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Indentation of a Free-Falling Sharp Penetrometer
into a Poroelastic Seabed

Dae Sung Lee1 and Derek Elsworth2

Abstract: A solution is developed for the buildup, steady, and postarrest dissipative pore fluid pressure fields that develop
conical penetrometer that self-embeds from free-fall into the seabed. Arrest from free-fall considers deceleration under undra
tions in a purely cohesive soil, with constant shear strength with depth. The resulting decelerating velocity field is controlle
strength, bearing capacity factors, and inertial components. At low impact velocities the embedment process is controlled by so
and at high velocities by inertia. With the deceleration defined, the solution for a point normal dislocation migrating in a po
medium is extended to incorporate the influence of a tapered tip. Dynamic steady pressures,PD , develop relative to the penetrating
geometry with their distribution conditioned by the nondimensional penetration rate,UD , incorporating impacting penetration ra
consolidation coefficient, and penetrometer radius, and the nondimensional strength,ND , additionally incorporating undrained sh
strength of the sediment. Pore pressures may develop to a steady peak magnitude at the penetrometer tip, and drop asPD51/xD with
distancexD behind the tip and along the shaft. Induced pore pressures are singular in the zone of tip taper for the assumed ze
the penetrometer, negating the direct evaluation of permeability magnitudes from pressures recorded on the cone face. Ho
induced pressure magnitudes may be correlated with sediment permeabilities, postarrest dissipation rates may be correlated w
dation coefficients, and depths of penetration may be correlated with shear strengths. The magnitudes of fluid pressures eval
shaft may be correlated with sharp penetrometer data~reported by Urgeles et al. in 2000! to independently evaluate magnitudes of stre
and transport parameters.
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Introduction

Tethered and untethered penetrometers are widely used f
determination of seabed~Richards et al. 1975, for example! and
lakebed~Lee 1977; Harvey et al. 1997, for example! characteris
tics. Of prime interest here is the determination of fluid, m
~chemical!, and thermal fluxes on continental margins and
abyssal sediments~Schultheiss and Noel 1986, for example!, with
ancillary interest in strength parameters that define sta
against submarine slope failure~Watts and Masson 1995, for e
ample!. Mass, chemical, and thermal fluxes may be evalu
from differential fluid pressures, species concentrations, or
peratures with depth along the embedded lance axis; thes
must be combined with Darcy’s, Fick’s, or Fourier’s laws, resp
tively. Implicit in the evaluation is that permeability of the se
ments may be independently defined to enable fluid mass fl
be accurately determined, with potential coupling to advec
components of chemical or thermal fluxes.

1Dept. of Energy and Geo-Environmental Engineering, Pennsyl
State Univ., University Park, PA 16802-5000.
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State Univ., University Park, PA 16802-5000.
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Current methods of determining the permeability of the
etrated sediments involve first evaluating hydraulic diffusi
from the dissipation rate of the penetration-induced pore
pressures~Torstensson 1977; Robertson et al. 1986; Levad
and Baligh 1986; Baligh and Levadoux 1986; Robertson e
1992!. This requires that the strain field around the penetrom
be defined by analytical~Ladanyi 1963; Vesic 1972; Baligh a
Scott 1976; Drescher and Kang 1987! or numerical~Baligh 1985
Tumay et al. 1985; Acar and Tumay 1986! methods, and po
pressures estimated by coupling with an appropriate consti
model ~Skempton 1954; Biot and Willis 1957!. Permeability is
subsequently determined from hydraulic diffusivity thro
knowledge of the drained deformation modulus,E, or recipro-
cally analogous coefficient of volume compressibility,mv , or
‘‘frame’’ compressibility ~Levadoux and Baligh 1986; Roberts
et al. 1992!. The drained modulus is determined either from la
ratory testing of recovered sediment samples, or in some
from the reduction of tidally induced pore fluid pressures~Davis
et al. 1991; Fang et al. 1993; Wang and Davis 1996!. Of these
two methods, the latter is most desirable, since in situ respo
recorded for a relatively large representative sediment vol
However, depending on fixed tidal frequency and the rela
moduli and permeabilities of the sediment, phase offsets and
sure amplitude profiles with depth may be difficult to resolve
the determination of permeabilities~Wang and Davis 1996!. This
is especially true where permeabilities are relatively high, an
phase offset is essentially absent. Alternatively, the use of m
mum pore pressure magnitudes developed during penetro
insertion provides a one-step method to determine permea

magnitudes~Elsworth 1993, 1998!. This procedure offers the po-
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magnitudes where they are otherwise unavailable.

Many of the difficulties involved in determining permeabi
using current techniques may be resolved if the magnitud
penetration-induced pore pressure is used as an index to
permeability. From this approach, permeability magnitudes
available directly from the combined early time pressure data
lance deceleration response. Hydraulic diffusivities,c, are avail-
able from the dissipation response, enabling frame compres
ity, and potentially undrained sediment strength, to be recov
without recourse to additional laboratory testing. The utility
this approach is examined in the following.

The following analysis addresses this complex problem by
the first time, evaluating penetration induced pore press
around a decelerating tapered probe. This is evaluated in
steps; first the rate of deceleration of the lance as it impact
soft seabed is determined, and then used to evaluate the re
pore pressure distributions that develop around the embeddi
and shaft.
This analysis may be extended to include the local geomet
the penetrometer tip by using a distribution of volumetric di
cations that closely approximate the geometry of tip adva
This is completed in the following.

Embedment Deceleration

Consider a sharp lance falling through the water column tha
reached terminal velocity,U0 , and subsequently impacts the s
sediments of the seabed, as illustrated in Fig. 1. These soft
ments are assumed cohesive only, and in the time frame of d
eration of the lance, behave as undrained, for the purposes
first evaluation. The undrained cohesive strength,Su , is constan
with depth, and the lance is sufficiently long that the tip-regio

Fig. 1. Schematic of a lance falling at terminal velocity,U0 , and
impacting the seabed. For embedment, the coordinate system i
to the seafloor as the lance self-embeds under undrained cond
For the evolving partially drained analysis of embedment-gene
pore pressures, the coordinate system is fixed to the penetrome
short in comparison with the overall length of the penetrometer.

JOURNA
Where strength is linearly varying, an average strength magn
representative of the depth profile may be substituted. As
lance tip, assumed sharp in this analysis, embeds within the s
a distancex8 below the seabed surface, the force resisting em
ment builds. The bearing capacity,qu , of the lance may be d
fined in terms of the end-bearing area,Ap , and shaft area,As , as

qu5Ap~SuNc1svo!1AsSu (1)

where svo5total stress, absent the sea pressure, at curre
embedment-depth,x8; andNc5nondimensional bearing capac
factor, typically approaching 9 for depth to diameter ratios gre
than 4.5~Skempton 1959!. The rightmost two terms of stress a
shaft friction vary linearly with embedment depth,x8, and Eq.~1!
may be redefined as

qu5ApSuNc1~Apgs12paSu!x8 (2)

where the probe diameter is 2a, andgs5drained unit weight o
the soil. The penetrometer is assumed blunt in order to rend
analysis of undrained penetration tractable. Alternatively,
bearing force, acting in the direction of negativex8, may be de
fined as a linear function of depth as

qu5Nc81Nq8x8 (3)

This enables a force balance to be completed on the free-f
penetrometer as it embeds in the seabed, and the end-b
force builds approximately linearly with embedment. Balan
the vertically downward absolute mass,w, and buoyant mas
wb , of the penetrometer with the vertically upward resista
qu , of the combined end- and shaft-resistance, yields, when
anced with inertial force

wẍ8@ t#5wbg2Nc82Nq8x8@ t# (4)

The double overdot represents acceleration. The lance is
and translates with the motion of the tip, indexed in this rela
asx8. The initial conditions are set at timet50 when the lance
tip first impacts the seabed at velocity,U0 , as

x8@ t50#50

ẋ8@ t50#5U0 (5)

Solving the differential equation~4! for the boundary condition
of Eq. ~5! enables the progress of embedment with time t
defined as

x8@ t#5
~gwb2Nc8!

Nq8
F12cosSANq8

w
t D G1U0Aw

Nq8
sinSANq8

w
t D
(6)

and for the change in velocity,ẋ8@ t#, with time as

ẋ8@ t#5
~gwb2Nc8!

Nq8
ANq8

w
sinSANq8

w
t D 1U0 cosSANq8

w
t D

(7)

In the solutions for both embedment length and velocity, the
terms represent, respectively, noninertial penetration under
weight ~first term!, and the inertial component of the lance~sec-
ond term!. Solving for the time until arrest is possible by sett
Eq. ~7! to zero asẋ8@ t#50 when deceleration is complete. T
yields

tu ẋ8505Aw

N8
arctanS 2

U0Nq8

~gwb2N8!
Aw

N8D (8)

.

.

q c q
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for the time to arrest, or alternatively the embedment lengthxmax8 ,
as

xmax8 5S gwb2Nc8

Nq8
D 1F S gwb2Nc8

Nq8
D 2

•

Nq8

w

1

U0
1U0Aw

Nq8
G

3sinSANq8

w
tU

ẋ850
D (9)

This complex relation may be simplified by realizing there
two regimes of penetration; that where inertial effects are n
gible, for smallU0 , and alternatively where inertial effects dom
nate. From Eq.~7!, at slow penetration velocities, asU0→0 then

U0!
~gwb2Nc8!

Nq8
ANq8

w
(10)

and tANq8/w50. Substituting this into Eq.~6! yields a trivial so
lution of zero embedment asx8umax50. This condition is me
whenNc8@Nq8 , and surface bearing capacity greatly exceeds
influence of bearing at depth. The corollary to the nonine
condition is where the impact velocity is comparatively large.
this condition

U0@
~gwb2Nc8!

Nq8
ANq8

w
then from Eq. ~7! ANq8

w
t5

p

2
(11)

Substituting Eq.~11! into Eq. ~6! results in a maximum embe
ment depth,x8umax, of

x8umax5U0Aw

Nq8
(12)

occurring at time

t5
p

2 Aw

Nq8
(13)

The consequence of Eq.~12! is that shear strength,Su , may be
determined from either knowledge of the impact velocity
embedment length, or from knowledge of the time to decelera
zero velocity. Each reduction method enablesNq8 to be deter
mined, and henceSu , if lance geometry and weight are know
An alternative to using a point measurement of time-to-arre
embedment-length is to fit the recorded velocity history to
rearranged Eq.~7! as

Nq85FarccosS ẋ8@ t#

U0
D Aw

t G2

(14)

This enablesNq8 and henceSu to be recovered from the decele
tion history. Where the impact velocity,U0 , is significant, a
U0@(gwb2Nc8)/nq8ANq8/w, then the embedment history simp
fies to

ẋ8@ t#5U0 cosSANq8

w
t D 5U (15)

for velocity, and

x8@ t#5U0Aw

Nq8
sinSANq8

w
t D (16)

for embedment depth. These relations may be used to evalua
development of pore fluid pressures that result from penetra

where the requirement for undrained penetration is relaxed. Pore
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pressures generated around the decelerating probe may be
mined from the approximate probe velocity as the unit dec
ates.

Dislocation Analysis

The behavior of a sharp penetrometer, moving within a poro
tic medium, may be represented by a moving volumetric dis
tion. The incremental form of this is a point volumetric dislo
tion, of volumedV (L3), representing the dilation in unit time,t,
subjected to a volumetric dilation rate,v (L3T21), asdV5vdt.
For t>0 a volumetric dislocation is introduced at the originx
5y5z50) with the poroelastic medium moving at velocity1U
in thex-direction of the fixed Cartesian coordinate system, re
senting a dislocation migrating within an infinite medium, as
lustrated in Fig. 1. The velocity of migration isU5U0 cos(bt),
and the location at time,t, is x8@ t#5 (U0 /b)sin(bt), where b
5ANq8/w as identified in Eqs.~2!, ~3!, and~4!. The position of a
point located at (x,y,z) at time t would have been ($x
2 (U0 /b)sin@b(t2t)#%,y,z) at time t. This migrating coordinat
system enables the behavior to be defined for a static disloc
~Cleary 1977; Elsworth 1991!

p2ps5
cdV

4pR̃3

m

k

j̃3

2Ap
e2 j̃2/4 (17)

with j̃5R̃/Ac(t2t) and R̃25$x2 (U0 /b)sin@b(t2t)#%21y21z2.
The material properties defining the medium represent abs
pore fluid pressure,p, relative to the initial static fluid pressu
ps , permeability,k, hydraulic diffusivity,c, and dynamic viscos
ity of the fluid,m. Although derived for an orthogonal triplicate
force dipoles, representing the volumetric dilation of a cube
poroelastic medium~Cleary 1977!, the undefined volume dilatio
may be indexed to the compressibility of the surrounding me
~Elsworth 1991; 1992!. Physically, a migrating dislocation rep
sents a volume of fluid equivalent to the volume of the soil
water mixture displaced by the injection of the penetrometer.
feasible to represent the pressures induced by the instanta
injection of a volume of fluid,dV. Substituting into Eq.~17! for
the incremental rate of dilation asdV5vdt, and integrating i
time yields

p2ps5E
0

t cv

4pR̄3

m

k

j̄3

2Ap
e2 j̄2/4dt (18)

wherev is the rate of volume change (L3T21).
This is similar to the standard result reported~Elsworth 1991!

for a penetrometer moving at constant velocity,v. To determine
the form of the fluid pressure field that develops around a d
erating penetrometer, tapered along its axis, the response
point volumetric dislocation must be distributed to represen
moving feature. Consider the conical tip of a penetromete
radius,a, as illustrated in Fig. 2, where the semiapical angleu,
and length of taper,l , define the geometry. A surrogate variabx
is selected that parallels thex axis that may be used for integr
ing an appropriately weighted distribution of the point dislo
tions. Correspondingly, the projected area,dA, of a circumferen
tial contour on they-, z-plane is defined

dA52pr 8dr8H r 85x tanu
dr85dx tanu (19)

which upon substitution of the components of Eq.~19! gives
2
dA52p tan uxdx (20)
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For an incremental advance of the penetrometer ofUdt in time
dt, the distribution of volume isdV5dAUdt, and substitutin
the relation of Eq.~20!, and noting from the previous thatdV
5vdt, then

v52p tan2 uxUdx52p tan2 uxU0 cos@b~ t2t!#dx (21)

This may be substituted directly into Eq.~18! to yield

p2ps5
m

k

tan2 uU0c

4Ap
E

0

lE
0

t

x
j̃3

R̃3
e2 j̃2/4 cos@b~ t2t!#dtdx

(22)

where the tilde overbar denotes inclusion of the variable co
nate of integration asx̃5x2 (U0 /b)sin@b(t2t)#2x and

R̃5Ax̃21y21z2 and j̃5
R̃

Ac~ t2t!
(23)

representing migrating coordinates and a reciprocal nondi
sional time.

Static models are typically restricted to the undrained dist
tions of pore pressure and their subsequent dissipation, b
also incapable of partial drainage concurrent with penetra
Conversely, the models presented here represent a travelin
ity, not only static conditions. Importantly, it is feasible to rep
sent the dynamic steady pore pressure distribution that ev
around the cone tip~Elsworth 1993!, and to readily accommoda
partially drained behavior.

The penetrometer decelerates as it enters the half spac
though the pore pressure solution is for motion within an infi
medium. This apparent contradiction significantly simplifies
ensuing solution, with little expected loss of applicability or
curacy. Induced pressures, proportional to the tip radius,a, are
insignificant beyond 10 radii from the shaft~Levadoux and Balig
1986; Elsworth 1991! and therefore the influence of the free s
face is not felt once insertion has reached beyond this. For t
mm diameter probe tip, the 10 radii threshold is passed once
m probe has embedded to 8% of its length. Correspondingly
simplification will have little adverse effect on the solution.

Nondimensional Parameters

The behavior of the system may be defined in terms of the
dimensional parameters of excess fluid pressure,PD , penetration

Fig. 2. Geometry of cone tip~center! definining length of taper,l , se
cone apex and migrates with the penetrometer at velocity,U, in the
time dt results in expansion of a cavity~left!, defined in magnitud
rate,UD , strength,ND , and time,tD , as

JOURNA
-

-

PD5
4~p2ps!

U0a

k

m
(24)

UD5
U0a

2c
(25)

ND5
ba2

2c
(26)

tD5
4ct

a2 (27)

~xD ;yD ;zD!5
1

a
~x;y;z! (28)

with R̃D5Ax̃D
2 1yD

2 1zD
2 , x̃D5 x̃/a or x̃D5xD

2 (UD /ND)sin@1/2ND(tD2tD)#2xD . These parameters giv
respectively, nondimensional pressures, impact veloc
strength, time, and locations.

These nondimensional parameters may be substituted in
~22! to give, in the final form, the behavior around a tape
penetrometer with tip length,l D5 l /a as

PD5
2 tan2 u

Ap
E

0

l DE
0

tD

xD

e2R̃D
2

/(tD2tD)

~ tD2tD!3/2

3cosF12 ND~ tD2tD!GdtDdxD (29)

This enables magnitudes of pore pressure buildup to be
mined following initiation of penetration within an infinite m
dium. Application to this is described in the following.

Parametric Behavior

Postinitiation Pressure Buildup

The nondimensional pressure,PD , defined in Eq.~29!, may be
used to define the buildup of pressure following the impact o
penetrometer with the surface of the seabed. The penetro
impacts the seabed at velocityU0 , represented in dimensionle
magnitude asUD , and decelerates to arrest. Both the lengt
embedment at arrest and the time to arrest may be evaluate
Eq. ~12!. The instant of impact is taken as timet50, when the

ical angle,u, and shaft radius,a. Coordinate system is attached to
on of the negativex or x axis. Incremental advance of lengthUdt in
q.~19!.
miap
directi
e by E
velocity is U0 , enabling the time to arrest to be defined in non-

L OF ENGINEERING MECHANICS © ASCE / FEBRUARY 2004 / 173
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dimensional terms astD8 5p/ND . At this time, the embedme
depth is a maximum, with the seabed present to a heig
xDmax
8 5UD /ND along the shaft.

Pressure buildup response may be evaluated over the p
from impact to arrest, for 0,tD,tD8 , and for a variety of tape
angles for the cone,u, impact velocities, and material strengt
Impact velocity is represented byUD , tip length byl D , and ma
terial strength byND . For soft seabed clays with undrain
strength,Su , of the order of 10– 50 kN/m2, magnitudes ofND are
in the range 1–1000. It is convenient to compare the buildu
pore pressures with respect to a given location of the transdu
xD . To make comparisons feasible, we choose the transdu
be above the conical shoulder of the tip, and hence at a loc
xD , greater than the taper lengths,l D , with respect to the embe
ment depth,UD /ND . This is dependent only on the choice
taper angle for the cone,u, as tanu51/l D . Correspondingly, Fig
3 represents the pressure buildup for the transducer p
one-hundredth @xD5(1/100)(UD /ND)# and one-tenth @xD

5(1/10)(UD /ND)# of the distance back from the penetrome
tip, wherex is the location of the pressure transducer behind
penetrometer tip. Axes of the figure are selected that take a
tage of the known behavior of pressure buildup. Nondimens
pressures are plotted as the productPDxD , since it is known tha

Fig. 3. Buildup of nondimensional pressure,PDxD , with time, tDND

at ordinate~a!, ~b!, and~d! xD5(1/100)(UD /ND), ~c! xD5(1/10)(U
of 1/100 and 1/10 of the final embedment length behind the pen
velocities,UD , and material strengths,ND .
the peak pressures shown in this format asymptote to unity as
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PDxD→1. Time is reported astDND /p, since we know that arre
occurs attD8 5p/ND , hence arrest occurs attDND /p51.

For a sharp penetrometer, the influence of tip taper is
scribed for various taper angles, penetration rates, monit
locations, and material strengths on the penetrometer sha
Fig. 3~a!, for monitoring location xD5(1/100)(UD /ND),
diffusive response is merely shifted by a one order-of-magn
increase in taper angles for the cone. Apparent from Fig.~a!
is that at larger taper angles (u→90°), the pressure response
close to that of a blunt penetrometer behavior~Elsworth and Lee
unpublished, 2004!. In Fig. 3~b!, with increased penetration ra
UD5102,
and constant monitoring location@(xD5(1/100)(UD /ND)#,
response time increases, relative to time to arrest as perme
increases. For rapid insertion, the pressure buildup that r
from the transducer moving into the pressure bulb is gene
essentially instantaneously with insertion and results in the
pressure rise apparent in Figs. 3~a and b!. As the pressur
monitoring location is moved further from the tip to one-te
@xD5(1/10)(UD /ND)# of the embedment depth from on
hundredth@xD5(1/100)(UD /ND)# of the embedment depth
illustrated in Fig. 3~c!, the diffusive response is shifted
time. This represents the time that the transducer enter

or a selected pressure monitoring location on the penetrometer
), behind the penetrometer tip. This represents a proportional l
eter tip. Pressure response is for various taper angles for the cou, impact
/p, f

D /ND

etrom
sharply defined pressure bulb created by the penetrometer as it
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enters the seabed. For the increased material strength,ND5103,
penetration rate,UD5104, and constant monitoring locatio
@xD5(1/100)(UD /ND)# as illustrated in Fig. 3~d!, respons
time increases and the pressure response at larger taper
(u→90°) asymptote to unity, asPDxD→1.

Peak Pressure Magnitudes

Unlike penetration at constant velocity,U, where the pressur
build to a dynamic steady state~Elsworth 1991!, the peak pres
sures of interest for the decelerating penetrometer occur a
time of penetrometer arrest. From this state the pressures
dissipate. The distribution of peak pressures on the shaft
decelerating penetrometer may be determined fromtu ẋ850 , de-
fined in Eq.~8!, and resubsitituted into Eq.~29!, as tD8 5p/ND .
Since the penetrometer may arrest before it reaches a stead
sure distribution, it is likely that the pressure induced arou
decelerating penetrometer may, in some circumstances, b
than for steady penetration.

This is the steady solution where the pore fluid pressur
mains constant around the tip of the penetrometer when vi
relative to migrating coordinate system. Remote from the
etrometer tip the integral may be decoupled to eval
2 tan2 u*0

lDxDdxD5tan2 ulD
2 51 and the steady pressure distribut

around a conical penetrometer under constant velocity penet
of U is defined as~Elsworth 1991, 1998!

PD5
1

RD
e2UD(RD2xD) (30)

where the nondimensional penetration velocity isUD5Ua/2c.
Behind the blunt tip of the penetrometer, and on the shaft,
reduces toPD51/xD , allowing direct comparison with peak pre
sure magnitudes for the decelerating penetrometer. Most c
niently, this is plotted as logxD versus logPD , where Eq.~30!
plots as a straight line, as apparent in Fig. 4. In the zone ahe
the shoulder of the penetrometer (0,xD, l D), the pore fluid
pressure magnitudes are singular in this range, due to the as
zero radius of the conical tip of the cone. This steady beha
reduces toPD51/xD for largexD , identical to the behavior for
blunt penetrometer. The 1/xD distribution along the shaft is val
only at large separations from the tip, where the behavior fo
tapered penetrometer approaches that for the blunt penetro
for xD greater than a few taper lengths,l D . This is dependent on
on the choice of taper angle for the cone,u, as tanu51/l D . For a
decelerating penetrometer, the results asymptote to the dis
tion defined forUD<1021 for slow impact. Under these cond
tions the pore pressure distribution around the tip has no
reached the dynamic steady state represented by the straig
for PD51/xD . Physically, this represents the case where pre
transducers are far enough along the shaft that the penetro
arrests before the transducer location may enter the induced
sure bulb. The pressure distribution for slow penetration wi
near-spherical around the tip, and is influenced by the aggr
velocity along the path of the penetrometer, terminating at
velocity.

Where the penetrometer impacts at a higher velocity, fo
ample, for UD>100, the pressure distribution asymptotes
steady behavior. As nondimensional impact velocities bec
larger, the match to the steady behavior becomes closer, m
because the embedment length increases proportionally toUD as
xD8 5UD /ND . These curves will be self-similar as the embedm
length increases. Note that the pressure distributions are no

cated at the seabed, forxD.UD /ND , because the medium is
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considered infinite, rather than semi-infinite, even though th
fect of penetration is only applied following the presumed im
at the seabed at velocityU0 . As discussed previously, this effe
will be small for typical embedment length.

The form of the contoured distribution of pressures aroun
tip is shown in Fig. 5 for a 120° cone (2u5120°) with the tip
centered on the origin, using Eq.~29!. The magnitude ofPD may
also be determined in the zone ahead of the shoulder of the
etrometer (0<xD< l D), ~Elsworth 1998!. For high velocity im
pacts, the pressure distribution is cylindrical around the pene
eter, and markedly decreases in spread away from
penetrometer with an increase in nondimensional impact vel
UD . As the impact velocity is reduced, the pressure distribu
becomes spherical, representing the dominant influence o
most recent portion of the advanced penetrometer, local to th
As nondimensional impact velocities are reduced belowUD

,1021, the distributions become identical, indicating the con
of pressure diffusion in dissipating the pressures, and a redu
in the relative influence of the migrating penetrometer. Im
tantly, the contoured representations are not truncated at th
bed surface, as the diffusive solution is for an infinite med
even though the penetrometer was only ‘‘turned-on’’ as it

Fig. 4. Peak dimensionless pressure,PD , measured along the pe
etrometer shaft illustrating the influence of penetrometer taper
tive to the behavior for a blunt penetrometer, at the time of pene
eter arrest,tD8 5p/ND . All pressures for both~a! and ~b! correspon
to dimensionless velocities ofUD5100 and UD5102, and dimen
sionless strength ofND51.
pacted the seabed surface.
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Postarrest

Postarrest behavior may be evaluated by superposing a m
dislocation of negative strength, beginning at the time of ar
tu ẋ850 , defined astD8 , over the positive strength moving disloc
tion that is applied continuously from the time of impact. Ph
cally, the coincident moving dislocations of opposite stren
that initiate over the ‘‘phantom’’ trajectory of penetrome
postarrest, enforce approximate boundary conditions for the
tem. Behavior at any time,tD.tD8 , may be determined from th
coincident and colinear moving dislocations, the first represe
dilation from 0→tD and the second representing an equiva
but opposite contractile volumetric dislocation fromtD8 →tD be-
ginning from the location of the arrested tip at timetD8 . The
effects of the coincident dislocation, ahead of the arrested
exactly cancel. The system equations follow directly from
~29! as

PD5
2 tan2 u

Ap
E

0

l DE
0

tD

xD

e2R̃D
2

/(tD2tD)

~ tD2tD!3/2

3cosF12 ND~ tD2tD!GdtDdxD

2
2 tan2 u

Ap
E

0

l DE
tD8

tD

xD

e2R̃D
2

/(tD2tD)

~ tD2tD!3/2

3cosF12 ND~ tD2tD!GdtDdxD (31)

Fig. 5. Peak pressure distribution centered on the tip of a 120°u)
cone at (xD ,yD)5(0,0). Taper length is defined by semiapical an
as l D51/tanu. Results document magnitudes ofPD in multiples of
22n within a radius ofRD8 51 of the cone tip. All figures locate the t
at the time of arrest, at the origin of the plot.
or alternatively as
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PD5
2 tan2 u

Ap
E

0

l DE
0

tD8
xD

e2R̃D
2 /(tD2tD)

~ tD2tD!3/2

3cosF12 ND~ tD2tD!GdtDdxD (32)

where the coordinate system migrates with the continuously
grating dislocation, postarrest, and pressures are reference
tive to this coordinate system. To transform to coordinates rel
to the arrested penetrometer, a periodic transformation mu
applied. Where the coordinate system@ x̂,ŷ,ẑ# is chosen to repre
sent locations relative to the arrested penetrometer (@ x̂# is the
distance of the pressure-measuring transducer behind the
etrometer tip!, the linkage between the two coordinate system

x5 x̂2
U0

b
1

U0

b
sin@b~ t !#

y5 ŷ (33)

z5 ẑ

where arrest always occurs at time,tarrest5t85 p/2b and

x̃5x2
U0

b
sin@b~ t2t!#2x (34)

The same nondimensional coordinate system may be invok
yield the coordinate transform

xD5 x̂D2
UD

ND
F12sinS 1

2
NDtDD G (35)

or x̃D5 x̂D1 (UD /ND) @sin(1/2NDtD)21#2 (UD /ND)sin@1/
2ND(tD2tD)#2xD by substituting Eq.~35! into Eq.~34! and the
result into R̃D5Ax̃D

2 1yD
2 1zD

2 . This results in an appropria
transform where the time to arrest istD8 5p/ND and enables E
~31! to be directly evaluated.

Figure 6 describes the dissipation behavior following a
at time tD8 . The time since arrest is defined as (tD2tD8 ), and
these plots, for transducer locations at 1/100 and 1/10 o
embedment length from the tip follow directly from the build
data of Fig. 3. Maximum magnitudes ofPDxD track acros
from the buildup curves of Fig. 6, setting the peak pressure
falls following arrest. The dissipation behavior is included
Figs. 6~a–d! for a pressure transducer located one-hundr
@xD5(1/100)(UD /ND)# and one-tenth@xD5(1/10)(UD /ND)# of
the embedment length back from the penetrometer tip. Simi
the pressure buildup behavior, dissipation is close to the beh
of a blunt penetrometer for large taper angles of the conu,
with different penetration rates,UD , and material strengths,ND .
As in Figs. 6~b and c!, dissipation is more rapid for a hig
nondimensional impact velocity,UD5102, and a transducer loc
tion further from the tip@xD5(1/10)(UD /ND)#, and slowest fo
a low impact velocity,UD5101 with given transducer locatio
@xD5(1/100)(UD /ND)#, as in Fig. 6~a!. The dissipation respon
is rapid for high nondimensional material strength,ND5103, with
given high nondimensional impact velocity,UD5104, apparen
in Fig. 6~d!. As the cone taper approaches a blunt tip, a
Figs. 6~a–d!, the pore pressures have a greater opportuni
build to the steady magnitude ofPDxD51.

At low magnitudes of nondimensional penetration velo
UD,100, the dissipation curves are all of similar form. At h
impact velocities,UD>101, the dissipation response is rapid a
results from the thin pressure ‘‘skin’’ that develops around

penetrometer shaft~Fig. 5!. These results enable the time to 50%
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pressure dissipation,t50, to be determined, enabling hydrau
diffusivity, or consolidation coefficient,c, to be determined from
the dissipation response.

Conclusions

A general treatment has been developed to represent the b
and dissipation of pore pressures that result around a decele
tapered penetrometer as it embeds within a poroelastic se
Pressure buildup and dissipation results have been speci
generated for various taper angles for the cone,u, penetration
rates,UD , material strengths,ND , and for two different monitor
ing locations @xD5(1/100)(UD /ND);(1/10)(UD /ND)#. These
strength magnitudes were selected as representative of a ra
seabed sediment strengths. These results may be generaliz
various strengths, by selecting appropriate groupings of n
mensional parameters. These parameter groups are differe
buildup and for dissipation.

The assumed zero radius of the penetrometer in the zone
taper results in singular magnitudes of induced pore pressu
this region (0<xD< l D ;yD5zD50). Behind the penetromet
tip, pore pressures asymptote to the blunt penetrometer dis
tion of PD51/xD asxD becomes large. If the time of arrest a
taper angle for the cone are known, the peak pressure magn

Fig. 6. Dissipation response following penetrometer arrest at timtD8
a transducer located a distance~a!, ~b!, and~d! xD5(1/100)(UD /ND

constant proportion of 1/100 and 1/10 of the total embedment le
u, impact velocities,UD , and material strengths,ND .
corresponding to that time may be defined. In the limit, and for
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small penetration velocities,PDxD51, and confirms thePD

51/xD pressure distribution along the shaft, apparent for st
penetration, as in Eq.~30!.

The peak pressure for a tapered penetrometer may vary
this steady distribution due to both the effect of tip-taper and
unsteady behavior occasioned by penetrometer arrest.
pressures are accentuated by the role of the tapered tip, as a
of pushing the singular pressures present at the tip shoulde
ther along the shaft. Further behind the tip, pressures mea
beyond the penetration induced pressure bulb are lower
steady pressures, due to the brief period pressures are in
around the decelerating penetrometer.

Finally, since the nondimensional pressure,PD , includes the
magnitude of permeability,k, the peak generated pressure ma
used to evaluate transport parameters of both permeabilit
consolidation coefficient or synonymous hydraulic diffusiv
From the definition of dimensionless pressure,PD , of Eq. ~24!,
permeability may be determined for peak insertion pressup
2ps , as

k

m
5

U0a

4~p2ps!xD
(36)

provided behavior has asymptoted toPDxD51. The appropriate
ness of usingPDxD51 as a method of evaluating permeab
may be determined only from dissipation data, used to eva

nge in nondimensional pressure is recorded as the productPDxD for
xD5(1/10)(UD /ND), behind the penetrometer tip. This represen
ack from the tip. Pressure response is for various taper angles
e,. Cha
), ~c!
ngth b
UD and from the form of the tip-local pressure distribution de-
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fined in Fig. 4. In general, the relation of Eq.~36! cannot be use
without correction. This is an important finding of this study.

Applying Eq. ~36! to pore pressure data from pop-up p
pressure instrument~PUPPI! deployments~Urgeles et al. 2000!
off La Palma, in the Canary Islands, enables permeabilitiek,
and coefficient of consolidation,c, to be calculated directly from
the peak pressure data and the dissipation response, respe
For a 9.4° angle of cone taper,u, an impact velocity,U0 , of
0.4 ms21, a penetrometer radius,a, of 0.019 m, a location of th
pressure port (x) at 1.7 m behind the tip, and peak pressurep
2ps) in the range 0.4–80 kPa, permeabilities may be recov
in the range 2310213 to 2310211 m2. The evaluated results a
higher than permeabilities obtained either from the tidal respo
10218 to 10216 m2 ~Urgeles et al. 2000! or from laboratory tests
10216 to 10215 m2 ~Robert and Cramp 1996!. This mismatch ma
result from rapid pressure dissipation along the shaft–soil i
face, resulting in poor measurement of the peak pressure.

The solutions provide feasible mechanisms to evaluate t
port properties of the penetrated seabed sediments. The
method involves the use of peak penetration-induced pressur
proxy for permeability, that is independent of both drained c
pressibility measurements on recovered cores, or correla
with tidally forced pore-fluid pressures. The second method
lates the matching of measured dissipation response to cons
tion coefficient magnitudes,c, to be determined. These are de
mined by matching actual time-pressure responses with tho
dimensionless-time and dimensionless-pressure to relate tim
rectly with diffusive time,tD , and thereby evaluate consolidat
coefficient,c.

This full suite of penetration induced pore fluid pressure
subsequent dissipation responses offer the potential to bett
derstand tip-local processes and the determination of sed
transport parameters from recorded pore pressure response

Notation

The following symbols are used in this paper:
a 5 penetrometer of radius@L#;
c 5 coefficient of consolidation@L2 T21#;
K 5 hydraulic conductivity@L T21#;
k 5 absolute permeability@L2#;

Nc 5 dimensionless bearing capacity factor@—#;
ND 5 dimensionless strength@—#;
PD 5 dimensionless pressure@—#;

p 5 absolute pore fluid pressure@F L22#;
p2ps 5 excess pore pressure@F L22#;

ps 5 initial static fluid pressure@F L22#;
qu 5 bearing capacity@F L22#;
R 5 radius of interestR25x21y21z2 @L#;

Su 5 undrained cohesive strength@F L22#;
t 5 time ~current! @T#;

tD 5 dimensionless time~current! @—#;
tD8 5 dimensionless time of penetrometer arrest

@—#;
U 5 penetration rate@L T21#;

UD 5 dimensionless penetration rate@—#;
U0 5 terminal velocity@L T21#;

x 5 location of excess pore pressure@L#;
x8 5 distance below seabed surface@L#;
x,y,z 5 global Cartesian coordinates@—#;
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xD ,yD ,zD 5 dimensionless Cartesian coordinates
(x/a;y/a;z/a) @—#;

h 5 integration coefficient@—#;
u 5 semiapical angle@—#;
m 5 fluid dynamic viscosity@F T#;
j 5 dimensionless inverse root time

j5R/Ac(t2t) @—#;
t 5 time integrating parameter@—#; and
x 5 global coordinate@—#.
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