reese et al. in stiff clays (32)) but this has never been done
offshore because of economical and technical limitations. A less

expensive but also less reliable method for deriving the p-y curves
is to apply results reported in the literature which are summarized

in the next paragraphs.
Let us define a bearing capacity factor KQ as:

K = -L_*0 D Cu

where Cu = undrained shear strength of the clay
D = pile diameter
F = lateral loading per unit pile length.

When far enough from the surface to avoid end effects, a maximum
value of Kq = 9 was proposed by Skempton (38) in 1951 and has survived
all further studies as a good engineering average for all shear
strengths, rates of loading and cross-sections. Even the most
recent model tests (24, 25) seemed to approximately confirm this
number.

The variation of force with displacement prior to reaching this
maximum value is expressed as:

= l (:#
max

where n has been found to be between 2 (32) and 3 (24).

yc = displacement needed to develop P-m|-x- , and
p = ^Rdx ,js traditionally computed from Skempton's

empirical formula (38):

Also

semi -

y„ = 2.5 e DJc

where 0 goes from about 0.005 for stiff clays to about 0.020 for
soft clays.
Recent papers (32, 24 among others) have also considered cyclic

degradation although neither an accepted theory describing the actual
mechanism nor a quantification of the effect presently exist.



It should be mentioned that other approaches have also been used.
Poulos (31) criticized the fact that the subgrade reaction theory does
not take into account the continuity of the soil mass and proposes
instead a linear elastic analysis. However, his method is far more

complicated and, for the material considered here, the linear

elasticity assumption would introduce much larger errors since it
does not describe the behavior of the mud even approximately for the
ranges of strain involved.

Criticisms and Observations

One way to rate the applicability of all the aforementioned
theories for the solution of the problem at hand is to consider how

they originated. The ones that were listed under "fluid mechanics

approach" were developed for weaker materials and sets of conditions
in which plastic or yield stresses were not large compared to rate
effects. On the other hand, the soil mechanics school considers

that the pile is the one that moves under external lateral loads and
that the soil resists; besides, it is very seldom that clays with

o

undrained shear strengths less than 300 psf (0.15 kg/cm ) are

studied by soils engineers and 100 psf (0.05 kg/cm ) clays are not
what researchers had in mind when soil mechanics theories were

developed, although this is the order of magnitude of the clay
strengths involved in the problem at hand. For similar reasons,

relative displacements considered in those theories are very small
and relative velocities entirely negligible compared to the
accumulated displacements of thousands of feet in a single storm and
the velocities of several feet per second that have been reported by
Bea and Arnold (5) and theoretically predicted by Schapery (36).

It seems reasonable to conclude that a bridge needs to be
established in order to link both types of theories together; the
solution for the soils of interest here is expected to lie somewhere
between the two of them.



THEORY

The Pile Loading. Plastic Models

The mathematical problem of finding the analytical solution for
the flow past a cylinder clearly cannot be treated with today's tools
for any type of constitutive equations more complicated than a

linearly viscous fluid and not even in this latter case if certain

assumptions cannot be made. In principle, the problem could be
treated numerically if both a set of two-dimensional constitutive

equations for the mud and the boundary conditions at the mud-pile
interface were known. Obtaining the two-dimentional constitutive
equations for such a complex material is indeed a very formidable
task which will not be attempted here. The problem thus will have
to be treated by other means. The procedure followed here will be
to start with a simple model and then try to improve this initial
result as motivated by experiments with model piles.

Let us assume as a first approximation that the mud is an

incompressible rigid-perfectly plastic rate-independent material.
This assumption is classical in the field of soil mechanics and

furthermore, as stated earlier, plastic stresses are expected to
be dominant even considering a Bingham plastic behavior (36) as the
experimental results will show later on.

It is interesting to observe that, from the viewpoint of
dimensional analysis, the only quantities involved in the drag
caused by plastic flow past a cylinder are the force per unit length
Fq, the diameter D and the shear strength Cu. There is only one
dimensionless parameter that can be formed with combinations of these

quantities, namely:

K
o D C. (2)

Consequently KQ is necessarily a constant. We shall determine now
the value of this constant from slip-line theory.



Several slip-line models can be considered. The two main

variations are depicted in Figs. 1 and 2. In both cases, the

"rough" contact is assumed, which means that the slip-lines intersect
the boundary of the moving body at right angles. In a frictionless
contact, this angle would be 45° as can be easily seen from the

properties of slip-lines stated later on. Fig. 1 included rigid
90° wedge-shaped caps on both front and back of the pile. The
consideration of these caps is classic in bearing capacity theory (43)
a discussion of them can also be found in Hill (16). Fig. 2 shows
an analogous model without the wedge caps, similar to the ones used
by Ansley and Smith (2) for spheres and Adachi and Yoshioka (1)
for cylinders; it has been included here for comparison purposes.

In order to find the resultant of all the forces of interaction

between the mud and the pile, two properties of the si ip-lines need
to be used (16):

(i) any infinitesimal element of soil bounded by slip-lines is
under the state of stress shown in Fig. 3 where Cu, the undrained
shear strength, is used in this model as the limiting value of the
shear stress; that is, the yield criterion is t = Cu. Since the
mud is saturated, this is true as long as the undrained conditions
are maintained.

(ii) there are two orthogonal families of slip-lines named
here a and 3. If we call 0 the angle formed by the tangent to the
slip-lines with a given direction then an + 2Cu@ is constant along
any a-slip-line and an - 2CU0 is constant along any 3-slip-line.

Now the stresses can be integrated along the contact line
ABCDEGA to obtain the force. The stresses acting at each point of
the boundary surrounding the pile and its two caps are shown in
Fig. 4.

Integration of the component of the normal stress aligned with
the velocity vector along the areas AB and DE gives:



RIGIDREGIONS

Figure1

ExampleofSlip-LineModelUsingtheLineACEGAasInnerSlip-Line
CO



Figure2.ExampleofSlip-LineModelUsingtheLineHCIGHasInnerSlip-Line
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Figure 3. State of Stress on an Element of Soil Bounded
by Slip-Lines
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Figure 4. Stresses on the Pile and its Attached Rigid Wedges



and along BC and CD:

Repeating the process with
AB and DE:

and finally along BC and CD:

The total force opposing the movement of the pile is therefore:

Fd= 2(F1+F2+F3+F4) = D • Cu (4+tt) fl = 10.10 D Cu

Hence the desired Kq value, as evaluated from the slip-line
model in Fig. 1 (p./l3-)» is KQ = 10.10. Note that the inner slip¬
line defines uniquely the resultant drag force. The geometry of
the slip-line field away from this inner line is irrelevant.

The model used by Adachi and Yoshioka (1) is shown in Fig. 5.
In order to derive their reported value of Kq = 10.28, a wrong
assumption has to be made; namely, that the boundary of the cylinder
is a slip-line, which is impossible since the two families of slip¬
lines have to be perpendicular. Since the value of the stresses
is known only along slip-lines, a transformation has to be applied
to obtain normal and shear stresses at the pile surface before the

integration can be performed. In this way, a Kq value of 8.07 is
derived.

However, if in the latter model the slip-lines are slightly
modified to intersect the cylinder surface at right angles, then
this surface becomes a slip-line and one possible model is the one

shown in Fig. 2 (p. 14). As stated earlier, the integration of
the stresses in this case yields a value of the drag factor K0 = 10.28

= RC
4-tt

u /jr

the shear stresses, we obtain along

= R Cu *

- R Cu ^



Figure5.Slip-LineModelUsedbyAdachiandYoshioka(21)
00



Several things should be pointed out. First, Adachi and
Yoshioka's model assumes an almost frictionless contact at the front

and back of the pile since the slip-lines meet the surface of the
cylinder at these place at angles of 90°. Second, the classical
value K0 = 9 discussed in Chapter 2 is an intermediate value between
the frictionless and the rough models. Third, the fact that the
mud behaves as a power law fluid suggests continuity of displacements
across the interface; the rough contact hypothesis seems then more

appropriate. Fourth, as shown earlier the value of Kg = 10.10
obtained from the selected model is independent of the slip-line
field away from the inner slip-line and only slightly sensitive to
the formation of the two rigid caps. This insensitivity improves
the reliability of the proposed result. Finally, adhesive forces at
the pile-mud interface are expected to be somewhat lower than the
cohesive forces within the mud itself. However, this effect will be

neglected here since shear stresses at this interface contribute only
15% to the total drag.

Rate-Dependent Drag

So far, the shear strength Cu has been considered constant.
However, previous work (42, 18, 13) and test results reported later
show that Cu is a function of the shear strain rate. There are
several approximate methods of modifying the former slip-line result
in order to include the rate dependence; the selection of the most

appropriate one is a matter that will have to be decided later by
comparison of theoretical predictions and experimental results.
Rate-dependent Shear Strength

This is one of the simplest ways to include velocity effects.
The assumption is that the relationship between drag and shear
strength that was derived for the rate-independent case still holds
true when Cu becomes rate-dependent, which means that all the
dependence of the drag on pile velocity is felt through the dependence
of Cu on shear rate.

Let us now recall that Cu has to be obtained in the field by



in-situ measurements. Hence, from a practical standpoint, it would
be most convenient to write all equations in this study relative to
a Cu0 defined as undrained vane shear strength measured under
standard conditions, namely, a rotation rate of 0.0143 rad/sec with
the vane shear device built by Stevenson (42) which is geometrically
similar to the vanes used by McClelland Engineers for their in-situ
measurements (11). Accordingly, we will consider from now on the

drag factor:

K =
D C

= K
uo

0 C
uo

(3)

In order to predict the dependence of the drag factor, K, on

relative pile velocity, V, a relationship is needed between V and
some suitably defined average shear strain rate Yeq. This relation¬
ship can be obtained by using the known relationship between the
drag coefficient Cp and the Reynolds number N^e for Newtonian
fluids (17). For the range of interest:

Assuming an equivalent Newtonian viscosity y:

C
D

which substituted in the former expression yields:

Y
eq

3.5
V
D

The same expression for can be obtained from the slip-line model
modifying it conveniently to fit the boundary conditions on velocity,
that is, equal to the pile velocity at the interface and zero at the
end of the yield zone. When this is done, the velocity profile is
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expected to be the one shown in Fig. 6. If this profile is considered
to be parabolic, another assumption is needed to make it unique: this
assumption will be that the distance PF is equal to the pile diameter.
There are some limited experimental results on particle trajectories
in Bingham plastics (7) and the author's measurements of strength
degradation (p. 80) that tend to make this assumption reasonable. It
is important to recognize that the prediction of.the drag is quite
insensitive to the choice of the velocity profile because of the
weak strain rate dependence of strength. For example, with a typical
power law exponent n = 0.1, a change of 250% in shear strain rate
causes less than a 10% change in Cu and a ten-fold change is needed
to alter Cu by more than 25%. Consequently, even relatively large
errors in the velocity profile and associated strain-rates will not

produce important changes in the predicted drag. Note that the
velocity profile predicts a low shear rate zone around the tip of
the parabola. Ansley and Smith (2) have already suggested the
presence of rigid material in this zone.

Since the mud is considered to be incompressible, the integral
of the velocity distribution between F and 0 must be zero. That is:

a+ P

-R

where R = radius of the cylinder
a = width of the yield zone minus R.

The solution of the resulting cubic equation yields a = 0.45 R
and VQ = 0.9V. Neglecting the curvature of the stream-lines the
shear strain rate y is:

dv
_ tvo

At the point C on the pile surface this becomes:
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Figure 6. Expected Velocity Profile



This is expected to be our upper bound. To obtain a lower bound
let us consider strain rates along AA' on Fig. 1 (p. 13). AA' is
an a-si ip-line; since the 3-si ip-lines are very approximately
straight lines in this zone and the velocity is constant along AB,
the velocity along a-slip-lines will necessarily be constant between
AB and A'B'. Then the shear strain rate:

v dv
„ v

r ” dr r

The velocity along ot-si ip-1 ines on AB is V/i2. The radius of
AA' is approximately Rv^. Hence,

.
_ V/2 _ 9 V

YA " R/2 “ 2 D

The average of the upper and lower bounds will be used here
as equivalent shear rate:

It is obvious that the value of 3.6 has not been obtained in a

very rigorous manner. However, it should be kept in mind that
values as low as 1.4 or as high as 9 will change the predicted drag
by only 10%.

In this situation, the drag factor K can be estimated for
each pile velocity using Eq. 3 as:

K =
10.10

uo 3.6V
D

(4)

where C
u
3.6V/D

is the shear strength measured with the standard vane

at a shear strain rate y = 3.6V/D. The way to obtain Cu vs. y
from vane shear data will be discussed later on in this chapter.
Pazwash's Method

Pazwash (30) suggested the possibility of computing the drag



force from a linear addition of a plastic plus a Newtonian term:

■ k Ty + CD I^
where Cp is derived from the correlation with the Reynolds number
for Newtonian fluids computed with the plastic viscosity.

can be obtained by extrapolating on a linear plot of Cu
vs. y for y = 0. It is easy to see that k will have to coincide
with the previously calculated 10.10 from the consideration of a

purely plastic rate-independent case (Cp = 0).
The above considerations provide an alternate means of

computing rate dependent drag factors, namely, for a relative pile
velocity, V:

K =
D C

uo uo
no.io ry + cD pV2] (5)

Ansley and Smith's Method

These authors (2) were able to plot all the data from their

experiments with spheres along a single line (the same line relating
the drag coefficient and the Reynolds number for Newtonian fluids)
by the use of a suitable constant C in the following expression for
a corrected Reynolds number:

N' =NRe
jpy;
V , r

Pp D + c
(6)

For our case, the drag coefficient can be computed from experi*
mental data; a corresponding N^e is obtained from the known
correlation for Newtonian fluids; finally, a value for C is derived.
Should C remain invariant, this will indicate that the method is

applicable to our situation.

An alternative possibility is to establish a new Cp vs. N^e
curve, if one can be found which fits the data with C constant.



Other Methods

Other generalized Reynolds numbers for non-Newtonian flow can be
used for establishing relationships between drag and Reynolds numbers
An example could be:

N" = P™.
Re V*a

where ua is the apparent or secant viscosity.
It is also possible to use the expression of the Reynolds

number for power law fluids (10) (x = m y11), behavior fitted

approximately by the sediments of interest:

N mi

Re
= P V2~n Dn

m ,6n+2>n
8 K n }

(7)

which reduces to the traditional NRe when n = 1.

Vane Shear Strength

The vane shear device provides data in the form of torque vs.

angle of rotation for a given rate of rotation. However, in order
to use these data to derive the parameters of the mud, whether in
the Bingham plastic form or as a power law, the data must be
translated into the form of shear stress vs. shear strain for a

given strain rate so that maximum shear stress can be plotted as a

function of shear strain rate.

If the vane is replaced by an infinitely long cylinder it can

be shown (9) that for any continuous material with axi-symmetric
properties, the strain rate at any point is:

•

= 2 9Y d log x
d log q

where 0 is the rotation angle and the dot indicates a time derivative
The torque per unit length of the vane is clearly proportional



to the stress at any given cylindrical surface co-axial with the

vane. Therefore

d log t _ d log T
d log e d log 6

where T = torque per unit length.
Notice that if t can be expressed as a power law of y, *j.

is just the exponent n of this power law and

which was also derived and used in (36).
The vane used in our measurements is not an infinitely long

cylinder. However, it seems reasonable to accept the above results
because the rate dependence is rather weak (n - 0.1), the dependence
on strain is also very slight when stress is close to its peak
value and the points on the cylindrical surface have a greater

velocity (and therefore greater Cu) and a larger area than the
points on the end surfaces, thus producing most of the torque.

Besides, the argument is academic to a certain point since the field
measurements on which predictions are to be based will be obtained
with a geometrically similar vane.

Eq. 8 hence provides a means to reduce torque versus rotation
data to results on the stress versus strain rate plane.

Cyclic Degradation. Pore Pressures

It is a known fact that loose soils decrease in volume under

shear, causing an increase in pore pressures. It is also known
that loose sands and silts subjected to cyclic stresses under
undrained conditions may suffer increases in pore pressures large
enough for these to reach the total pressure, thus producing the
phenomenon of "liquefaction". Although sand behavior is fairly
well documented, experimental difficulties related to their low



permeability make clay data comparatively scarce; however, there is
experimental evidence (35) showing the existence of a stress

threshold: cyclic loads under this threshold will lead to a steady-
state (strain and pore pressure tend asymptotically to finite
values), while stresses higher than this threshold will induce

progressive increases in pore pressures until a failure condition is

eventually reached (strain increases arbitrarily under the applied
stress). In our problem, since the soil actually fails around the
pile, the threshold is clearly exceeded.

Henkel (14) improved Skempton's equation (39) for pore pressure

changes in saturated soils by introducing the effect of the
intermediate principal stress:

Au a t
oct (9)

where Au = excess pore pressure induced by the applied loads.

am* Toct = resPectively> the mean normal stress and the
octahedral shear stress of the applied stress deviator

a = coefficient that changes with the number of cycles as

shown in the section on pore pressures in Chapter 5.
The simultaneous consideration of the slip-line model (Fig. 1,

p. 13), the velocity profile (Fig. 6, p. 22) and the low values of the

exponent of the power law dependence of stress on strain rate

predict a zone of small variation of t ^ on both sides of the pile.
It is then expected from Eq. 9 that the distribution of excess pore

pressures on a plane normal to the pile movement will be approximately
constant when approaching the pile surface, thus ruling out rapidly
decreasing distributions such as exponentials. This fact will be
checked later by analysis of the dissipation of these excess pore

pressures. Also, since excess pore pressures are expected to
decrease the undrained shear strength, further information will be
obtained from carefully measured shear strength profiles.

Naturally, any decrease in shear strength, whether caused by
excess pore pressures or other mechanisms, will immediately decrease
the drag factor K. This provides a possible explanation for



deterioration of drag factors even for remolded clays.
Shear strength and drag factors are not expected to be affected

by anisotropy since globally preferred orientations probably do not
exist as the clay is in a remolded state and the stress field is not

stationary, at least in the zones closest to the pile.



EXPERIMENTAL PROGRAM

Design of the Experiments

For the steady flow of a rate-independent plastic material
past a circular cylinder normal to the flow, it was shown before
that the drag factor:

K .= E - F“

DL CUQ " DL Cu “ Ko
is expected to be a constant since Cu = CUQ and KQ = constant.

Before performing any experiments it was not clear in exactly
what way velocities would affect the drag factor. But since the
plastic component was known to account for most of the drag, it
was decided to use the plastic drag factor for scaling purposes.
That means that the natural material would be used in the experi¬
ments and dimensions would be scaled down by a proportionality
factor.

The experiments covered a wide range of velocities
approximately centered about the velocites expected in nature,
measured in pile diameters per second. The idea is that, once the ex

perimental results are obtained, a theory can be selected as

fitting these results best and then this same theory can also be used
for scaling velocities to the field situation.

The above criterion allows us to use model piles for the
determination of drag factors as long as accelerations are small
enough to justify neglecting inertia effects in the pile loading.
That happens to be the case in the field (37) and in the experiments:
in both cases, inertia effects are not expected to exceed 1% of
the total force.

It was thought that sinusoidal pile displacements would
best reproduce the oscillating subbottom movements in nature;
consequently, they were used throughout this work except for a
few ramp tests designed to observe the increase in force with
displacement up to the maximum for a constant velocity.



Equipment

Shear Box

A typical cross-section of the shear box is shown in Fig. 7.
As shown, two walls can rotate on hinges; the lid slides on rollers
without leaving its plane to keep the internal volume constant

during the rotation of the walls. Two rods keep the tilting walls
parallel at all times. Internal dimensions of the box are 36x36x14 in

(91.4x91.4x35.6 cm) the latter being the height. More specific
details can be found in Appendix III.

The clay is confined in a rubber bag which fits inside the
shear box. Two rubber bladders are placed on both sides between the
rubber bag and the steel walls; they can be filled with water, thus

pressurizing the mud contained in the shear box. The box is
constructed to withstand a maximum internal pressure of about
70 psi (4.9 kg/cm^).

The hinged walls can tilt to produce shear strains in the mud

up to ±30%. According to Stevenson's data (42), maximum stresses
occur at about 25% strain. The velocity of the shear movement
varies sinusoidally with a fixed period of 15.7 seconds. The move¬

ment is produced by an electric motor with the appropriate gear

reductions.

The pile is driven by an electronically controlled hydraulic
system. The maximum amplitude is ±3 in. (7.62 cm). The equipment
provides a potential range of frequencies over 10 orders of magnitude
although not all frequencies allow the use of the maximum amplitude.
Different wave forms could be used although the sinusoidal wave

was selected for most of the experiments because it reproduces
well the oscillatory movement caused by wave loading in nature.
Occasionally, constant velocity tests were also performed.

Pi 1 es

Five different instrumented piles were used. In four of them,



Figure7.LongitudinalSectionoftheShearBox



the distance from the upper extreme of the pile to the lid of the
box is 2 in. (5.1 cm) and their sensitive length is 10 in. (25.4 cm),
hence allowing for another 2 in. (5.1 cm) between the lowest
instrumentation and the bottom of the box. The top of the fifth
pile was 7 in. from the lid and its sensitive length was 5 in.
(12.7 cm). The individual description of each pile follows:

-pile #1: 1 in. (2.54 cm) diameter, 10 in. (25.4 cm) long.
Instrumented with one full bridge of strain-gages.

-pile #2: 0.5 in. (1.27 cm) diameter, 10 in. (25.4 cm) long.
Instrumented with one full bridge of strain-gages.

-pile #3: 1.5 in. (3.81 cm) diameter, 10 in. (25.4 cm) long.
Instrumented with four full bridges of strain-gages placed at 2.5 in.
(6.35 cm) increments from the top.

-pile #4: 1.5 in. (3.81 cm) diameter, 10 in. (25.4 cm) long.
Instrumented with one full bridge of strain-gages at 10 in. (25.4 cm)
from the top and with a pressure transducer provided with a porous

stone to record pore pressures at 5 in. (12.7 cm) from the top.

-pile #5: 0.5 in. (1.27 cm) diameter, 5 in. (12.7 cm) long.
Instrumented with one full bridge of strain-gages.

The three different diameters provide information on scaling
effects. The pile instrumented with four bridges of strain-gages
is used to trace the distribution of moments along the pile: a

constant surcharge produces a parabolic distribution while concen¬
trated loads cause linear distributions. The four measured values

can be then fitted with a combination of a linear plus a quadratic
law and the end effects can be estimated.

Comparison of results obtained with piles #2 and #5 provides
another source of data on end effects since both piles have equal
diameters but different lengths.

A 7.5x16.25 in2 (19.1x41.3 cm2) steel plate was fixed to the
lower part of the 0.5 in. (1.27 cm) diameter piles for some of the
tests. This plate slides on the bottom of the box, moving with the
pile. The purpose was to study the effects of the lower end of the
pile and its attachment to the driving shaft on the measured
pile loading.



Pile #4 is designed to measure changes in pore water pressure.

Pore pressure changes were expected to be associated with cyclic
loads. The knowledge of pore pressures is needed to calculate
effective confining pressures, since these are the ones that enter

the constitutive relationships of soils.

Vanes

Two different vanes were used for shear strength measurements.
They are depicted in Figs. 8 and 9.

Vane #1 is shown in Fig. 8. It is a hand-operated four-bladed
vane. The torque is measured by means of a calibrated spring. It
was used at an approximate rate of 1 rad/sec before and after each
drag experiment to measure shear strengths at many points in the
shear box. It proved to be reasonably accurate and its use simple
and fast.

Fig. 9 shows vane #2. It is a motorized four-bladed vane

geometrically similar to the one used by McClelland Engineers for
in-situ tests (11). It was built by Stevenson (42). Its speed can

vary over three orders of magnitude centered about 0.0143 rad/sec,
which was selected as standard rate for the determination of CUQ.
The torque is measured by means of strain gages hence providing
a rigid coupling for the vane which is most convenient when dealing
with rate dependent materials.

Vane #2 was used to study the dependence of shear strength on
water content and on shear strain rate. Its accuracy and size made
it ideal also for studies on strength deterioration by cyclic pile
movement through carefully measured strength profiles.

The simultaneous use of both vanes is justified by the fact
that their measurements could be correlated. It was found that
shear strengths determined with vane #1 are 9% higher than CuQ (22)
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Figure 8. Vane #1
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Figure 9. Vane #2
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The Clay

General Properties

The mud used in the experiments is a primarily montmorillonitic
pro-delta deposit of the Mississippi River obtained at the mudline.

Results of the grain size analysis are displayed in Table I.
Specific gravity of the solids in the mud is 2.716 (13). The
plastic limit is 77.8 and the liquid limit, 29.3. The plasticity
index is 48.5. The mud is classified as a CH soil (inorganic clay
of high plasticity) although very close to the A line in the Unified
Classification System for fine grained soils. These results coincide
with the measurements performed by McClelland (26).

The mud is not expected to be completely saturated in situ;
gas is known to be present, resulting from the decomposition of
organic matter. In many locations, the high damping of acoustical
waves near the mudline suggests that not all the gas is in solution
under the existing pressures. Results of measurements on the mud in
the shear box during the experiments show that the degree of
saturation varied between 97% and 99%; however, this was probably
the result of placement methods rather than biogenic gas production.

Shear Strength

For a given moisture content, Figs. 10 and 11 show plots of
vane shear strength versus rate of rotation for the clay before a

standard experiment in the shear box and after complete remolding
with a propellor respectively. In both cases, the log-log plot
of shear strength Cu versus rate of rotation 6 is found to be a
straight line, thus indicating a power law dependence for the range
considered. Using the method described earlier, the abcissa can
be changed from rate of rotation 9 to shear strain rate f. Vane #2
was used for these measurements.

The exponent n of the power law can be correlated with the liquidity
index (42). Fig. 12 includes the author's data and Stevenson's (42).



TABLE I

RESULTS OF HYDROMETER GRAIN SIZE ANALYSIS

Size Percent by weight
(mm.) of finer material

0.10 97%

0.05 90%

0.02 74%

0.01 66%

0.005 57%

0.002 50%

0.001 46%
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Figure12.nversusLiquidityIndex



The shear strength Cy has been obtained from the assumption
that the mud fails with constant Cu along the surface of revolution
generated by the rotation of the vane. The validity of this
assumption was argued in the section on vane shear strength (p. 26).
Using this assumption, the integral of moments gives for this
particular vane geometry:

x - r /Trd^l i_ Trd^)/2\
'max Lu ' 2 6 '

where Tmax = maximum torque developed
d = diameter of the vane

1 = length of the cylindrical part of the vane.

The shear strength versus shear rate results can also be
represented by a Bingham plastic law for limited domains of shear
rate: it suffices to draw a tangent to the power-law curve in a

linear plot at the center of the interval of interest. This will
be used later on to check the methods proposed by Pazwash and by
Ansley and Smith which are based on Bingham plastic representations.
However, it is apparent from the data shown in Figs. 10 (p. 38) and
11 (p. 38) that the power-law fits the shear strength measurements
better than the Bingham plastic.

Fig. 13 shows the dependence of vane shear strength on moisture
content. Each value shown is the average of three measurements; the
sample has been remolded and rebuilt before each measurement.
Although it is customary to show this data in semi-log plot, the
log-log provides in this case a better straight line. In Fig. 13,
the relationship between shear strength CuQ and moisture content is:

w C
0.188
uo

180.0

where w = moisture content by weight.
These measurements of the exponent of the power law n,

moisture content w and shear strength CuQ agree with the correlations
derived by Stevenson (42) as shown in Figs. 12 (p. 40) and 14.
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Experimental Procedure

The mud used in the experiments was shipped in six 400 lb. (182 kg)
boxes. It was taken out of the boxes, mixed and stored at 50°F (10°C)
and 95% relative humidity. Then it was placed in the shear box
as needed.

In several instances the shear strength was increased by
spreading the mud on polyethylene sheets and drying it with a large
fan. In all cases, this was followed by careful mixing before

placing the mud back in the shear box.
The standard procedure followed for the drag tests was as

follows:

1) the mud was thoroughly mixed throughout the shear box;
2) eighteen measurements of shear strength were taken with the

hand-operated vane at depths of 4 and 8 in. (10 and 20 cm) in the
shear box and spread on a 24 in. (61 cm) diameter circle centered
about the middle position of the pile;

3) the mud was slightly rearranged to close the holes opened with
the vane. The shear box was then closed in a manner which limited
air to a minimum inside the rubber bag. At this point, the confining
pressure was raised to the desired level and the box was left
undisturbed for 12 or 24 hours, depending on the test: no influence
of this time difference could be detected in the results;

4) the experiment was performed up to the desired number of
cycles. Then, the pressure was released and the box was opened;

5) thirty four measurements of shear strength were taken in the
same conditions described for the measurements before the test.

Since the mud becomes weaker around the pile due to the cycling, it
had to be mixed again before running the next test. The process
was then repeated again from 1).

The average of the 18 pre-test shear strength determinations
was averaged with the average of the 34 post-test determinations
to obtain the value used for shear strength. As explained before,
this value then had to be divided by 1.09 to obtain CuQ. CuQ
was determined in this way in all experiments. It should be noted



that, since only two of all mentioned shear strength determinations
were noticeably reduced by the cycling process, those locally
degraded shear strengths contributed less than a 3% to C .

uo
Furthermore, the two degraded strengths did not decrease by more than
one third; therefore, the value of CUQ determined in this manner
is within 1% of the far-field shear strength. Hence, correlations
obtained for CuQ can and should be directly applied using for CuQ
the standard undisturbed in-situ measurements.

All steps in the outlined procedure were performed in each test.
Some experiments included more precise determination of strength
profiles, which was done between steps 4) and 5). When water
contents were measured it was also done at this point. The observa¬
tion of pore pressure dissipation was done before releasing the
pressure and opening the box.

Table II shows a summary of the tests performed and their main
characteristics. An auxiliary series of tests was made to determine
to what degree the time-dependent shear rate associated with the
sinusoidal input affects the drag on the pile. In this series the
piles were moved at constant velocity instead of in a sinusoidal
manner , and as a consequence was called the Ramp Test series. The
variations of pile diameters and velocities tried are shown in
Table III. The results indicate there is no essential difference

between the maximum drag produced by the two types of loading.



TABLEII.SUMMARYOFCYCLICPILETESTSPERFORMED
TEST

DIAMETER (in)

LENGTH (in)

PEAKTOPEAK AMPLITUDE (in)

FREQUENCY (Hz)
CONF.PRESSURE (psi)

SHP-1*

0.5

5

5.5

0.01

6

SHP-2*

0.5

5

5.5

0.06

6

SHP-3*

0.5

5

5.5

0.30

6

LP-1

0.5

10

5.5

0.01

6

LP-2

0.5

10

5.5

0.10

6

LP-3

0.5

10

5.5

1.00

6

LP-4

0.5

10

5.5

0.035

6

LP-5

0.5

10

5.5

0.35

6

WP-1

0.5

10

5.5

0.01

6

WP-2

0.5

10

5.5

0.10

6

WP-4

0.5

10

5.5

0.035

6

WP-5

0.5

10

5.5

0.35

6

CP-16

1.0

10

2.0

0.10

6

CP-17

1.0

TO

2.0

2.50

6

CP-18

1.0

10

2.0

0.02

6

CP-19

1.0

10

2.0

0.50

6

BP-4

1.5

10

5.5

0.01

6

BP-5

1.5

10

5.5

0.06

6

*withplatetoalterlowerendeffects **sheartests;nopilemovement

cr>



TABLEII.
SUMARY
OFCYCLICPILETESTS
PERFORMED-

(CONTINUED)

TEST

DIAMETER (1n)

LENGTH (in)

PEAKTOPEAK AMPLITUDE On)

FREQUENCY (Hz)
CONF.

PRESSURE (psl)

BP-6

1.5

10

5.5

0.36

6

SH-2**

1.0

10

-

-

6

SH-3**

1.0

10

-

-

6

CP-20

1.0

10

2.0

2.50

12

CP-2i

1.0

10

2.0

0.02

12

CP-22

1.0

10

2.0

0.10

12

CP-23

1.0

10

2.0

0.50

12

BP-7

1.5

10

5.5

0.01

12

BP-8

1.5

10

5.5

0.06

12

BP-9

1.5

10

5.5

0.06

12

BP-10

1.5

10

5.5

0.36

12

SH-5

1.0

10

-

-

12

SH-6

1.0

10

-

-

12

SP-1

0.5

10

5.5

0.01

21

SP-2

0.5

10

5.5

0.10

21

SP-3

0.5

10

5.5

1.00

21

SP-4

0.5

10

5.5

0.50

21

SP-5

0.5

10

5.5

3.00

21

SP-6

0.5

10

5.5

0.04

21

CP-1

1.0

10

2.0

0.10

21



TABLEII.
SUMMARY
OFCYCLICPILETESTS

PERFORMED-
(CONTINUED)

TEST

DIAMETER (in)

LENGTH (in)

PEAKTOPEAK AMPLITUDE (in)

FREQUENCY (Hz)
CONF.

PRESSURE (psi)

CP-3

1.0

10

2.0

2.50

21

CP-4

1.0

10

2.0

0.02

21

CP-5

1.0

10

2.0

0.50

21

CP-7

1.0

10

4.66

1.00

21

CP-8

1.0

10

2.0

1.50

21

CP-12

1.0

10

2.0

0.30

21

CP-13

1.0

10

4.66

0.06

21

CP-14

1.0

10

4.66

0.17

21

EE-7

1.5

10

5.5

0.01

21

EE-17

1.5

10

5.5

0.014

21

EE-6

1.5

10

5.5

0.022

21

EE-16

1.5

10

5.5

0.035

21

EE-8

1.5

10

5.5

0.05

21

EE-2

1.5

10

5.5

0.10

21

EE-13

1.5

10

5.5

0.14

21

EE-9

1.5

10

5.5

0.22

21

EE-15

1.5

10

5.5

0.35

21

EE-10

1.5

10

5.5

0.40

21

EE-14

1.5

10

5.5

0.55

21

EE-11

1.5

10

5.5

0.90

21

§



TABLEII.
SUMMARY
OFCYCLICPILETESTS
PERFORMED-

(CONTINUED)

TEST

DIAMETER (in)

LENGTH (in)

PEAKTOPEAK AMPLITUDE (in)

FREQUENCY (Hz)
CONF.
PRESSURE (psi)

EE-4

1.5

10

5.5

1.00

21

EE-12

1.5

10

5.5

1.70

21

SH-1**

1

10

-

-

21

SH-4**

1

10

-

-

21

SPA-1

0.5

10

5.5

2.50

38

SPA-2

0.5

10

5.5

0.25

38

SPA-3

0.5

10

5.5

10.00

38

SP-7

0.5

10

5.5

0.25

38

IC-1

1.0

10

5.5

1.23

38

IC-2

1.0

10

5.5

12.31

38

IC-3

1.0

10

5.5

6.16

38

IC-4

1.0

10

5.5

0.49

38

IC-5

1.0

10

5.5

0.12

38

IC-6

1.0

10

5.5

2.71

38

IC-7

1.0

10

5.5

8.62

38

IC-8

1.0

10

2.0

2.46

38

IC-9

1.0

10

2.0

7.39

38

IC-10

1.0

10

2.0

0.86

38

IC-11

1.0

10

2.0

0.25

38

IC-13

1.0

10

2.0

4.31

38

VO



TABLEII.SUMMARYOFCYCLICPILETESTSPERFORMED-(CONTINUED)
TEST

DIAMETER (in)

LENGTH (in)

PEAKTOPEAK AMPLITUDE (in)

FREQUENCY (Hz)
CONF.PRESSURE (psi)

IC-14

1.0

10

2.0

0.18

38

IC-15

1.0

10

2.0

0.12

38

CP-9

1.0

10

2.0

15.45

38

CP-10

1.0

10

2.0

9.27

38

CP-11

1.0

10

2.0

15.45

38

CP-15

1.0

10

4.66

0.86

38

BP-1

1.5

10

5.5

0.083

38

BP-2

1.5

10

5.5

0.5

38

BP-3

1.5

10

5.5

3.0

38



TABLE III. SUMMARY OF RAMP TESTS

TEST DIAMETER
(in)

VELOCITY
(dia/sec)

R-l 1.5 0.037

R-2 1 .5 0.367

R-3 1.5 1.10

R-4 0.5 0.11

R-5 0.5 0.77

R-6 0.5 4.40

NR-1 0.5 0.05

NR-2 0.5 0.50

NR-3 0.5 5.00

NR-4 1.5 0.017

NR-5 1.5 0.167

NR-6 1.5 1.67

In all cases, pile length = 10 in. (25.4 cm)
and confining pressure = 38 psi (2.67 kg/crn



RESULTS

Confining Pressures

As stated earlier, the confining pressure was applied by

pressurizing two lateral bladders placed between the rubber bag and
the walls of the shear box. The relationship between the pressure

inside these bladders and the total and effective confining

pressures at the pile site is not known a priori because of the
rigidity of the bladders and rubber bag, the possibility of arching
effects within the soil mass and compressibility of the sediment
if the degree of saturation is sufficiently low.

Three pressure transducers were used for this study in order
to record simultaneously the pressure in the bladders along with
total confining pressures and pore pressures at the pile site. The
arrangement and calibration are described in the Appendices on
instrumentation and calibration.

As a limiting situation, let us suppose that a 100% saturated
mud completely fills the volume of the shear box; since it is
saturated its compressibility is comparable with that of water and
thus negligible for the purpose at hand. Hence, we shall assume that
there is no movement of soil particles when the pressure is applied;
the state of stress will be hydrostatic throughout the soil mass
and the total confining pressure at the pile site will be equal to
the applied pressure at the bladders. The changes in pore pressure
will be equal to the changes in total confining pressure and
effective stresses will remain constant.

Let us consider now that the mud does not completely fill the
shear box and the degree of saturation is somewhat less than 100%.
When the pressure is applied, the air inside is compressed, the
mud moves and deformations are induced in the bladders and rubber
bag. The stiffness of the rubber will produce different pressures
inside and outside the bladders. The relationship between total
pressure at the pile and bladder pressure probably will still be
linear assuming small strains in the rubber. Besides this effect



of the bladders, soil movements will induce time-dependent arching
effects: these are expected to be very small if the loading is
slow enough because the yield strength is very small for slow loads
but arching can be significant for rapid applications of the

pressure. Experimental loading and unloading curves are shown in
Fig. 15; the width of the hysteresis loop is a function of the
duration of the loads and the relaxation characteristics of the mud.

Another important fact should be considered: if the degree
of saturation were less than 100%, the first increments in pressure

compress the pore air and cause solution of pore air in the water,
thus decreasing the volume and producing an increase in effective
confining pressure. Since the mud is almost saturated, this
increase in effective confining pressure is expected to be very

small. Measurements showed that effective confining pressures
p

increased to a maximum of about 0.75 psi (0.053 kg/cm ). This value
would be expected to increase with decreasing water content and
decreasing degree of saturation. At the time of the test the
water content was about 70%; measured degrees of saturation were

between 97% and 99% (22).
Finally, the possibility of a build-up in pore water pressures

induced by cyclic shear was considered. The mud was subjected to
±25% shear strains applied as a sine function of time on a 15
second period. The applied bladder pressure was 7 psi (0.49 kg/cm ).
The effective confining pressure remained unchanged within the
accuracy of the plotter (about 0.03 psi (0.002 kg/cm^)) after 60
cycles. However, the possibility remains that higher strains or
strain rates might induce excess pore pressures and, in fact, that
will be shown to be the case later on.

Pile Loading

Effects of Velocity and Confining Pressure

An example of a force-displacement hysteresis loop is shown
on Fig. 16. Plots of the maximum first cycle drag factors vs.
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APPLIED PRESSURE INSIDE BLADDER

Figure 15. Relationship between Bladder Pressure, Effective
and Total Confining Pressures
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pile velocity for different bladder pressures are shown in Figs. 17
to 20. As shown in these figures, a power law is adequate to represent
the results:

K = $)" (10)

where K-j and n are independent of pile velocity but depend on
confining pressure. Pile velocity in Eq. 10 refers to the velocity
at which the maximum force is developed. Let us recall that the

pile is subjected to sinusoidal displacements.
It is important to observe that, if the effective confining

pressure were kept constant, pore water pressures should not have any
influence on the drag factor K-j since the effective confining
pressure is the only one carried by the soil structure. Hence, the
only possibility for the applied confining pressure to alter the
drag is through changes in the effective confining pressure and,
under appropriate conditions, by the formation of an opening behind
the pile.

It was shown in the former section that the effective confining

pressure changes with total pressure up to a certain point (Fig. 15,
p. 54). Note that computed drag factors (p. 68) and computed
effective confining pressures suffer parallel variations with the
applied pressures. An analysis which accounts for this fact and
enables interpretation of the results shown on Figs. 17 to 20
(p. 57 to 60) will be discussed later (p. 70).

Initial Loading

A second aspect to consider besides the maximum possible drag
factor is how the drag factor increases with displacement until
the maximum is reached. In order to characterize this behavior,
data from the 0.5 in. (1.27 cm) and the 1.5 in. (3.81 cm) diameter
piles were initially used.

From the viewpoint of dimensional analysis, it seems clear
that the correlation for drag should be obtained with a dimension¬
less displacement, that is, with displacement of the pile measured



Figure17.DragFactorversusPileVelocityat6psi
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Figure20.DragFactorversusPileVelocityat38psi
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in pile diameters. Surprisingly enough, good correlations were

obtained when plotting loading versus absolute displacement; but

data from different pile diameters segregated when plotted versus

displacement over diameter.
In order to study the phenomenon better, these tests were

repeated at constant pile velocities rather than sinusoidal move¬
ments, thus avoiding the mixed effects of variable displacements
and velocities. However, the results remained unchanged even when
the ramp tests were again repeated using faster recording devices.

The answer to the paradox was obtained from the comparison
of data from the two 0.5 in. (1.27 cm) diameter piles. Although
there is absolutely no difference between maximum drag factor
values obtained with the 5 in. (12.7 cm) and the 10 in. (25.4 cm)
long piles, the relationship between drag and displacement prior
to reading the maximum was different for both piles. It had to be
concluded that the effect of the upper part of the pile was signifi¬
cant during this first stage of loading.

In this situation, a second length L* enters the dimensional
analysis besides the diameter: this length is the distance from
the top of the pile to the lid of the box. This distance is
2 in. (5.08 cm) for the 10 in. (25.4 cm) long piles. The effect of
L* is the most likely reason why drag factors could be correlated to
absolute displacements; the correlation actually existed with the
ratio of displacement to L*. But this was only recognized after
the results were compared to those from the only pile with different
L*. Because of this fact, not enough data could be obtained to
derive the first portion of the drag-displacement curve. Ramp tests
on short piles of different diameters and lengths should be used
for this purpose.

On the basis of the limited data available it seems that a
straight line is a good approximation up to about 60% of the drag.
However, further work is needed to characterize the non-linear
portion.



Cyclic Degradation

Up to this point, only first cycle drag has been considered.
However, the experiments show that the maximum drag developed is a
monotonically decreasing function of the number of cycles. The
dependence of both the coefficient K-| and the exponent n of the power
law on the number of cycles is shown on Fig. 21. It can be seen that
n remains practically unchanged with the number of cycles and that
most of the decrease in the drag is produced during the first cycle.

The experiments also show that low amplitude cyclic movements
(even as low as a tenth of a diameter) can produce a very significant
decrease in the maximum drag. However, the same reasons mentioned
in the preceding section probably invalidate the possibility of
quantitative extrapolation. The knowledge of this decrease would be
useful to determine the drag factor for the most efficient pile design
if the build-up pattern of the storm is known. Nevertheless, first-
cycle maximum values should be used if the possibility exists that
the design wave might not be preceded by large enough waves to
significantly decrease the drag factor.

Pile-End Effect on Maximum Drag Factors

The effect of the upper end of the pile on the maximum drag
factors was studied in two different ways:

1. Measuring the drag on two piles with the same diameter
0.5 in. (1.27 cm) and different lengths, 5 in. (12.7 cm) and 10 in.
(25.4 cm). Fig. 17 to 20 (p. 57 to 60) show that the results fall
on the same line hence showing that the end-effect is negligible.

2. Using the procedure discussed on p. 32 for pile #3, the
conclusion reached was again that the end-effect was not signi
for the 1.5 in. (3.81 cm) diameter piles.

Since the drag is computed in the experiments from the moment
at the base of the pile, the effect of the upper end of the p'
was expected to influence the measurements much more than that o
the lower end. Since the former was negligible, the same thing



H O

LU

Q. </>CpUJo^ UJ

Q.

Figure21.VariationofthePower-LawParameterswiththeNumberofCycles
cr> co



was expected for the latter. Nevertheless, in order to check this

point, a 7.5x16.25 in (19.1x41.3 cm ) plate was attached to the
lower end of piles #2 and #5 in some of the experiments, thus

modifying the lower end conditions. Fig. 17 (p. 57) shows that no

significant changes were obtained.

Superposition of a Shear Field

In order to study the influence of other components of the
stress field on the drag, especially those produced by wave action
in the real subbottom, a shear field was superimposed on the pile
movement. During the experiments, far-field relative mud-pile
velocities are known with respect to vertical locations along the
pile. From the power-law dependence on rate, a point P on the pile
can be found such that moments on the strain gages would be the
same if the relative velocity were constant along the pile and equal
to the velocity at the point P. By plotting the measured drag
versus the velocity at P when the maximum drag is developed,
Figs. 17 to 19 (p. 57 to 59) show that the results coincide with thos
obtained in tests without a superimposed shear field.

Comparison with Theoretical Results

Several theories were considered in Chapter 2. Comparison
of their predictions with the experimental measurements will
determine which one is more adequate for extrapolation of the
results to actual subbottom conditions.

Let us consider first the rate independent slip-line model
described on p. 20. From Eq. 4 the drag factor is:

„ 10.10 rK c - Lu
uo Yeq

where Vep = 3.6
The results depicted in Figs. 17 to 20 (p. 57 to 60) can be

replotted as K versus yC can be obtained from Figs. 10 and 11
^ U U



(p. 38 and 39). The replotted results are shown together with the
theoretical predictions from the slip-line model on Fig. 22. Figs. 23
and 24 display the comparison between the theoretical and experimental
coefficients and exponents n of the power law expressing the drag
factor as a function of the equivalent strain rate:

The fact that the correlations of drag factors to equivalent
,strain rates happen to be quite good is explained by the relatively
small range of shear strengths considered which have produced small
variations in n. Note that the above correlations do not include
the dependence of n on shear strength through the liquidity index
(Fig. 14, p. 43). This dependence will be included in the method for
predicting pile loadings (p. 82).

The vane shear strengths used throughout this work have been
obtained at zero confining pressure. Hence, the predictions from
the slip-line model should coincide with the experimental measure¬
ments at 0 psi. However, the predicted values coincide with the
results at 7 psi (Fig. 22, p. 66). A likely reason, besides
the fact that the model is only an approximation, is
separation of the mud from the pile at low confining
pressures.

The method suggested by Ansley and Smith (p. 24) failed to
give a constant value for C, hence being ruled unsatisfactory. This
also rules out the method based on Np0 (p. 25).

When using the known correlation between Cp and N^e for
Newtonian fluids as proposed by Pazwash (30) and Ansley and Smith (2),
the predictions made by the methods described on p. 25 are shown on
Fig. 25. Clearly Pazwash's method gives better results than the
others, mostly because the plastic component has been obtained from
the slip-line model. However, it does not predict the appropriate
dependence on pile velocity.

For data at the same confining pressure, a good correlation could
be established between Cp and NjJ'e; this is shown in Fig. 26 for 6 psi
(0.42 kg/cm2). When Cp obeys a power law in N^,as it does in Fig. 26,
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Figure 26. Correlation Between Cp and Nn Obtained From
Experiments at 6 psi



this representation is equivalent to ours. However, the use of Nj^
is not well-founded from a physical standpoint.

From Terzaghi and Peck (44), p. 112, it is found that the
effective angle of internal friction $ is expected to be about 26°.
The maximum change in effective confining pressure (p. 47) was shown
to be about 0.75 psi. In this situation the change in shear strength
will be:

ACuq = 0.75 x 144 x sin 26° = 47 psf

This agrees well with the results shown on Fig. 22 (p. 66),
hence suggesting that the described effective stress mechanism is
responsible for the increase in drag with the applied pressure. Thus,
it is easy to introduce the influence of effective pressures in the
method that uses the slip-line result modified for rate effects.

Consequently, it can be concluded that the slip-line result
with rate effects acting through is best among the considered
procedures, and therefore, should be used to extrapolate the results
to the field situation.

Pore Pressures Induced by Pile Movement

In an attempt to explain the decrease in drag with the number
of cycles discussed on p. 62 and the degradation of shear
strength described in the next section, one of the piles was
instrumented with a pressure transducer provided with a porous stone
to record pore pressure changes associated with the cyclic pile
movements. Further details are given in Appendices III and IV.

Build-Up of Excess Pore Pressures

Unlike the pore pressure measurements performed during the
simple shear experiments, a build-up in pore pressures was
produced by the cyclic movements of the pile. Fig. 27 is a
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representative example. It is shown there that pore pressures
were still increasing after 400 cycles at 0.36 Hz; excess pore

pressures were about 0.75 psi (0.053 kg/cm^) independently of the
applied pressure. The change in pore pressure during the first
cycles shown on Fig. 27 should not be considered accurate because of
the lag associated with the measuring system.

Note that the above results predict a change in Ctl of about
2 u

47 psf (0.023 kg/cm ), that is, by about .31% which agrees well
with the 35% which is obtained from the observations on Fig. 21
(p. 63). Consequently, the build-up of excess pore pressures is
considered to be the mechanism responsible for the cyclic deteriora¬
tion of the drag. It has been shown (13, 35) that an important
percentage of the excess pore pressure is developed during the first
cycle; about 50% according to Dunlap (13). This is consistent with
the fact shown on Fig. 21 (p. 63) that the drag factor decreases
by 25% during the first cycle but needs another 500 cycles to
double the decrease.

Dissipation of Excess Pore Pressures

Some useful information can also be obtained from the observa¬
tion of the dissipation of the excess pore pressures while the
bladder pressure is still maintained. Fig. 28 shows an example
of this dissipation. The purpose of the following discussion is
to get as much information as possible about the distribution
of excess pore pressures during the cycling process based on the
knowledge of the pressure dissipation versus time at the pile
site after the cycling stops.

Let us assume for example an exponentially decreasing distri¬
bution of excess pore pressures at the end of the cycling. With
the appropriate boundary conditions, the integration of the
diffusion equation for this initial condition yields (Appendix V):

Au

Au
x=0 _ j2

max

erfc T
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where Au x_q - excess pore pressure at the pile site
erfc = complementary error function
—I'-jx

Aumaxe = distribution of excess pore pressures at the end
of the cycling

x = distance from the pile
T = n /Cvt is a time factor
t = time

Cv = coefficient of consolidation.
This result is plotted in Fig. 29 using normalized excess

2
pore pressures. It ns clear that since T is proportional to t
and Figs. 28 and 29 are semi-log plots, it should be possible to
superimpose both figures if the assumed initial conditions of pore
pressure distribution were correct. Any pair of corresponding
abscissae in the two figures would then provide the value of

o/C^\ However, the slopes are too different and the initial
conditions must be considered inadequate.

A similar procedure was tried with a constant distribution of
excess pore pressure over a distance . The normalized results
of the integration are (Appendix V):

Au

Au
x=0

max

erf T*

h/2
where T* = is a time factor.

Again the plot of the normalized excess pore pressure versus
o

(T*) (Fig. 30) cannot be brought to coincide with the measured
results and, if forced to, the predicted time to the inflection
point is an order of magnitude higher than calculated when-4 2
realistic values of Cv are used; e.g. Cv = 2.5x10 cm /sec ((43),
p. 87) with L-j between 0.5 and 1 diameter.

It is thought that the reason for the above results is related
to the opening left behind by the pile after a large number of
cycles at not too high confining pressures. The expected situation
and its idealization for integration of the diffusion equation
are shown in Fig. 31. The line A'A is an axis of symmetry.
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Figure 31. a) Real Situation with Opening behind the Pile
b) Idealization Used in the Diffusion Equation



Therefore the flow from A to B has an impermeable boundary at A.
The boundary condition at B would be rigorous if BC was parallel
to A'A. However, this is not expected to introduce important
changes in the solution, which is given in Fig. 32.

This time the curve coincides with the experimental results.

Equating corresponding abscissae, the tests performed yield
-4 2

values of Cv between 2 and 3.3x10 cm /sec which coincide with
the expected values ((44, p. 87).

It is therefore concluded that in these particular experimental
conditions, dissipation of excess pore pressures occurs by migration
of the pore water toward the opening behind the pile.

It should be pointed out that the inflexion point in the
dissipation curve coincides roughly with the 50% dissipation and
occurs at about 15 minutes. Since the time factor is a dimensionless
parameter, it is clear that dissipation times increase with the
square of the path length. The pile used for these experiments had
a diameter of 1.5 in. (3.81 cm.). Assuming a 6 ft. (182.5 cm.)
diameter pile, the time to the inflexion point would be on the order
of 15x(72/1.5)2 = 34560 minutes or 24 days. Consequently, although
the dissipation of pore water pressures had some importance in the
experiments, its effect is expected to be negligible in the natural
scale.

Degradation of Strength by Pile Movement

Following a few selected tests with the 0.5 in. (1.27 cm) and
the 1.5 in. (3.81 cm) diameter piles, very careful measurements of
shear strengths were taken on the longitudinal and transverse
planes with respect to the movement of the pile.

An example of those measurements is shown on Figs. 33 and 34.
No correlations could be found between the measured strength
degradation and other parameters such as the number of cycles,
frequency, applied pressure, shear strength, etc. Some trends
could be seen, for example, greater degradation with higher numbers
of cycles but no accurate correlations could be established. The
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reason for it is implicit in the preceding section. The time needed
to open the box and the rubber bag and to make those accurate measure¬
ments is on the same order of magnitude or larger than the inflec¬
tion point of the dissipation curve. All tests provided qualitatively
similar results but in order to reproduce quantitative results, the
measurements should have been corrected to account for the expected
pore pressure dissipation at the corresponding time.

Even though no quantitative conclusions could be derived
from these measurements, it can still be seen that the results
are consistent with the phenomena of build-up of excess pore

pressures and their dissipation.

Prediction of Pile Loading

It has been argued before that under physically realistic
conditions inertia forces are negligible and, consequently, the
pile loading can be considered equal to the drag force. It has
also been shown that the drag force satisfies the equation:

Figs. 10 (p. 38) and 11 (p. 39) demonstrate that Cu can be
expressed as a power law of the shear rate: Cu = m yn where n is
a function of the liquidity index (Fig. 13, p. 42):

n = -0.028 + 0.117 LI (12)

Standard field tests provide CUQ, that is, the value of Cu at
the particular rotation rate 0Q = 0.0143 rad/sec or equivalently,
at the shear strain rate y^:

.
_ 20o _ 0.0286

\> n n

However, the value of Cu to be used in the prediction of the
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drag factor should be computed at a shear strain rate yeg

*eq = 3‘6 If

Dividing C by C :3 u J uo

, ZjOllML . 0 25,9n)n (Vjn
Luo (0.0286/n)n u

The first-cycle load on the pile is:

Fd = 10.10 DL Cu0 (125.9n)n (£)"
and the drag factor:

K = pr%- = 10.10 (125.9n)n (]j)n = K, <]j)n (13)
UO

The variation of K-j with n is shown in Fig. 35. The pile loading
for a given mud-pile relative velocity can now be computed by the
simple formula:

F = DL C K,
uo 1 (V)n 04)

which only needs the in-situ value of C,,„ and the value of the
liquidity index to enter Fig. 35 (p. 84) and obtain K-j and n.

Note that, if changes can be expected in the moisture content,
both CuQ and n have to be varied accordingly: Cu0 as shown in
Fig. 12 (p. 40) and n as given by Eq. 12.

Similarly, C has to be modified in Eq. 14 if the effective
uo _

confining pressure changes by an amount Aa. For this case, the
value of C will have to be modified by:

uo

AC = Aa * sin <f)
uo

where the effective angle of friction can be either measured in
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the laboratory or estimated from its correlation with the plasticity
index (44); <£ was estimated to be 26° for the soil studied herein.

th
Finally, in order to compute the pile loading during the N

cycle, the values of and n in Eq. 13 are affected by the
percentages shown in Fig. 21 (p. 63) and the drag is computed as
before. The change in n is probably due to a decrease in moisture
content caused by the dissipation of excess pore pressures, and
consequently, this change will be frequency-dependent; however, the
effect on (jj)n caused by the decrease of n with the number of cycles
is so small that the frequency-dependence of this decrease can be
neglected.



CONCLUSIONS AND RECOMMENDATIONS

Based on the evidence determined from these tests, the

following conclusions can be drawn:
(i) The characterization of the sediments of interest as a

power law fluid is appropriate for the problems considered in
this work.

(ii) When inertia forces are negligible, as is the case in
the field, the theoretically predicted loads exerted on the
circular pile by the moving sediments is:

F = 10.10 D C
u

where C = m n is the undrained vane shear strength measured
u 'eq v 3

at a shear strain rate = 3.6

(iii) The value of the pile loading can be computed from a

single measurement of shear strength and water content for any
mud velocity, water content, effective confining pressure and
number of cycles.

(iv) Cu varies as a power law of water content and also as a
power law of shear strain rate; the coefficient m of the latter
power law changes with effective confining pressure a as predicted
by the classical theory of soil mechanics,while the exponent n is
practically insensitive to changes in a , but it is a function of the
liquidity index.

(v) Cyclic deterioration of the pile loading is produced by a
build-up in pore pressures, which in turn produces the corresponding
decrease in effective confining pressure.

If separation of the mud is not produced behind the pile, the
only possible influence of the confining pressure is through
effective confining pressures caused by compressibility due to an
unsaturated condition of the mud. As stated in the last paragraph,
this alters the coefficient m while leaving the exponent n

unchanged.
(vi) The superposition of a uniform shear strain field with a



25% amplitude does not produce noticeable changes in the maximum
drag developed and the cycling of this strain-field to ±25% shear
strains with a 15 second period did not alter the far-field pore

pressures even after 60 cycles.
(vii) The small distance from the piles to the lid prevented

a determination of the dependence of the pile loading on displacement
prior to reaching its maximum value.

Among the possibilities to improve the above results are the
following:

(i) It will be very interesting to perform the drag experiments
at a higher shear strength (on the order of 400 psf) to check the
accuracy of the proposed dependence on the liquidity index and
therefore on n, since all drag data obtained correspond to a very
narrow range of values of the exponent n.

(ii) The dependence of pile loading on displacement prior to
reaching its maximum value should also be derived from experiments
with short piles of different lengths and diameters.

(iii) More data are needed on the subject of cyclicly induced
excess pore pressures on clays, from both conventional soil tests
and moving pile tests, since excess pore pressures appear to be a

key factor on the degradation of shear strength and drag with the
number of cycles.

It would also be interesting to know if the applied confining
pressure has any influence on the build-up of pore pressures,
especially before reaching the pressure at which all the pore air
dissolves into the water.

(iv) Finally, although the agreement obtained between drag
theory and experiments is good, it is considered that field
experiments, especially full scale experiments, would probably
constitute not an easy but a definitive test of the applicability of
the conclusions derived in this work. In particular, since this
experimental program has only included tests with remolded clays,
the question remains unanswered of whether the proposed relationships
still hold for undisturbed materials of significant sensitivity
(ratio of undisturbed to remolded shear strengths). For these,



although the first-cycle loads can probably be computed by the
described procedures, further cycling will probably produce a faster
degradation rate during the first few cycles because of the larger
effect of deterioration of the natural soil structure. The question
is of secondary interest, since the first cycle value can probably
be successfully derived with the methods described herein and
because, due to the slower degradation rate predicted from remolded
clay studies, the procedure proposed for subsequent cycles will
result in values higher than the actual pile loading, and therefore
more conservative than in the actual on-site condition.
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A =

a =
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'D,N =

CM
Cu =
^uo
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erf =

erfc =
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F1 ,F?*F3’^ =
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G1 =
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K =

Ko "
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K2 =

Kh =
k =

L =

L* =

Ll =
L.I. =

1 =

APPENDIX II. LIST OF SYMBOLS

O

cross-sectional area (L )
width of the yield zone minus the pile diameter (L)
constant (dimensionless)
Newtonian drag coefficient (dimensionless)
Newtonian component of drag coefficient for Bingham
plastics (dimensionless)
inertia coefficient (dimensionless)

-1 -2
undrained vane shear strength (ML T )

-1 -2
C.. measured under standard conditions (ML T )

2-1
coefficient of consolidation (L T )
pile diameter (L)
vane diameter (L)
2.718... (dimensionless)
error function

complementary error function
_2

pile loading per unit length (MT )
_2

components of F (MT )
_2

drag force per unit length (MT )
_2

inertia force per unit length (MT )
-1 -2

viscoelastic shear modulus (ML T )
coefficient of the power-law expression of G (ML~ Tn-<c)
Heaviside step function
drag factor related to Cuo (dimensionless)
drag factor related to Cu (dimensionless)
coefficient of expression of K in terms of V/D (Tn)
coefficient of expression of K in terms of y (Tn)

-2 -2
modulus of subgrade reaction (ML T )
parameter in Bingham drag expression (dimensionless)
pile length (L)
distance from pile-end to lid (L)
length of constant pore pressure (L)
liquidity index (dimensionless)
vane length (L)
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m = coefficient of power law (ML-1Tn~2)
Ng = Bingham number (dimensionless)

NRe = conventional Reynolds number (dimensionless)
NRe = corrected Reynolds number using plastic viscosity

(dimensionless)
= corrected Reynolds number using apparent viscosity
(dimensionless)

= Reynolds number for power law fluids (dimensionless)
= exponent of power laws (dimensionless)
= plasticity index (dimensionless)

-1 -2
= pile loading per unit area (ML T )

1 -2
= maximum p developed (ML T )

«Re

N'A'"Re
n

P.I.

P

P,max
R

T =

T =

T.
max

T$

radius of the pile (L)
time factor for the exponentially decreasing distribution
of pore pressures (dimensionless)
torque (ML^T”^)
maximum torque (ML T )
time factor for step-function distribution of pore

pressures (dimensionless)
time (T)

-1 -2
pore water pressure ML T )

.-2

Vo =
w =

.-1

WL =
WP =
x =

y =

yc =
a =

a =

3 =

Y

= relative mud-pile velocity (LT ^)
= relative mud-pile acceleration (LT”C)
relative maximum in the velocity profile (LT ')
moisture content by weight (dimensionless)
liquid limit (dimensionless)
plastic limit (dimensionless)

= abscissa (L)
= relative pile-mud displacement (L)
= y at p = ~2— (L)
= Henkel's coefficient (dimensionless)
= family of si ip-lines
= family of slip-lines
= shear strain rate (T "*)

-1
Xo

= shear strain rate corresponding to G0 (T~ )
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=

Au
max

Aa =

e =

n =

e =

e =

y =

5 =

IT =

P =

a =

a

a

m

n

T

Toct
T =
y
* =

shear strain rate at A (T'1)
equivalent shear strain rate (T~^)
increment
. _i -?
increment of vane shear strength (ML T )
. -1
increment of pore pressure (ML T )

-1 -?
maximum increment of pore pressure (ML T )

-1 -?
increment of pore pressure at x = 0 (ML T )

-1 -2
increment of effective stress (ML T )
parameter (dimensionless)
parameter in pore pressure distribution (L~^)
angle (dimensionless)
angular velocity (T~^)
standard angular velocity (T~^)
Newtonian viscosity (ML”"*T-^)
secant or apparent viscosity (ML’^T”^)
tangent or plastic viscosity (ML"^T~^)
dummy variable of integration (dimensionless)
3.141... (dimensionless)
density (ML~^)

-1 -?
effective stress (ML T )

-1 -2
mean principal stress (ML T )

-1 -2
normal stress (ML T )

-1 -2
shear stress (ML T )

-1 -2
octahedral shear stress (ML T )

-1 -2
yield stress in Bingham plastics (ML T )
effective angle of friction (dimensionless)
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APPENDIX III. DESCRIPTION OF THE EQUIPMENT

THE SHEAR BOX

A longitudinal section of the shear box is depicted in
Fig. 12, (p. 40). An outside view of the box and a section
showing the rolling system are presented in Figs. 36 and 37, respec¬
tively. The box was constructed with mild steel in its totality
except for the two rails for the main bearings, which were made of
heat treated steel alloy.

Each one of the 6 big rollers can support a maximum load of
22,000 lbs (10,000 kg), which corresponds to an internal pressure
of about 100 psi in the shear box. The 4 rollers disposed hori¬
zontally prevent any lateral movements of the lid. The 4 small
vertical rollers support the lid while there is no internal pressure
and simplify the frequent operation of opening the shear box.

The top and bottom plates and both tilting walls were
reinforced by I-beams. Because of the movement of the rollers, this
was not adequate support for the other two walls whose thickness
had to be increased to 2 in. to carry the large moments introduced
by the main rollers.

To keep the two tilting walls parallel, two rods were used.
As shown in Fig. 36, these rods were threaded to self-aligning
spherical bearings provided with right and left-hand threads in
order to connect both ends of the rod at the same time and to
regulate the distance between the two tilting walls.

The rails and the vertical members holding the rollers were
bolted in place. All six vertical members were instrumented to
determine the distribution of the vertical load among the six rollers.

A steel rod served as a rail for the small rollers. This rod
continued outside the shear box (to the left in Fig. 36)
in order to slide the lid off and to have access to the interior.
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Figure 37. Detail of Transverse Section of the Shear Box



Pile Moving System

The piles were moved by a hydraulic ram of the
Texas A&M Gilmore Materials Testing unit. The actuator
had a maximum load capability of 5000 lbs, peak to peak amplitude
of 6 in. (15.2 cm) and frequencies from 10”^ to 10^ Hz. The
actuator was always used in the displacement controlled mode. Only
constant velocity and sinusoidal movements were utilized in this
project although the equipment could provide several other wave
forms.

Both the shear box and the hydraulic ram were mounted on a
common base formed by two large I-beams to support the reaction
from the ram loads.

The ram acted on a case-hardened steel shaft which moved longi¬

tudinally under the shear box. As shown in Fig. 7 (p. 31), the
shaft entered a solid steel block; longitudinal ball bushings
maintained the alignment and two pairs of Chevron seals assured
good lubrication without leaks. All five piles used were provided
with identical threads; thus, the same part could be used to
connect them to the shaft. The connecting part was hollow to
allow the passage of the instrumentation wires (see section on
pi 1es).

Confining Pressure System

The rubber bag is shown in Fig. 38. It was made of 3/16 in.
(0.48 cm) thick natural rubber reinforced along the edges. When
in operation, the rubber was compressed between two steel flanges
to seal the edge of the lid and between a steel flange and the
bottom plate to seal around the hole for the piles. Two rubber
bladders were symmetrically placed on both sides of the rubber
bag; those could be pressurized with either water or air to provide
the confining pressure on the sediment.

The water pressure arrangement shown in Fig. 39a was used
in all experiments except for tests involving measurements of
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effective confining pressure. For these, the more precise air
system of Fig. 39b was used.

The Piles

Fig. 40 shows the general arrangement of the piles and the
system used to fix them to the driving shaft. This system is
based on a connecting piece provided with right and left-hand threads
in order to avoid having to twist the strain-gage wires while the
pile was being positioned. With this arrangement, the connecting
piece is the only one that rotates during the installation of the
piles. Two pins guarantee the alignment of the strain-gages in the
direction of the pile movement. As shown in Fig. 40, the
instrumentation wires enter the pile and leave the shear-box follow¬
ing first the axis of the pile and connecting pieces and then the
interior of the hollow driving shaft.

Shearing Mechanism

The shearing movement was applied by means of a Baldor electric
motor, model VM 3538. The characteristics of the motor were
1725 r.p.m., 220 volts and 3 phases. Two gear reductions of 1/30
and 1/15 increased the period to 15.7 seconds. By means of an
eccentric wheel, different shear amplitudes of ±15%, ±20%, ±25%
and ±30%could be applied. The movement was not far from sinusoidal
since the member linking the wheel and the wall was long compared
to the eccentricity. Both ends of this member were provided with
self-aligning spherical bearings (Fig- 41).

The motor, gear reductions and eccentric wheel were bolted to
a plate fixed to the same beams in which both the shear box and
the hydraulic ram were mounted. These beams supported the
reactions of the loads produced by the motor and the ram.
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Figure 40. Front-View and Section of Pile
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APPENDIX IV. INSTRUMENTATION, CALIBRATION AND RECORDING

Load and Position Measurements

In order to estimate the pile loading, the bending movement
was measured at one or more places along the piles (p. 30)
by means of full strain-gage bridges. Pile loading measurements were
done with M&M 1 in. (0.318 cm) temperature compensated 120 ohm
strain-gages, model EA-06-125PC-120. They were put in position
following the standard method and covered first with M-coat D for
waterproofing and then with M-coat G for mechanical protection.

The recording system included 6 Honeywell carrier amplifiers
model 119 B1, an X-Y plotter Hewlett-Packard 7044A, a second X-Y
plotter Hewlett-Packard 7001 A, a 12-channel visicorder B&F Instru¬
ments, model 3006 DL and a 12-channel visicorder Honeywell 906 C.

All the piles were calibrated statically by applying moments
by means of hanging weights. The responses were linear in all
cases throughout the range of operation. The measurements were
considered accurate to 1%. One of the piles was also calibrated
dynamically both in air and in water. This was done by fixing
a lead mass to the pile and cycling it. This type of calibration
gave a large scatter since the damping provided by either air or
water was very small and, consequently, the pile was being excited
in its natural frequency. However, no such oscillations occurred
during the actual tests with the sediments; filtering of the signal
was unnecessary and the static calibration was considered accurate
and adequate.

The positioning and response of the strain-gages was checked
in all five piles: the procedure consisted of verifying that the
readings were not altered by any loads other than bending moments
on the plane of the movement of the pile.

The position of the pile was obtained from an LVDT attached
to the hydraulic actuator. The X-Y plotter used the signal from
the LVDT as the abscissa and the one from the strain-gage bridge
as the ordinate. On the appropriate scales, the plotter thus gave
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load-displacement hysteresis loops. Simultaneously, a load-time
curve was obtained in the visicorder. The latter was the only
available measurement in high speed tests, for which the plotter
was too slow. Since the visicorder had a 12-channel capability, the
measurements o* all four strain-gages of pile #3 could be recorded
at the same tine.

Pressure Measurements

Pile #4 was instrumented with a pressure transducer. The pile
was composed of three pieces; the central portion is shown in
Fig. 42. The porous st ne causes the pressure in cavity A to
be equal to the pore water pressure in B. Thus the transducer (#1)
records only water pressure rather than total pressure. The upper
screws, machined to become needle-valves, can be used for bleeding
the air when the transducer is first mounted and for flushing
and cleaning the porous stone after each experiment. When this
pile was operated, the interior cavities were filled with de-aired
water and teflon 0-rings were used in order to reduce to a minimum
the overall compressibility and improve the velocity and accuracy
of the response. This pile was used to detect pore pressure
changes associated with pile cycling.

The same set-up plus two other transducers provided the data
on effective confining pressures. Transducer #2 (Fig. 43)
measured total pressures very near transducer #1. Transducer #3
(Fig. 39b, p.101) recorded pressures in the lateral bladders. 2

Transducers #1 and #2 could be used up to 40 psia (2.8 kg/cm
absolute pressure) while the range of transducer #3 was 0-100 psia
(7 kg/cm2 absolute pressure). All three transducers were Bell &
Howell CEC type 4-312-0001. Signals from #1 and #2 were subtracted
in a summing amplifier to obtain the effective confining pressure.
The recording equipment included Allegany SAM-1 amplifiers and
an X-Y-Y plotter Hewlett-Packard 7046A. The plotter was used to
record total and effective confining pressures as the two ordinates
and either bladder pressure or time in the abscissa depending
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on the experiment.
The calibration arrangement is shown in Fig. 44. The

difference between the recordings of transducers #1 and #2 was less
p

than 0.03 psi (0.002 kg/cm ) in 25 psi thus insuring that any

difference measured during the tests was actually due to a change
in effective confining pressure. The plot of #2 versus #3 produced
a perfectly straight 45° line.

It should be pointed out that, when transducer #1 was used in
shear tests, only the central portion of the pile was inside the
box. In this way both transducers #1 and #2 were allowed to move
with the surrounding mud, hence minimizing the disturbance caused
in the shear field.

Vane Shear Measurements

Only the recording equipment of the motorized vane will be
described here. Its geometry and capabilities have already been
described in the section on vanes (p. 33). Details and procedure
of operations are discussed elsewhere (42).

The vane motor voltage was obtained from a Perkin TV R040-15
D,C. power supply. The strain-gage bridge was connected to a
Vishay BA-4 Strain-Gage Amplifier/Signal Conditioner. Torque-
rotation data were recorded on a Hewlett-Packard 7044A X-Y plotter.
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Figure 44. Top-View of the Calibration Set-up for the Pressure
Transducers
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APPENDIX V. SOLUTION OF THE DIFFUSION EQUATION

Exponentially Decreasing Initial Distribution

The diffusion equation is:

9u
_ r 3^u

8t " V 3x2

The initial condition is:

u = Aumax e”r|X for x >_ 0 and t = 0

and the boundary condition:

3x
= 0 at x = 0 for t > 0

Modifying for these particular conditions a solution presented
by Smirnov (40):

Au

Au
max

x=0
vCvnt •/o

r00 x2
I exp{-(i—g"t- + nx)}

•s r\ \f

dx

Changing to the new variable, C, defined as

+ n
2/Ct

v

it can be seen that:

Au
x=0 = Aumax exP{n2Cvt} ^ rj n>^yt

exp{-£ } d 5

Let us now introduce the time factor T:

T = n v^t
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The final solut: n is then obtained

Au

Au
X=0 TC . T= e erfc T

max

where erfc denotes the complementary error function

Step Function Initial Condition

The equation and boundary conditions are kept as above,
us introduce the new initial condition:

Au = Au [1 - H (x-L-,)] for x > 0 and t = 0
max l —

where H is the Heaviside step function.

Using as before the same general solution:
Au /-L .2

Au
max

x=0

changing variables to £:

/Cyl-lt*7 0

rl x2
/ exP{- rrr} dx

n \i

it can be seen that:

Au „ = Au —
x=0 max ^ exp{-C } d c

and in terms of the time factor:

T* = -L/2
v ^7

the final solution is:

Au x=0
Au

max

= erf T*

Let


