THEORY OF PARTIALLY DRAINED
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ABSTRACT: A theory is presented to evaluate pore pressures developed as a result
of insertion of an open-tipped standpipe into a saturated porous medium. An in-
tegral method is used whereby the advancing tip is represented as a moving point
dislocation. Dimensionless standpipe pressure, (Pp — P, is uniguely centrolled
in dimensieniess time, £, by dimensionless penetration rate, Up/Ep. and the mod-
ulus ratio, Ex(R:/R;)". The time lag 1o pressure buildup is controlled by the mag-
nitude of the ratio of penetration rate, U, to consolidation coefficient, c, as cm-
bodied in Up/Ep. Fhe magnitude of the pressure differential between a ciosed-tip
piczocone and the open standpipe piezometer is exacerbated as the parameter Ep(Ra/
R\Y is increased, reflecting the volume compressibility of the measuring system.
Al low relatlive peneiration rates, the steady pore pressure response within the
standpipe is subhydrostatic as fluid response is controlled primarily by the in sin
hydrostatic pressure distribution with minimal contribution from generated pore
pressures. As dimensioniess penetration rate Up/E, is increased, the standpipe
response hecomes greater than hydrostatic, indicating the influence of high driv-
age-induced tip pore pressures on overall behavior,

INTRODUCTION

The potential application of field peretrometer testing in the determination
of in situ consolidation behavior of soils has been previously recognized
(Janbu and Senneset 1974; Wissa et al. 1975; Torstensson 1975; Jones and
Van Zyl 1981; Battaglio et al. 1981). Of critical interest in the rational inter-
pretation of data is the mechanism by which pore pressures are generated
swrrounding the penctrometer tip as a function of the prescribed, assumed,
or measured undrained strain field. The strain field may be evaluated from
consideration of the kinematic failure mechanisms, either disregarding (Bal-
igh and Scott 1976) or including (Drescher and Kang 1987) self weight, from
expanding cavity results in either cohesive (Ladanyi 1963) or cohesive-fric-
tional soils (Carter et al. 1986), or from use of a strain-path-type method-
ology (Baligh [985; Tumay et al. 1985; Acar and Tumay 1986). Instanta-
neous pore pressure distributions may be detenmnined through use of appropriate
pore pressure parameters (Skempton 1954; Biot and Willis 1957).

As an alternative to closed-tip piezocones, open-tipped standpipe piczom-
eters may be forced into the soil and the pore pressure changes generated
around the tip monitored with time. Rather than directly recording the gen-
erated tip pressures, the equilibration process initiated within the open stand-
pipe will enforce both a time lag and a reduction in recorded fluid pressure
over the closed-tip piezocone. This behavior is analogous to that reported in
the classic time-lag analysis of Gibson (1963). If these data may be recorded
during drivage, the hydraulic characteristics of the penetrated medium may
be determined from type curve matches. Operationally, pressure heads within
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the penetrating standpipe may be measured by a single pressure transducer
located behind a high air-entry porous filter tip. A theory is presented to
account for concurrent pore pressure generation and dissipation mechanisms
around the advancing tip of a standpipe piezometer. A solution is based on
the theory of a point dislocation moving within a saturated porous medium.

S1aTic BisLocaTiON

Assume that the static plezometer assembly may be represented by a point
dislocation located at the origin of the coordinate system (x,¥,2) = (0,0,0)
as illustrated in Fig. 1. The excess pressure distribution (p — p,) resulting
from an instantaneous point dislocation is given as (Cleary 1977):

vV op B g
p_P’:@Ez\/;""p(_ﬂ ................................. (1}
with
R
£ = ﬁ ...................................................... (2a)
and
e y3 e 20

where p = total fluid pressure; p, = initial static fluid pressure at the point
of interest; ¢ = coefficient of consolidation; p = fluid dynamic viscosity; &
= permeability; 1 = time following initiation of the dislocation; R = radius
of interest; and V = volume introduced as a dislocation, The instantaneous
volumetric change is positive for insertion and negative for removal, allow-
ing general mixed volume changes to be accommodated.

For an incremental advance of an open-tipped piezometer, moving at con-
stant velacity £/, two effects are manifest. The first is the undrained loading
and subsequent drainage of the surrounding medium resulting from the dis-
placement field around the piezometer tip. For a piezometer of effective-tip
external area, @, or radius, R,, as illustrated in Fig. 1, the volume introduced

STANDPIPE
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FiG. 1. Schematic of Piezometer Tip and Sandpipe
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in time increment dt is given by V|, where
Vis= Uads = URRIT . e 3

This volume change resulting from mechanical insertion is diminished by a
reverse flow into the piezometer under a head differential given as V,, where

where A = the internal cross-sectional area of the standpipe. For a constant
internal radius of the standpipe A = wR2
R d
Vy = ——ws & AT 3
v odr
where y, p; = the head and pressure recorded at R = R, respectively; and
it is assumed that R, is sufficiently small that pressure variations over the
depth of the spherical surface may be neglected. The total instantaneous
volume change is given by V = V, + V, and may be substituted into Eqg. |
to yield

cp ¥ (UR, Rﬁdpl) ( &3)1 ©
-y EE — T ———dexpl—=Jdv ...... ... .....
TSIV CALEEY o

giving the appropriate pressure response. When the tip of the piczometer,
of external radius K|, has a much greater permeability than the surrounding
penctrated media, Eq. 6 may be written specifically for the pressure differ-
ential measured at an equivalent radius R, corresponding to the radius of the
piezometer tip. Accordingly, where, £, = R, /\/%

c p & ( . R’ dm) ( E?)
-y T e — UR; — — — ] ex ——ddT .. (7}
o 4Rk N ! Y dv P 4

If it is assumed that the static pore pressure magnitude, p,, is constant
over the finite height (2R)) of the piezometer tip, Eq. 7 is clearly spherically
symmetric. This will not be replicated, however, when the point dislocation
is moved at velocity {/ to represent penetration of the piezometer. Instead,
the area-averaged pressure differential, (p, — p.), may be evaluated over the
surface at radius R, such that

¢ VT L Ridpix :
{pp) = — L —gl—w - UR; — — —‘?L“}—l exp (—é) sin adodt + p, &
4RV k2R 2 Yy di 4

where (p;) = 1/2 [§ p\(x) sin ade and o is the angle subtended from the
positive x-axis as illustrated in Fig. 1.

Moving DISLOCATION

The fluid-tapped static dislocation of Eq. 8 may be integrated in time and
space, as illustrated in Fig. 2, to represent the advance of an open-tipped
piezometer. A coordinate system fixed to the center of the piczometer tip is
chosen that moves in the medium at velocity ~U. In moving, the dislocation
leaves a remnant void of volume, Vi, along the travel path representing the
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FOINT DISLOCATION PENETROMETER

€] ]

FiG. 2. (a) Point Dislocation within Saturated Porgus Medium Moving at Velocity,
U; (b) Analogy with Penetrometer Moving at Velocity, U/

volume displaced by the constant radius piezometer casing.

For all times ¢ 2 07, a point dislocation is introduced at the origin at rate
V per unit time and the surrounding medium moves at velocity U/ relative
1o the coordinate system. The position of a point in the surrounding medium
located at (x,y,z) at current time ¢ would bave been [x — U{t — 7}, ¥, z] at
time +. Under this condition, Eq. § may be rewritien as

: N R} dpy(x &
(Pl) = LE_‘E—' _J [UR?[ - pi(w:i exp (—i:) sin adodt + P (9)

AR k 2V 2 4, yoodT
where
Rl
& = ﬁ ................................................ {10a)
Ri= - U — O+ 5 {10b)

to give the pressure differential at time ¢ due to the point dislocation, Vdr,
introduced at time 7. The integrated effect is directly evident from Eq. 9 as

e p B 1], ., Ridp®
(py = —-3———f [URT—*L
0 AR A2V 2 gy Yo dr

exp (—%—f—) SIMQAUAT + Py o e e .y

where the substitution, n = R,/2[c(t -~ 7]

Low {1 [T, Rdp
e
l ’ zﬁRl K R,,;(m‘ﬂz [ ! Yoodr
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exp | — =~ — |~ sinadodn + P, — P e (12
2c 4o

where x = R, cos w; and p, = the equilibrated tip pressure prior to the
initiation of penetration assumed constant over the height of the open pi-
ezometer bulb. A set of dimensionless parameters may further be defined to

, may be applied to yield
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identify the response of the system where behavior during penetration is
uniguely defined in terms of

pp= BLTRO (i3a)
'Yle
pp= BT (13b)
¥R,
der det (14)
tp = —F 75 T el
TR TR
U
UD = _E: ..................................................... (13)
vk
¢ 260 - i
Ep=—t B 2w L (16)
YR & (} = 2v) wR;
X (a7
X R! .......................................................

and R./R, where P, = dimensionless pressure; 1; = dimensionless time; U,
= dimensioniess penetration rate; E, = dimensionless modulus of defor-
mation; G = shear modulus; and v = Poisson’s ratio. For a hydrostatic ground-
water system, {p, — po) = Ury, and

Upt,
P = (18)

In dimensionless form, Eg. 12 may be represented as

. _LEE?‘(_{?_:)E -],a ﬁifﬁf(gg o Ti) sin cedodn
? % R] [l dTD 2 K] i ED, ’

U {7 1 j N (UD ) Unto
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VT Jug-112 2 Jo A Ep 4E,
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U Up co ) Up \°
f;(“—f. o, 'q) = exXp {__D Sa"”f]'—( D)} ................... 20
Ep 2E, 4Epm

The integral expression may be evaluated numerically where a finite dif-
ferentiai is substituted in time as
(dPD)“ _APR (Pp = PE)

dip/ Aty (th -1

for time step n. Expanding Eq. 19 as a series allows the development of
dimensionless pressure to be determined through the current time level, 77,
where the integrals are represented as

, fﬂl 1 J‘“’f (UD ) R dewdt (_’7}
= - . «, SIMOaddmy .o e e e
ax 2 [H] : ED n K
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with
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enabling P5' to be determined directly from knowledge of the initial con-

dition P, = O for 1, < 0.

Pore PressuRe RESPONSE

Eq. 25 may be solved directly to determine the pore pressure response of
the system to penetration. For soils, reasonable magnitudes of the dimen-
sionless modulus £, would be in the range of 10°~10°, allowing behavior
to be documented with dimensionless time for a variety of penetration rates,
Up. Tt is instructive to view the penetration behavior under two simplifying
conditions prior to observing the fully coupled behavior. The simplifications
alternately examine the influence of enforcing a zero in situ pore pressure
gradient during penetration (by disregarding the last term of Eg. 25) and
alternately assuming that no excess pore pressures are generated during pen-
etration (by setting V|, = 0 in Eq. 3).

Zero Vertical Pore Pressure Gradient

The responses for Ex(R./R\)Y = 10°, 10°, and 10° are illustrated in Figs.
3{a)~3(c). When the vertical pore pressure gradient is ignored (dPh/dr, =
0}, dimensionless pressure magnitudes are always positive for a full range
of penetration rates. This is a direct consequence of the pore fluid pressures
generated during drivage being able to dissipate upwards through the shaft
of the penetrometer. As the rate U/,/E;, increases, the magnitude of excess
pore pressures decrease. This will be manifest as either penetration rate, U,
or tip radius, R,, increases or as consolidation coefficient, ¢, decreases. For
a closed-tip penetrometer, the steady pressure distribution is given by 4(P,,
— Py)/Up = 10" corresponding to the upper limit of the vertical scale of
Figs. 3(a)-3(c). Since the measuring system in the open-tipped penetrometer
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FIG. 3{a). Transient Pore Pressure Response at Plezometer Tip for Penetration
in Saturated Medium with No Pore Pressure Gradient with Depth: E,(R./R, ) = 10°

has a finite volume, the pressures generated must, in ali cases, be lower than
for the closed-tip system. As the penetration rate increases, a larger internal
volume is produced per unit time in the measuring system, thus exacerbating
the influence of pressure lag magnitude in the steady condition.

The magnitudes of steady dimensionless pore pressures are increased with
a decrease in the modulus magnitude En(R./R,) corresponding to a decrease
in the volume lag present within the measuring system. The reduction in the
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FIG. 3(b). Transient Pore Pressure Response at Piezometer Tip for Penetration
in Saturated Medium with No Pore Pressure Gradient with Depth: E4(R./R, = 10°
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FIG. 3(¢c). Transient Pore Pressure Response at Plezometer Tip for Penetration
in Saturated Medium with No Pore Pressure Gradient with Depth: E,(R./R Y = 10°

volume of the measuring system may be viewed as an overall reduction of
systemn flexibility, in the elastic context. As the internal radius R, decreases,
the response time is accelerated and the time lag associated with the instru-
ment is decreased. Pore pressures become asymptotic to the closed-tip re-
sponse as Ep{R./R,Y approaches zero.

As dimensionless penetration rate, Up/Ep, is increased beyond 107, no
appreciable pressure generation is recorded. This situation cormesponds to
small magnitudes of consolidation coefficient, ¢, or small component mod-
uti, E, of the saturated material. Physically, the low fluid pressures generated
are a direct consequence of the low stiffness of the saturated material re-
quiring application of little force to completely develop the required voiume
of dislocation. Conversely, for small penetration rate magnitudes with Up/
Ep = 107!, a threshold behavior is approached in the steady condition. No-
tably, as a result of the finite volume of the measuring system, the threshold
steady response is less than that for a closed penectrometer.

Zero Excess Pressure Generation

When the effect of the in situ hydrostatic pore pressure gradient is rein-
stated, the equilibration rate of a moving piczometer may be examined in
ihe absence of pore pressure generation by setting V|, = 0 in Eq. 3. The
results of this exercise are illustrated in Figs. 4{a)-4{c) for the range of
parameters E,(R,/R,) = 10°% 10°, 10° Since no excess pressures are gen-
erated, the magnitudes of the dimensionless pore pressure ratio 4(P, — Ph)/
Uy, are always negative, representing absolute pressures below hydrostatic.

Dimensionless steady pore pressure magnitudes approach hydrostatic with
an increase in dimensionless penetration rate U,/E,, corresponding to an
increase in real penetration rate {/, or a decrease in deformation modulus,
E, or permeability, k. As the deformation modulus decreases, the volume
of fluid available under a small change in fluid pressure is proportionately
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FIG. 4(a). Transient Pore Pressure Response at Plezometer Tip for Penetration
In Saturated Medium with No Pore Pressure Generation. Plezometer Records
Equilibration of In Situ Hydrostatic Pore Pressure Gradient: E(R./R,F = 10°

increased to satisfy the requirements of the measuring system. The mor-
phology of the pressure bulb induced around the piezometer tip by reverse
flow into the standpipe becomes elongated with increased penetration rate,
Up/E,. The steep pressure gradients generated at the tip are sufficient to
rapidly satisfy the requirements of the measuring system and result in hy-
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FIG. 4{b}. Transient Pore Pressure Response at Plezometer Tip for Penetration
in Saturated Medium with No Pore Pressure Generation. Piezometer Records
Equllibration of In Situ Hydrostatic Pore Pressure Gradient: £,(K./R)? = 107
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FiG. 4{c}. Transient Pore Pressure Response at Piezometer Tip for Penetration
in Saturated Medium with No Pore Pressure Generation. Piezometer Records
Equltibration of In Situ Hydrostatic Pore Pressure Gradient: Ex(R./R,)* = 10°

drostatic dimensionless pressures being maintained in the instrument for large
Un/Ep.

Of these results it appears reasonable that the equilibrium water level in
the standpipe approaches hydrostatic as modulus decreases, however, results
are counterintuitive when this behavior is also returned where penetration
rate, {/, increases or permeability, &k, decreases. The opposite would be ex-
pected. This artifact is exacerbated through the use of the dimensionless
quantity P, — PL)/Up that is proportional to & and inversely proportional
to U.

As the modulus ratio, E,(R./R,), is decreased, the magnitude of the steady
pore pressures below hydrostatic are correspondingly increased and response
time is accelerated. A reduction in the cross-sectional area of the standpipe
reduces both the resulting time lag and the effective volume compressibility
of the measuring system. For dimensionless penetration rate magnitudes U,/
Ep = 107, a threshold behavior is approached in dimensionless time. At
this threshold, the equilibrium pressure approaches a steady state where fluid
storage in the saturated medium has essentially no effect corresponding to a
large deformation modulus, E, or large permeability, k. In this regime, the
absolute pore pressure magnitude, (p — p,), will be increased in direct pro-
portion to any increase in the real penetration rate, . When the stiffness
of the penetrated medium is decreased, the magnitude of the dimensionless
penetration rate, Up/E,, required to reach a threshold behavior increases.

For U,/Ep = 107, no appreciable magnitude of pore water pressure dif-
ferential is apparent, suggesting that the corresponding low coefficient of
consolidation, ¢, supplies a sufficient volume of pore fluid from storage to
directly balance insertion of the open penetrometer.

Caupled Response
Where the influence of a hydrostatic pore pressure gradient and pore pres-
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FIG. 5(a). Transient Pore Pressure Respanse at Plezometer Tip for Penetration
in Saturated Medium with Pare Pressure Generation and In Situ Hydrostatic Pere
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sure generation effects at the tip of the advancing piezometer are combined,
as embodied in Eq. 25, the resulting response is illustrated in Figs. 5(a)-
5(e). For very smali magnitudes of dimensionless penetration rate, (I/,/E;,
= 1077), the dimensionless pressure response is always negative, or less than
hydrostatic. The resulting steady pore pressure magnitudes for small U,/Ep
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FiG. 5(b). Translent Pore Pressure Response at Plezometer Tip for Penetration
in Saturated Medium with Pore Pressure Generation and In Situ Hydrostatic Pore
Pressure Gradient: £,(R./R,) = 10°
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FiG. 5(c). Transient Pore Pressure Hesponse at Piezometer Tip for Penetration
in Saturated Medium with Pore Pressure Generation and In Situ Hydrostatic Pore
Pressure Gradient: £,(R./R,Y = 10°

remain relatively constant with variation in dimensioniess moduius, Ep(R./
Ry, recording 4P, ~ P5Y/Up = —3.8 x 107 as illustrated in Figs. 5(a)—
3(c). As the penetration rate magnitude is increased, the steady pressure
differential magnitudes become briefly positive ard then asymptotic to zero,
As the penetration rate, Up/Ej, is decreased, the magnitude of time lag
becomes successively more pronounced.

The transient response is a complex combination of the behaviors dis-
cretely identified that result jointly from pore pressure generation at the tip
and the influence of the in situ pore pressure gradient. For transient behavior,
a threshold pore pressure is established at early times as a resuit of the nat-
ural in situ pressure gradient. This threshold magnitude is smail {on the order
of 1077) but increases with a decrease in the modulus ratio, E(R./R,)*. This
dominates response before the influence of generated pore pressures are mo-
bilized and halt the monotonic increase in pore pressure differential below
hydrostatic. Then, as the piezometer is advanced further against the in situ
hydrostatic gradient, backflow against the natural pore pressure regime fur-
ther dominates, resulting in the establishment of a steady subhydrostatic pore
pressure differential. The magnitude of this steady pressure differential is
closer to the null pressure condition than is exhibited, where pore pressure
generation at the tip is ignored. This identifies the mutual interference of the
two effects in determining the ultimate steady pressure magnitude. As the
penetration rate is decreased, the onset of the steady condition is deferred
later in dimensionless time as the time taken for in situ pressures to develop
becomes successively protracted.

The true behavior is revealed more definitively where dimensionless pres-
sure, (P — Pp), is recorded rather than pressure ratio, 4P, — Piy/Up, for
the steady condition as illustrated in Fig. 6. At very low magnitudes of di-
mensionless penetration rate, {Up/E, = 1077}, comesponding to partially
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FIG. 6. Steady Pore Pressure Magnitudes Generated Through Penstrometer Ad-
vance at Different Dimensionless Penetration Rates, U,/£,

drained loading in gravels and sands, the pore pressures remain subhydro-
static. As penetration rate is increased, standpipe pressures become greater
than hydrostatic before subsiding as the U,/£, ratio is further increased.
The changing form of the pressure response, as dimensionless penetration
rate, {/5/Ep, is increased, is of particular interest. At extremely low mag-
nitudes of Up/Ep(<107%}, the permeability of the saturated medium is suf-
ficiently high that no significant pore pressure differential, (P, ~ P}), may
develop. As the penetration rate is increased, a subhydrostatic pressure dif-
ferential is recorded where reduced permeabiiities establish an impedance to
drainage towards the standpipe. As U,/E}, is further increased, penetration-
generated pore pressures dominate the response as excess standpipe pressures
become positive and reach a peak magnitude. Continued increases in Up/
Ep correspond to a further reduction in coefficient of consolidation, ¢, in-
terpreted as reduced stiffness of the saturated medium. As stiffness is de-
creased, the force required to introduce a given volumetric disiocation is
reduced with the net effect that excess pore pressures become negligibly
small. Additiopally, at higher penetration rates, pore pressures that are gen-
erated remain close to the y = z = 0 axis with a resulting rapid dissipation
allowing rapid equilibration and ready establishment of null state with (P,
- Piy—0.

A bifurcation in behavior accurs for magnitudes of dimensionless pene-
tration rate Up/E, = 8 X 107" where the steady tip pressure is lower than
a transient peak, The initial peak develops as drivage-induced pore pressures
are generated at the tip and ultimately subside as the influence of the in sit
pore pressure gradients induce reverse flow into the instrument.

CONCLUSIONS

A method is developed to evaluate pore pressure generation and equili-
bration within an advancing open-tipped piezometer. The following conclu-
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sions may be drawn from parametric studies representative of a variety of
measuring system flexibilities Ex(R./R,Y.

. A simplified analysis assuming lincar behavior of the individual compo-
nents is illustrated to yield a complex nonlinear response, as exemplified in Fig,
6. where true interaction between the components is enforced. This emphasizes
the complexity of this rudimentary physical system prior to the incorporation of
complex material behavior.

2. The pore pressure response appears either subhydrostatic or superhydrostat-
ic during penetration with this state controlled by the dimensionless penetration
rate {//Ep. This behavior is most directly embodied in Fig. 6, illustrating that
at high penetration rates the large penetration-induced pore pressures are readily
dissipated into the tip as a result of the restricted size of pressure bulb mor-
phology causing no net pressure increase above hydrostatic. Similarly, at very
low penetration rates, the temporal response is sufficiently rapid that no net pres-
sure differential from hydrostatic may be sustained.

3. At intermediate magnitudes of penetration rate, steady pore pressures are
superhydrostatic where pore pressure generation effects dominate and subhy-
drostatic where reverse flow induced by the in situ pore pressure gradient con-
trols the response.

4. Subhydrostatic pore fluid pressures are often encountered during piezocone
penetration of silts. It is the volume compressibility of the measuring system,
Ep(R,/R\)?, that controls the magnitude of the subhydrostatic pore fluid pressures
for an open-tipped piezometer. The causal mechanism, however, is the absence
or Jow intensity of penetration gencrated pore pressures precipitating a time lag
for reverse flow into the instrument. Where system flexibilities remain finite in
ciosed-tip piezocone-type instruments, this artifact may explain some of the oc-
currences of subhydrostatic pore pressures recorded to date.

5. The results from pressure buildup through piezometer insertion may be used
to determine in situ parameters only if the appropriate penetration regime may
be identified a priori. For example, observing only the results for very low pen-
etration magnitudes (U,/E; = 107", the time to the steady condition may be
approximated from Figs. 5(a)~3{c} as (Up/EpYt, = 20. From this, the mag-
nitude of consolidation coefficient, ¢, may be uniguely determined when the
penetration rate, U, is documented. in an analogous manner, the coefficient of
consolidation may be determined from piezocone results where the time to reach
a steady pressure distribution is recorded. Operationaily, however, this is dif-
ficult to determinc since the low compressibility of the measuring system results
in rapid attainment of equilibrium. The larger system compressibility by the pi-
ezometer extends this lag and potentially enables ¢ to be evaluated following the
initiation of peretration. Within the low penetration rate range {Up/E, = 1079
the establishment of a steady pore pressure response may also be utilized to
determine in situ permeability magnitudes. Where 4{(P, — PL)/Up, = —3.8 X
107, the magnitude of &/u may be evaluated uniquely if U, and (p — p,) are
recorded. Clearly, the most important aspect in applying these methods of data
reduction is initially establishing the range Uy/Ep. Once the parameters are de-
terrnined, the initial estimate range of Uy /E, may be confirmed.
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Aprenpix I, NoTaTiON

The following symbols are used in this paper:

A = internal cross-sectional arca of standpipe;
a = effective tip cross-sectional area;
a,a» = limits of integration;
¢ = coefficient of consolidation of porous medium;
Ep, = dimensionless deformation modelus;
fi = integral parameter;
= hydraulic head within piezometer;
h, = static in site hydraulic head;
G = shear modulus;
""" = integral evaluated at time level I + I;
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X,V

e Fa32 R

T,7p

It

It

il

permeability of porous medium;

time increment counter as superscript;

dimensionless tip pressure, dimensionless in situ pressure;
total pore fluid pressure;

initial in situ pore fluid pressure;

equilibrium tip pressure prior to initiation of penetration;
pore fluid pressure at radins R and location x = R; cos «;
aggregate tip pressure;

radius of interest R* = ¥* + y* + 2%, tip radius, standpipe
radius;

time following initiation of penetration;

dimensionless time;

piezometer penetration rate;

dislocation volume;

Cartesian coordinates;

dimensionless coordinate dimension (xp = cos o);

polar angle from x-axis;

unit weight of pore fluid;

dimensionless time substitution parameter;

fluid dynamic viscosity;

Poisson’s ratio;

dimensionless time constant; and

time integration parameter, dimensionless time integration
parameter.
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