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ABSTRACT (Academic)

Free-fall penetrometers (FFPs) are an attractive tool for the rapid characterization of
sediments in the nearshore and coastal areas. To improve their measurement capabilities,
modern FFPs can be equipped with pore pressure sensors. Pore pressure measurements are
extensively used in traditional cone penetration testing, but their usage and interpretation
is still limited for FFP testing. This thesis represents an effort to advance the interpretation
of pore pressure measurements from FFP testing.
Data was collected using the torpedo-shaped FFP BlueDrop during surveys at Herschel
Island, YT, Yakutat, AK, Clay Bank, VA, and Yorktown, VA. Additionally, test
deployments in the laboratory were performed in kaolin clay. Data analysis was focused
on pore pressure measurements during these deployments. Two major advancements
regarding current data analysis of FFP pore pressure measurements were explored: 1) a
method based on fluid dynamic principles was proposed to correct the pressure recordings
for the dynamic flow effects due to the high-velocity fall and impact. The results show that
using Bernoulli’s theorem coupled with the concept of pressure coefficients results in good
agreement between measured and hydrostatic pressures during the free-fall and initial
penetration stage. 2) Pore pressure dissipation curves measured by the penetrometer at rest
at maximum penetration depth were also studied. The mechanisms behind the non-standard
dissipation curves were explored. The results suggest that non-standard dissipation curves
can be interpreted by correcting according to Sully et al.’s (1999) extrapolation technique.
The technique can also be used with data from an unsaturated or clogged filter.

Investigation of Pore Pressures During High-Velocity Impact by a Free Fall penetrometer

Muhammad Bilal Mumtaz

ABSTRACT (General Audience)

An increasing use of nearshore and offshore areas for the development of infrastructure
such as pipelines, cables, renewable energy harvesting devices, and measures against
coastal erosion warrants the development of specialized methods for investigating the
stability of the seabed. Portable free-fall penetrometers represent a cost-efficient approach
to characterize shallow seabed sediments, but there are challenges associated with deriving
geotechnical design parameters from these novel instruments.
This study aims at developing a better understanding of the pore pressure (the pressure
developed in the water in the soil’s voids) data obtained during free-fall penetration testing.
The pore pressures developed during the penetration of the penetrometer is dependent on
the soil type, and is often used to correlate to it. This study used data obtained from field
surveys at Herschel Island, YT, Clay Bank, VA, Yakutat, AK, and Yorktown, VA.
Additionally, controlled tests were performed in the laboratory in an instrumented seabed.
This study resulted in a novel method to correct the pressure data from the penetrometer
for dynamic fluid flow effects and validation of an interpretation technique for dissipation
curves to obtain the time required for consolidation, based on initial results.
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Chapter 1: Introduction

1.1

Background

Coastal and nearshore areas pose significant challenges with regards to geotechnical engineering.
Difficulties are associated with accessing sites and seabeds, obtaining intact samples, and
subsequent laboratory testing at low effective stresses. Frequent reworking of the sediments under
wave, tide, or storm loading; sediment dynamics; and unique morphological features represent
additional complications. These challenges motivated the development of tools for the rapid insitu assessment of geotechnical properties of soils in the coastal and nearshore areas. One proposed
solution is the use of free-fall penetrometers (FFP). FFPs are generally similar to the cones used
in traditional cone penetration testing with the important difference that they are driven by gravity
and not by a reaction frame. FFP measurements commonly include the measurement of cone tip
resistance, sleeve friction, deceleration, and pore pressures. The subgroup of portable FFPs are
often lightweight and fluid-dynamically shaped. They have been designed for deployment in areas
of difficult access, and are characterized by impact velocities most commonly upto about ten
meters per second. They commonly offer deceleration measurements only, and more recently also
pressure recordings (Stark et al. 2014).
Pore pressures are recognized as an indicator of the behavior of soils during loading or shearing.
The rate of development and dissipation of pore pressures may have impacts on the stability of
structures placed on soil. Thus, understanding the pore pressure behavior of soils during loading
and/or shearing is crucial. Most importantly, the rate of dissipation of pore pressures determine if
the soil behavior is drained or undrained. Thus, in-situ testing of pore pressure behavior can
provide crucial information for soil characterization.
Pressures measured during free-fall penetration testing are affected by the high velocity during the
free-fall and the penetration of surficial layers of soil (Lucking et al. 2017; Stark and Ziotopoulou
2017). Non-standard dissipation curves (marked by an initial increase in pore pressures and
eventual decrease, after the penetrometer comes to a stop) have also frequently been associated
with FFP data (Stegmann et al. 2006; Seifert et al. 2008). Solutions developed to obtain the
coefficient of consolidation from conventional dissipation curves (showing monotonic decay of
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pore pressures) cannot be directly applied to these curves (Sully et al. 1999). However,
appropriately accounting for these high velocity effects may promote new interpretation methods
for FFPs to be developed.
Consolidation properties of soils are important for assessing the expected settlement of soil and
the rate of settlement initiated by an external load. In the coastal and nearshore areas, typical
projects dependent on consolidation parameters include pipelines and cables, torpedo anchors, and
gravity based foundations. The settlement and embedment of cables and pipelines depend upon
the laying process and the consolidation properties of the sediments (Dean 2010). The process of
laying of pipelines and installation of torpedo anchors, significantly remolds the sediments
resulting in development of excess pore pressures and reductions in strength of the sediments. The
development of pullout capacity of the pipelines and load capacity of torpedo anchors depends on
the dissipation of these excess pore pressures, which dissipate at a rate governed by the coefficient
of consolidation (Chatterjee et al. 2013; De et al. 2015). Thus, an accurate assessment of the
coefficient of consolidation can be crucial to such projects.
1.2

Literature Review

1.2.1 Pore pressure measurements during cone penetration testing
The magnitudes of pore pressures developed during testing impacts the measured strengths of
soils. Recognizing this, Schmertmann (1974) emphasized the importance of measuring pore
pressures during cone penetration testing and showed the effect of pore pressures on the measured
cone tip resistance. Cone Penetration testing with simultaneous pore pressure measurements
(CPTu) was first introduced by Torstensson (1975) in Sweden and Wissa et al. (1975) in USA.
Both of them immediately recognized the important insights pore pressure measurements were
able to provide, and used them to complement the tip resistance and friction sleeve measurements
to classify soils. Pore pressure measurements at different locations on the cone, including on the
cone tip, on the cone face just behind the tip, on the shaft just behind the cone, and on the shaft far
behind the cone, were explored by different researchers (Lunne et al. 1997). With time, pore
pressure measurements at the u2 location (on the shaft just behind the cone) developed to be the
most commonly used (Lunne 2010).
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Pore pressures developed during cone penetration testing can provide significant insights into the
soil type and state. Excess pore pressures have been used to estimate strength. The theoretical basis
of these correlation lie in the cavity expansion theory (Hill 1950; Vesić 1972). Estimating strengths
involve the division of the excess pore pressures by a cone factor N Δu. The value of this cone factor
can theoretically range between 2 and 20 (Lunne et al. 1997). However, field data presented by
several researchers suggest a recommended cone factor between 4 and 10 (Lunne et al. 1985; La
Rochelle et al. 1988; Karlsrud et al. 2005; Rémai 2013). It has been highlighted that these
correlations should only be used for very soft soils, which may show unreliable cone tip resistance
data.
Pore pressures have also been used to estimate the overconsolidation ratios of fine-grained soils.
Sully et al. (1988) proposed an empirical correlation to estimate the overconsolidation ratio based
on the pore pressure differences as measured at different locations on the cone. Mayne (1991)
presented a review of about 15 other methods, including both empirical and analytical, for
estimating overconsolidation ratio using pore pressure measurements. However, caution must be
exercised in the use of these methods, since the generated pore pressures are dependent on many
different factors at once, primarily including strength, stress history, rigidity index, and sensitivity
of the soil (Lunne et al. 1997). It is recommended that these correlations are adopted based on local
site conditions and experience.
1.2.2 Pore pressure dissipation during cone penetration testing
Both Torstensson (1975) and Wissa et al. (1975) suggested the use of pore pressure dissipation
data to estimate the coefficient of consolidation, when they first introduced the piezocone. They
qualitatively correlated the time to 50% consolidation (t50) to the soil type. Torstensson (1977)
provided charts correlating the time to 50% consolidation (t50) to the horizontal coefficient of
consolidation (ch), based on a finite difference solution of the radial consolidation equation. Initial
pore pressure distributions were obtained using solutions from cavity expansion theories assuming
an elastic-perfectly plastic medium. The consolidation equation was solved assuming purely radial
drainage, and the solution charts were provided for both cylindrical and spherical cavity expansion.
Thus, the two-dimensional nature of induced pore pressures was ignored.
Several authors followed up on this work and used different methods to predict the initial pore
pressure distribution: the governing consolidation equations as well as the techniques used to solve
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the consolidation equations. Levadoux (1980) presented solution charts based on initial pore
pressure distributions around the cone predicted by the strain path method (which was later
published by Baligh (1985)). Consolidation analysis was performed using a finite element solution
of the consolidation equation assuming a two-dimensional pore pressure distribution. They also
studied the effects of soil anisotropy, and performed a comparison of the solutions obtained by
uncoupled and coupled analysis. They found that the consolidation process is governed by the
radial coefficient of consolidation, and that the use of uncoupled theories give essentially similar
results to coupled theories, except at the cone tip, while significantly reducing computation time
and effort. Teh and Houlsby (1991) subsequently performed a comparison of the cavity expansion
theories, strain path method, and finite element modeling to predict the distribution of pore
pressures around the cone. They suggested using a combination of the strain path method and finite
element modelling to predict the pore pressures, and a three-dimensional uncoupled consolidation
theory to predict dissipation behavior. They highlighted the effects of the rigidity index on the
generated pore pressures and their dissipation and proposed the use of a modified time factor to
account for the rigidity index.
Robertson et al. (1992) compiled pore pressure dissipation and laboratory test data for sites from
all over the world, and compared the results to Teh and Houlsby's (1991) solution charts. Even
though the data showed scatter, for most sites, the coefficient of consolidation calculated from
dissipation tests were within an order of magnitude of the laboratory results when pore pressure
data from the u2 position was used.
The above mentioned studies and solutions were developed for fully drained fine-grained soils.
Elsworth (1990, 1991) proposed the point dislocation theory to account for effects of partial
drainage and used it to predict pore pressure generation and dissipation in relatively coarser soils
(Elsworth 1993).
All of the above mentioned studies and solutions were developed for soils that exhibit a traditional
consolidation curve with a monotonic decrease in the pore pressures after penetration has stopped.
However, case studies where an initial increase in pore pressures was observed before decay
started, have been reported early on (Tumay et al. 1981). The initial pore pressure increase was
attributed to the existence of pore pressure gradients (Tumay et al. 1981). Subsequently,
considerable research was aimed at investigating these so-called “non-standard dissipation
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curves.” Burns and Mayne (1998) attributed the initial pore pressure increase to the existence of
pore pressure gradients around the cone, primarily in overconsolidated clays. They hypothesized
that these pore pressure gradients arise from (i) the unloading of the soil when displaced sideward
from under the tip to around the shaft, and (ii) the shear-induced dilation of the soil immediately
next to the cone. They evaluated these effects using a combination of cavity expansion theory,
critical state theory, and modified cam-clay models, and provided solution charts for different
overconsolidation ratios. However, their model requires several inputs including the rigidity index,
friction angle, overconsolidation ratio, effective vertical stress, and hydrostatic pore pressures. The
accurate determination of all of these parameters is impossible without an elaborate testing
program. Alternatively, Sully et al. (1999) proposed two different interpretation techniques for
non-standard dissipation curves which either involve simply ignoring the initial pore pressure
increase, or extrapolating the straight part of the dissipation curve on a square-root time plot to
zero, and essentially treating it as a conventional dissipation curve. They also used Teh and
Houlsby's (1991) solution charts and estimated the coefficient of consolidation from dissipation
curves. The estimated values were within an order of magnitude of the laboratory determined
coefficient of consolidation.
1.2.3 Pore pressure measurements during free-fall penetration testing
Free-fall penetration testing, in principle, is somewhat similar to cone penetration testing. Different
FFPs developed have resembled the shape of cones used in cone penetration testing. Thus, it could
be assumed that the soil behavior and failure mechanisms are similar to cone penetration testing
(True 1976). This allows the usage of the wealth of knowledge and experience gained by the
geotechnical industry about cone penetration testing to be applied to free-fall penetration testing.
However, some complexities arise from high impact velocities and associated high strain rates,
and limited penetration depths. These complexities affect both the strength and pore pressure
measurements during free-fall penetration testing.
FFP tests have also benefited from pore pressure measurements. They are especially useful for
testing in soft clays due to the relatively large penetration depths. Pore pressure measurements
during free-fall penetration testing have been used to complement tip resistance and deceleration
measurements to allow better soil type identification. Stegmann et al. (2006) investigated excess
pore pressures during free-fall penetration testing in the North and Baltic Sea, and noticed distinct
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pore pressure signals for different types of sediments. They were also able to detect gas-charged
mud in pockmark areas. Seifert et al. (2008) investigated the development and dissipation of excess
pore pressures during FFP testing in the Baltic Sea. They were able to correlate the pore pressure
responses at rest and during penetration to the clay behavior. Chow et al. (2014) studied the pore
pressure behavior of normally consolidated kaolin clay in a centrifuge and showed that the excess
pore pressure profile follows somewhat of a similar trend as a conventional cone penetration test.
Stark et al. (2015) performed FFP tests close to Herschel Island, YT, Canada, and studied the
excess pore pressure profiles in detail. They correlated the depositional history of the area to the
development and dissipation of pore pressures. Lucking et al. (2017) investigated the excess pore
pressures with regards to sediment dynamics in a tidal estuary. Albatal and Stark (2017) used the
pore pressure at rest to assess the soil sedimentation history, and used the pore pressures signal
during penetration to classify the sediments.
Richards et al. (1975) was one of the first to use a free-fall penetrometer to obtain dissipation data.
They deployed a 5m long penetrometer in the gulf of Maine to qualitatively assess the rate of
excess pore pressure dissipation. Chow et al. (2014) used dissipation curves from penetrometer
deployments in centrifuge tests and interpreted them according to Teh and Houlsby (1991) to
estimate the coefficient of consolidation. In addition to characterizing soil, excess pore pressures
measured with a free-fall penetrometer have been used for detecting of areas of excess pore water
pressures and focused fluid escape for subaquatic slope stability (Moernaut et al. 2017). Their use
for detecting of fluid mud has also been proposed in an initial study (Seifert and Kopf 2012).
1.2.4 Pore pressure measurements and dissipation around driven piles
The pile driving process in saturated fine-grained soils usually results in a zone of highly disturbed
and remolded soil around the pile. This remolding process induces large excess pore pressures in
the soil, which reduces the effective stresses and causes a loss of shear strength and decrease in
pile capacity. Upon completion of driving, the excess pore pressures start dissipating and the pile
capacity increases. This process is commonly referred to as “soil setup” (Fellenius et al. 1989).
The time required for a pile to develop its full capacity is dependent upon the rate of dissipation
of the pore pressures, which in itself, is dependent on the coefficient of consolidation.
Soderberg (1962) was among the first to study the process of dissipation of pore pressures around
driven piles analytically. He argued that, if the length of the pile is large relative to its cross-
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sectional area, the primary direction of pore pressure dissipation is radial. He also emphasized the
importance of the pore pressure distribution around piles for the accurate solution to the
consolidation problem. Roy et al. (1981) presented the results of a full-scale investigation of driven
instrumented piles into soft sensitive soils. The site was also well-instrumented, and the study
represented one of the first comprehensive efforts to study the development and dissipation of pore
pressures around driven piles. They observed that the maximum pore pressures were developed
under the tip of the pile due to the large increase in vertical stress, whereas the pore pressures along
the pile walls were much lower. They argued that this was possibly due to the decrease in the
vertical stress, when the soil is moved from under the tip to the sides of the pile, and this lower
pore pressure along the wall was almost constant in magnitude along the whole length of the pile.
1.3

Motivation and gaps in knowledge

Pore pressure measurements during free-fall penetration testing have the potential to provide
insights into the behavior of soils, and thus, can improve soil classification from FFP. However,
their direct comparison to pore pressures measured during cone penetration testing is impeded by
the fact that they are subject to additional hydrodynamic forces that affect the pressure
measurements. This leads to complex pressure signals, especially during the free fall and during
the penetration into surficial seabed layers at high velocities (> 2 m/s) (Lucking et al. 2017; Stark
and Ziotopoulou 2017). The correction of these pore pressures for the dynamic effects to make
them directly comparable to pore pressures measured during cone penetration testing has the
potential to advance the use of FFPs for rapid and cost-efficient soil classification in subaqueous
environments.
The accurate prediction of the hydrostatic pressure during the free fall is an important initial step
to correct pore pressure recordings for hydrodynamic effects from high speed penetration.
Additionally, the accurate prediction of water depth from the penetrometer may become crucial to
assess consolidation of the soil, or the accurate impact position in areas of complex morphologies.
Additionally, the high velocity impact also leads to complex pore pressure dissipation curves.
These are attributed to complex pore pressure distributions in the soil surrounding the cone. These
complex pore pressure distributions cannot be predicted with traditional cavity expansion theories.
As established by many studies mentioned in the previous section, the initial pore pressure
distribution is important in making accurate pore pressure dissipation predictions.

7

The overarching goal of this study is to contribute to the advancement of data analysis methods
for soil classification using FFP pore pressure readings during penetration and at rest. The specific
objectives are to (i) develop a method to account for velocity (or dynamic) effects on the pore
pressures during free-fall and initial penetration and (ii) investigate the use of non-standard
dissipation curves from free-fall penetrometers to obtain the time to 50% consolidation and
coefficient of consolidation.
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2.1

Abstract

Pore pressure measurements during penetrometer deployments can complement measurements of
strength resistance, and provide additional information about the soil. However, for high-velocity
impacts, hydrodynamic forces lead to complex pressure recordings during the free fall and
penetration. To investigate these effects, a computational fluid dynamics model (CFD) has been
developed. Based on initial results from the CFD model, a quasi-steady approach based on a
velocity-dependent correlation is proposed to correct for dynamic effects and shape dependent
pressure gradients acting on the FFP, and thus, also on the pore pressure readings. Finally, the
results are discussed with regard to opportunities for future research.

2.2

Introduction

Free Fall Penetrometers (FFP) are gaining popularity as a convenient early site investigation tool
for surficial seabed sediments (sediment depths on the order of decimeters to meters). Modern FFP
frequently house pressure transducers in addition to other sensors. In conventional cone
penetration testing (CPT), the pore pressure behavior of soils has been used to obtain insights into
in-situ properties of the seabed such as strength measurement, relative density, stress history,
consolidation and permeability of the soil (Lunne et al. 1997). However, conventional CPTs can
be difficult to deploy in nearshore environments or other areas of difficult access. Free fall
penetrometers have the advantage of being easy to deploy, and some enable deployment from
small vessels. This makes them considerably less costly than conventional CPTs. However, they
are subject to hydrodynamic forces that affect the pressure measurements. This leads to complex
pressure signals, especially during the free fall and during the penetration into surficial seabed
layers at high velocities (> 2 m/s) (Lucking et al. 2017; Stark & Ziotopoulou 2017). Therefore, the
accurate prediction of the hydrostatic pressure during the free fall is an important initial step to
correct pore pressure recordings for hydrodynamic effects from high speed penetration.
Additionally, the accurate prediction of water depth from the penetrometer may become crucial to
assess consolidation of the soil, or the accurate impact position in areas of complex morphologies.
In summary, there is a need for correcting the pressure signal for fluid dynamic effects during high
speed deployments of free fall penetrometers. The objective of this study is to investigate these
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effects using basic fluid dynamics principles during the descent through the water column and a
velocity dependent quasi-steady correction.
2.3

Background/Methods

2.3.1 Free-fall penetrometers
The portable FFP BlueDrop was used for this study. It was designed with an approximately
streamlined shape to stabilize and optimize the fall through the water column even in energetic
hydrodynamic conditions. The penetrometer measures acceleration and tilt using 5 vertical and 2
horizontal micro-electro-mechanical system (MEMS) accelerometers with a sampling rate of 2
kHz. The data logging and analysis methods are explained in detail by (Stark et al. 2015) and are
not repeated here.
The FFP BlueDrop houses a pore pressure transducer that measures ambient pressures up to about
2 MPa. The sensor is located behind a pore pressure filter just behind the cone in the u 2 position.
To ensure the proper saturation of the filter ring, it is submerged in water overnight before initiating
the survey, or saturated using mineral oil. Fluids can be injected through a bypass from the inside
through the filter ring to the outside to ensure full saturation. This study will focus on the analysis
of the pressure data.
2.3.2 Field Survey
A field survey was performed in the York River near Yorktown, VA (37.2388° N, 76.5097° W) in
June 2017, with 30 free fall penetrometer deployments around the George Coleman Memorial
Bridge. Deployments were made by submerging the FFP in water from the side of a boat, and
manually releasing the FFP with a rope attached to retrieve it later.
The surficial layers of the seabed in the surrounding area are mostly composed of soft organic mud
(Hartman et al. 2008). Low maximum deceleration values measured by the penetrometer during
impact and penetration (more than 90% are lower than 10g, with g being gravitational
acceleration), and visual observation of mud retrieved using a sediment sampler confirmed soft
clays (Albatal and Stark 2017).
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2.3.3 Fluid Dynamic Effects
Lucking et al. (2017) argued that the pressure measurement during the free fall of the penetrometer
through the water column is affected by fluid dynamic forces governed by the particular shape of
the penetrometer and velocity. To obtain a pressure signal equal to ambient hydrostatic pressure,
a correction must be applied. Bernoulli’s principle explains the changes in pressure due to the
motion of a fluid, and was applied here to attempt a correction (Lucking et al. 2017; Stark &
Ziotopoulou, 2017). A quasi-steady approach, solving for the pressure distribution around the
body, in steady viscous flow was adopted, thus ignoring added mass and transient viscous effects
(on pressure forces).
Following the Galilean invariance principle, the problem of the body falling down at constant
velocity vB is assimilated to a problem of a fixed body immersed into an upward flow stream with
uniform velocity vB.
Due to the slender and approximately streamlined shape of the penetrometer (Figure 2.1), a thin
boundary layer exists around the body. Outside this thin layer, the flow can be well approximated
by an inviscid, irrotational flow of an incompressible fluid, such as water, and the Bernoulli
equation can be applied, following the quasi-steady approximation of the transient flow.

Figure 2.1. Schematic sketch of BlueDrop in a uniform flow stream of velocity vB
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Two points in the potential flow region were selected (Figure 2.1): Point 1 is chosen just outside
the boundary layer, at the location of the pressure sensor on the penetrometer surface. Point 2 lies
outside the perturbed flow field created by the probe, at the same water depth as point 1. The
Bernoulli’s equation between these two points reads:
p1 

v12
2

 gz1  p2 

v22
2

 gz2

(2.1)

where ρ is density of the fluid, p is pressure, v is velocity of fluid and z is elevation of the chosen
point. The flow velocity of water at point 2 𝑣 is equal to the free-stream velocity, vB. The velocity
𝑣 of water particles immediately outside of the boundary layer at the location of point 1 can
assumed to be a fraction α of the free-stream velocity, depending on the actual shape of the body
and the position of the point 1:
v 1 ( t )   .v B ( t )

, v2  vB ( t )

(2.2)

Point 1 and 2 are located at the same depth, so that:
z1  z 2

(2.3)

gz1  gz 2

(2.4)

Pressure at point 2, p2 represents the hydrostatic pressure, whereas the pressure at point 1, p1 will
be affected by the motion of the fluid. So:
p 1  p tot ; p 2  p stat

(2.5)

Here, the pressure coefficient Cp is introduced, which is a non-dimensional measure of the pressure
felt on an object in a flow field, calculated in steady flow at point 1 of the given body. In potential
flow, according to (2.1) with conditions (2.2) and (2.3), the pressure coefficient can be related to
the local flow speed measured at point 1:
1
( vB2  v12 )
ptot  pstat 2
v2
Cp  1 2 

 1  12  1   2
1 2
1 2
vB
vB
2
vB
vB
2
2
pdyn

(2.6)

Simplifying (2.1):
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Figure 2.2. Domain extension (top) and detail of the polyhedral mesh created around the probe (bottom) for the
RANSE simulations

1
1
1
pstat  ptot  (  .vB )2  vB2  ptot  vB2 (  2  1 )
2
2
2

(2.7)

1
pstat  ptot  vB2 C p
2

(2.8)

The second term on the right hand side of equation 2.8 represents the magnitude of the decrease
in pressure due to the local velocity measured out of the boundary layer.
To investigate the relative pressures on the pressure transducer of BlueDrop, a computational fluid
dynamic (CFD) model was developed. For the CFD simulation, the Galilean invariance was
deployed, i.e. the body was kept fixed, and flow velocity varied in accordance with the changes in
fall velocity of the penetrometer. The model was developed with the actual body geometry and
was solved using a steady Reynolds-Averaged Navier-Stokes Equation (RANSE) solver for a flow
of 6 m/s. The solution provides pressure coefficients Cp along the body of the FFP. A velocity of
6 m/s was chosen, because it was the most commonly observed maximum velocity achieved during
the free fall of the FFP at the study site. In the field, the velocity started decreasing to about 4-5.5
m/s at impact after achieving a maximum, due to the increase in rope drag.
The pressure profile measured during a deployment is then corrected using equation 2.8. The
velocity of the penetrometer vB is calculated by the integration of the acceleration profile. The
profile start point is set at the point of release when the acceleration starts. The profile end point is
set at the point where the FFP comes to a rest in the sediment.
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2.4

Results

2.4.1 CFD Model Results
For this study, a series of steady flow solutions have been run on the body at different flow speeds
with a fully turbulent RANSE segregated flow solver, using a two-layers (Rodi 1991), realizable
(Shih et al. 1994) k-ε turbulence model. This type of turbulence model gives a good estimate of
the thin boundary layer thickness around a streamlined body with prevalently attached flow. The
finite-volume RANSE solver allows for non-structured polyhedral elements to discretize the
physical domain. SIMPLE method is used to conjugate the pressure field and velocity field, and
the AMG (Algebraic Multi-Grid) solver to accelerate the convergence of the solution of the
momentum and continuity equations at each iteration. A total number of about 300 iterations were
sufficient to reach convergence of the solution (i.e. stable residuals with relative magnitude lower
than 10-6). The solver has been validated in the past on a number of different hydrodynamic
problems, including steady turbulent free surface flows around complex bodies such as ship hulls
(Brizzolara and Villa 2010) or un-steady flow around propellers (Gaggero et al. 2010).
Due to the probe body symmetry, only 1/4 of the penetrometer body has been discretized, using
symmetric boundary conditions on both longitudinal planes. The domain, presented in Figure 2.2
spans about 20 body lengths along the flow direction and about 10 body diameters in the transverse
direction. The mesh counts 200k cells and three prisms layers around the body surface were to
capture resolve the thin boundary layer flow around the body. No particular refinement is used in

Figure 2.3. (Left) Results of the RANSE simulations at 6 m/s: velocity magnitude flow field on the symmetry planes
and pressure coefficient distribution on the penetrometer. Only 1/4 of the body is presented. (Right) Pressure
coefficients (represented by black line) on the body of BlueDrop (represented by red lines), as a function of distance
from the tip. The vertical distance from central axis of BlueDrop is multiplied by 10 for a better display
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the wake since the attention of the study was primarily in the entrance-body of the probe, where
the pressure sensor is located.
Results in terms of pressure distribution on the probe body surface and velocity distribution in the
surrounding fluid are given in Figure 2.3 for a simulated inflow speed of 6 m/s. As evident, the
probe is disturbing the flow only in a small region around its body. The deceleration around the
tip and in the wake of the probe is evident, as well as the acceleration around the maximum area
section at the base of the cone, where the pressure sensor is located. This acceleration of the flow
determines the negative dynamic pressure that reduces the actual pressure measured by the sensor
with respect to the hydrostatic pressure of the surrounding fluid.
A detailed pressure distribution curve along a meridian (longitudinal) section of the probe in
between two fins is given in Figure 2.3. The pressure filter located just behind the cone,
experiences suction forces under flow (Cp<0), resulting from the shape transition from cone to
shaft. The Cp equals ~ -0.5 around the pressure filter area. The negative value is due to the
acceleration of the flow in response to the increase of the cross section area from the pointed
leading edge to the area of the maximum section, just upstream the porous ring, where the pressure
sensor is located. The negative Cp leads to a measured pressure smaller than the actual hydrostatic
pressure.
This calculated Cp value is used with equation 2.8 to obtain the correct pressure values as
following:
1
pstat  pdyn  vB2 * 0.5
2

(2.9)

2.4.2 Corrected Pressure Signal
The pressure measurements obtained during free fall through the water were corrected using
equation 2.9. This has been applied to multiple deployments from the survey, and has provided
matching results. An example deployment is shown in Figure 2.4. The FFP was submerged at a
water depth of ~ 1 m, and then released falling under its own weight. It impacted the seabed at
water depth of ~10 m, and was eventually brought to a stop by the resisting forces of the seabed
sediments after ~ 1m of seabed penetration. The recorded pressure during free fall was noticeably
lower than the hydrostatic pressure as shown in Figure 2.4(a), being in agreement with
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observations by Lucking et al. (2017) and Stark & Ziotopoulou (2017) from other locations. The
corrected pressure signal (Figure 2.4-red lines) matched the hydrostatic pressure until entering the
seabed.
Insertion into the seabed was accompanied by a short period of subhydrostatic pressures. This is
in line with observations by Stegmann et al. (2006), Seifert et al. (2008), Chow et al. (2014) and
Stark et al. (2015). However, this phase may be overestimated if no correction of the measured
pressure is applied. Considering the correction, the pressure signature changes to suprahydrostatic
with positive excess pore pressure of up to ~ 9 kPa within the upper 10 cm of penetration of the
pressure transducer (Figure 2.4(b)). Allowing a direct application of the CPT concept that
undrained shear strength 𝑠 can be estimated from excess pore pressure divided by an empirical
cone factor 𝑁

(Lunne et al. 1997) and using 𝑁

=8.1 after a suggestion by Rémai (2013)

would lead to an estimate of 𝑠 =1.1 kPa at a penetration depth of 0.8 m. While this has not been
validated, it appears as a reasonable value based on the type of sediment. A preliminary analysis
can be made on the basis of undrained shear strength ratios. Many authors have reported the
undrained shear strength ratios of organic muds/clays to lie in the range of 0.4 – 0.65 (Chandler

Figure 2.4. Measured and corrected pressure profiles from an example BlueDrop deployment during (a) the
complete fall and (b) inside seabed. Zero depth indicates the seabed. Hydrostatic pressure calculated by estimating
the depth, at the start point of deployment, inside water column from the pressure data. Increase in pressure beyond
hydrostatic in (b) indicates the build-up of pore pressure in the sediments during penetration,
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1988; Edil and Wang 2000). Using an intermediate value of shear strength ratio of 0.5 and a
saturated unit weight of 12.8 kPa as measured by Faas (1973), undrained shear strength values of
about 1.2 kPa are estimated, matching well with the value calculated from the excess pore pressure.
While the proposed correction converges to the actual measurements when the FFP approaches its
maximum penetration depth, the correction appears crucial if pore pressure analysis is conducted
throughout the penetration profile. However, it must be considered that further corrections need to
be applied, due to the change in “fluid” properties and resulting changes in fluid dynamic effects
when entering the soft sediment.
The effect of changing velocity, however, was visible in some of the deployments. Figure 2.5
shows data from a deployment performed at a relatively shallow water depth of about 3 m
achieving an impact velocity of ~ 4 m/s. Since the velocity profile (Figure 2.5(a)) never achieves
6 m/s, the pressure profile still lags behind the actual hydrostatic pressure. It is apparent that the
pressure coefficients calculated for a flow of 6 m/s does not work very well in this case. More CFD
models need to be run that simulate flow at other speeds to estimate pressure coefficients for other
speeds.
2.5

Discussion

Dynamic cone penetration testing, or in this case, portable free fall penetrometer testing is subject
to additional velocity effects compared to a conventional quasi-static cone penetration test. The
investigation and proper understanding of these effects is important to make correct interpretations
of the results. The pressure recording behind the cone with the water and potentially soft soil
flowing past the pressure transducer inlets results in measurements of pressures that are lower than
expected hydrostatic pressures. This was also observed by Lucking et al. (2017), and can be
explained by Bernoulli’s equation which quantifies the change in pressure due to the velocity of
fluid. The steady Bernoulli equation in combination with the concept of pressure coefficients has
been used to develop a correction for the pressure signal in the form of equation 2.9. The steady
Bernoulli equation is a simplification of the actual scenario, since it assumes a constant velocity.
However, the velocity of the FFP after initial acceleration remains almost constant or within a
fairly narrow range over the free fall, and it provided an accurate estimation of the correct
pressures. Overall, using the Bernoulli’s equation and pressure coefficients from a CFD dynamic
model of the FFP resulted in pressure profiles in close agreement with hydrostatic pressure.
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At shallower depths, where the velocity never reached a value of 6 m/s, the correction will require
pressure gradients estimated for the specific maximum velocity (Figure 2.5(b)), stressing the
dependence of these pressure coefficients to the fall velocity. The unsteady Bernoulli equation
would account for the effects of changing acceleration throughout the fall. However, the accurate
solution of an unsteady Bernoulli equation has traditionally been a difficult task. Additionally, the
rope tied to the FFP during all deployments adds an influencing factor during the fall through the
water column due to the increasing rope drag with increasing depth, which results in the FFP
experiencing a decelerating force from the rope. This makes it challenging to use an unsteady
Bernoulli correction, particularly considering the good match that was achieved using the steady
Bernoulli correction with the maximum velocity. Therefore, it appears more feasible to develop a
chart or correlation expressing suitable pressure coefficients for a realistic range of velocities for
the specific penetrometer.
Impact into the seabed usually resulted in a sudden drop in the pressures to sub-hydrostatic. This
has also been observed in previous studies on high-velocity impacts into the seabed (Stegmann et
al. 2006; Seifert et al. 2008; Chow et al. 2014; Stark et al. 2015). It has been hypothesized that the

Figure 2.5. Deployment in water depth of about 3m: (a) Velocity profile and (b) pressure profile. The mismatch in
corrected and hydrostatic pressure due to the low velocity is evident
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sub-hydrostatic pressures are developed because of the rapid outward displacement of sediment
and water (Seifert et al. 2008; Lucking et al. 2017). The observation of sediment particles moving
at high speeds around the cone tip during high-velocity penetration supports this hypothesis
(Omidvar and Iskander 2017).
Large deformation problems in very soft soils have been commonly treated with the soil modelled
as a non-Newtonian fluid especially at large strain rates (Boukpeti et al. 2012). A CFD model for
very soft soils, modelled as a fluid of varying density and viscosity is in development and is
expected to provide more insights into the pore pressure behavior, under high-velocity dynamic
loading. The primary limitation of CFD modelling is its inability to model some of the in-situ soil
properties such as anisotropy and stress history, and its assumption of soil as a uniform and
homogenous mass. In estuarine environments, however, deposition and frequent remobilization of
sediments usually results in freshly deposited, normally consolidated sediment deposits, and such
deposits do not exhibit significant anisotropy, or any stress history and thus, the use of CFD
modelling is valid. Raie & Tassoulas (2009) have successfully used CFD models to predict
penetration depths of torpedo anchors in soft silts and normally consolidated clays.
2.6

Conclusions

The importance of accurate pore pressure measurements in cone penetration testing is well-known
(Lunne et al. 1997). This article presents a proof of concept that pressure corrections using basic
fluid dynamic principles such as the Bernoulli equation and pressure coefficients obtained from
CFD modelling can represent an accurate and reliable method to correct for fluid dynamic effects
in the water column.
To make an accurate interpretation of the pore pressure signal from surficial seabed sediments in
marine environments from free fall penetrometers, it appears essential that the pressure signal is
corrected for fluid dynamic effects. The pore pressure response of soils during loading has
conventionally been proved to be dependent on the stress history and stiffness of fine-grained soils
(Burns and Mayne 1998) and on the relative density of coarse-grained soils (Seed and Lee 1967),
among many other factors. Thus, pore pressure measurements may be used as indicators of
important in-situ characteristics. However, the unique pressure behavior observed due to the
dynamic nature of the free-fall penetration test is still an area of active research. More research is
planned to investigate and incorporate the rheological and viscosity characteristics of very soft
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muds into the correction to account for dynamic effects during penetration of the seabed at high
velocities.
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3.1

Abstract

In-situ pore pressure dissipation in soils primarily depend on the coefficient of consolidation and
permeability of the soil. This study represents an initial effort at validating existing solutions for
estimating the coefficient of consolidation from dissipation tests for free-fall penetration testing.
A free-fall penetrometer was deployed in a large fabricated and instrumented clay sample. A nonstandard pore pressure dissipation behavior was observed and was investigated in detail. The
dissipation curves were interpreted using Sully et al.’s (1999) square-root time extrapolation
technique. Data from some field surveys were also presented and interpreted using the same
technique. The results suggest that the square-root time extrapolation technique may be used to
interpret data from non-standard dissipation tests. The initial pore pressure increase for free-fall
penetration testing is a complex process, with the dynamic nature of the test being an additional
complexity as compared to cone penetration testing. Data from improperly saturated or clogged
sensors may be interpreted using the same technique, although it will lead to overprediction of the
t50. Finally, some challenges regarding obtaining high quality pressure data during field
experiments are also discussed.
3.2

Introduction

The consolidation properties of seabeds in the nearshore/coastal areas are useful for certain
projects like pipelines, cables, torpedo anchors and gravity base foundations that rest on the seabed
(Dean 2010). In soft sediments, the design of self-burying pipelines is often preferred (Chatterjee
et al. 2013). Self-burial of the pipeline means laying the pipeline directly on the seabed, and letting
it embed the soft sediments, which usually looses strength due to the excess pore pressures induced
by the laying process. The increase in pullout capacity of pipelines following laying and the
capacity gain of torpedo anchors following installation is also dependent on the coefficient of
consolidation of the surrounding soil (Chatterjee et al. 2013; De et al. 2015). Similarly, the rate of
settlement of gravity based foundation piles that rest on the seabed is influenced by the coefficient
of consolidation of the upper layers of seabed. The in-situ coefficient of consolidation is also of
interest for an assessment of the drainage conditions during penetration tests in coarser soils (White
et al. 2018). However, the logistical, technical, and economical challenges involved with obtaining
and testing high quality samples from the nearshore areas for conventional consolidation testing
may represent a significant challenge (Drnevich 1986; Sheahan and DeGroot 1997).
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Pore pressure measurements during cone penetration testing were first introduced by Torstensson
(1975) and Wissa et al. (1975) independently with the goal of a better classification of soil
stratigraphy. Pore pressure measurements have since been used to complement the cone tip
resistance and sleeve friction resistance measurements, and to obtain information about the shear
strength, overconsolidation ratio, permeability and consolidation characteristics (Lunne et al.
1997). The coefficient of consolidation of soils have been determined using pore pressure
dissipation data. Different analytical and semi-empirical techniques have been used to interpret
dissipation data (Lunne et al. 1997). The mechanism behind the development of pore pressures,
the general pore pressure distribution around the cone, and the subsequent dissipation of pore
pressures have been predicted and interpreted using many different frameworks including
cylindrical and spherical cavity expansion theory (Torstensson 1975, 1977), strain path method
(Baligh and Levadoux 1986; Levadoux and Baligh 1986), a combination of strain path method and
large strain finite element method (Teh and Houlsby 1991), point dislocation theory (Elsworth
1990, 1991, 1993), and a combination of cavity expansion theory and critical state soil mechanics
(Burns and Mayne 1998b), among many others.
Similar to cone penetration testing, free-fall penetration testing has also benefited from pore
pressure measurements, especially in soft clays. Pore pressure measurements during free-fall
penetration testing have been used to complement tip resistance and deceleration measurements to
allow better soil type identification (Stegmann et al. 2006; Seifert et al. 2008; Steiner et al. 2012;
Chow et al. 2014; Stark et al. 2015; Albatal and Stark 2017), to qualitatively and quantitatively
assess the coefficient of consolidation (Richards et al. 1975; Chow et al. 2014), to detect areas of
excess pore water pressures and focused fluid escape for subaquatic slope stability (Moernaut et
al. 2017), and to detect fluid mud (Seifert and Kopf 2012).
Non-standard dissipation curves (i.e. curves where the dissipation shows an initial increase, before
decreasing) have long been observed during cone penetration testing. While most commonly
observed in and attributed to the behavior of overconsolidated clays (Sully et al. 1999), nonstandard dissipation curves have been observed in normally and lightly overconsolidated clays as
well. The interpretation of non-standard dissipation curves is challenging when using cavity
expansion theories and traditional consolidation theory.
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Non-conventional dissipation curves have been attributed to many different factors including poor
filter saturation and pore pressure distribution around the cone. With good practice, the former can
be avoided, but the latter is much more complicated to evaluate, predict or measure (Soderberg
1962). Pore pressure gradients around the cone developed as a result of penetration, may lead to
lower initial pore pressures and subsequent pressure redistribution may lead to an increase in pore
pressures if the filter is situated at the u2 position. The complex pore pressure distribution possibly
arises from two main reasons: (i) The unloading of soil when moved from under high mean normal
stresses under the tip to lower mean normal stresses around the shaft, and (ii) the shearing of soil
around the shaft. The pore pressure distribution in the soil surrounding the cone and behind the
cone is affected by many factors including the shape and angle of the cone tip, the
overconsolidation ratio or stress state, shear strength, sensitivity, and/or rigidity index of the soil.
The pore pressure gradients in the soil surrounding the cone lead to an increase in the pore pressure
initially followed by a subsequent decrease. Different analytical and numerical models have been
employed to predict the distribution of pore pressures surrounding the cone (Burns and Mayne
1998). However, these methods have not been verified for the application for free-fall penetration
testing. This study aims to investigate the pore pressures produced during the penetration process
on the body of a portable free fall penetrometer just behind the cone in the u2 position and in the
soil surrounding the cone. For this purpose, penetrometer deployments were carried out under
controlled conditions in the laboratory, and implications were then discussed for field data
obtained using the same penetrometer at different locations. Finally, some of the challenges
involved in obtaining high-quality pressure readings in both the field and laboratory are discussed.
3.3

Testing Program

3.3.1 Free-fall Penetrometer
The portable free-fall penetrometer (FFP) BlueDrop was used for this study (Stark et al. 2014). It
houses five vertical accelerometers, two horizontal accelerometers, and a pressure transducer. The
pressure transducer is capable of measuring hydrostatic and excess pore water pressures up to 2
MPa at a sampling rate of 2 kHz, and is located just behind the cone in the u 2 position. The pressure
transducer is located behind a porous filter ring. Different saturation techniques were employed
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including saturation with water and mineral oil. This is discussed in further detail in the subsequent
sections.
3.3.2 Field sites
Field tests were carried out in three locations: Clay Bank in the York River, Virginia, USA;
Yakutat Bay, Alaska, USA; and at Herschel Island in the Southern Beaufort Sea, Yukon territory,
Canada. The field survey at Clay Bank, VA was performed on August 5 th, 2016. Clay Bank is
located in the York River, and exhibits conditions typical of middle to upper estuaries (Faas 1973).
The surficial sediments in the area are dominated by fine-grained sediments. Grain size distribution
analyses were performed at the Virginia Institute of Marine Sciences on cores obtained during the
survey. The top 10 cm at Clay Bank was composed of around 65% clay-sized particles and 30%
silt-sized particles with about 10-15% of these being organic, although the exact distributions may
vary based on the flow conditions (Bilici et al. 2018). The geology of York River is shaped by
successive marine transgressions and regressions, and has led to a layered soil profile, with the
topmost soil layer resulting from recent depositions (Hobbs 2009). This was confirmed by
geotechnical investigations into the site, where the presence of a layer of fine sand to silty sand
below the uppermost layers was observed (Hartman et al. 2008).
The field survey In Yakutat Bay was performed on May 17th, 2017. During the survey, FFP
deployments were performed and disturbed soil samples were obtained. Atterberg limits and fines
content tests were performed on the samples. The Atterberg limit tests resulted in a liquid limit of
64 and a plasticity index of 32, characterizing it as a “Fat clay (CH)” according to the Unified Soil
Classification system or USCS (ASTM International 2017). The soil was characterized by the
presence of a very small portion of sand sized particles (<1%) as well as some shell fragments.
The field survey close to Herschel Island, YT was carried out between August 5 th and 13th, 2014.
During the survey, FFP deployments with dissipation tests were performed and soil samples were
obtained. Two deployments were selected for further analysis and were referred to as BDP2 and
BDP4, retaining the terminology used by (Stark et al. 2015). At the deployment locations
considered here, the soil was fine-grained with a liquid limit and plasticity index equal to 53 and
25, respectively, characterizing it as a “Fat clay (CH)” according to USCS (ASTM International
2017). This survey and the results have been described in detailed by Stark et al. (2015, 2017).
Surficial sediments in the area are likely dominated by freshly deposited sediments fed into the
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bay from nearby mud slumps (Stark et al. 2017). The area has been well documented with regard
to retrogressive thaw slumping and aggressive coastal erosion (Lantuit et al. 2012). Some of the
mud slumps were visibly active during the time of the survey and were actively feeding sediment
into the bay. For this reason, it may be hypothesized that the surficial layers of the soil are recently
deposited fine-grained sediments, which may not have consolidated completely under self-weight.
3.3.3 Description of laboratory tests
A soil sample was set up in a chamber with diameter of 81cm and a height of about 100 cm (Figure
3.1) for the purpose of penetrometer deployment. The commercially available Wilco LPC kaolin
clay was used for this purpose. Based on the product information provided by Old Hickory Clays
Co., the soil is a mixture of silt and clay with 50% particles finer than 2μm (Old Hickory Clay Co.
2018). Based on its Atterberg limits, the soil classifies as a “Lean Clay (CL)” according to USCS.
The engineering properties of this clay have been studied in further detail by Cuceoglu (2016), and
the pertinent information is reproduced in Table 3.1.

USCS Soil Classification

Lean Clay (CL)

Liquid Limit

42

Plastic Limit

24

Plasticity Index

18

Specific Gravity

2.65

Median Particle size

2μm

Percentage of particles finer than:
2μm

50

1μm

37

0.5μm

22

Table 3.1. Properties of Wilco LPC Kaolin Clay based on Old Hickory Clay Co. (2018) and Cuceoglu (2016)
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Figure 3.1. Schematic diagram of the test chamber showing pressure sensors location

A 20-25cm thick sand layer was used at the bottom of the chamber to prevent the free-fall
penetrometer from damage by directly impacting the bottom. A sheet of geotextile was placed over
the sand layer to avoid mixing of clay with the sand. The clay was formed by mixing with water
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into a thick slurry at about 1.7 – 2.0 times the liquid limit (70 – 80% water content). This slurry
was poured into the chamber and was inundated with more water. The slurry was allowed to settle
for two weeks with occasional stirring, to encourage any entrapped air to escape. After two weeks’
time, the autonomous pore pressure sensors were put in their respective positions (discussed in
detail in the subsequent section), the soil was stirred and then allowed to consolidate under selfweight for another week before performing a performing a deployment. This process was repeated
before each penetrometer deployment.
Autonomous pressure sensors (of the make and model RBR Solo that sample at a rate of 10 Hz)
were placed in the chamber at radial distances of 15cm, 25cm and 35cm (or about 3.4, 5.7 and 8
times radius of the cone, respectively) away from the center of the chamber at a depth of about
40cm in the clay (these pressure sensors are referred to as p1, p2, and p3, respectively, from here
on). An additional pressure sensor was placed at a radial distance of 15cm from the center at a
depth of 15cm in the clay bed (this pressure sensor is referred to as p4, from here on). A sketch of
the set-up is shown in Figure 3.1. The sensors were covered with geotextile to avoid clogging of
the sensor with clay particles. The geotextile was saturated before deployment of the sensor. The
pressure sensors were put in their position by pushing them in.
3.4

Results

3.4.1 Laboratory test results
Three FFP deployments were performed, about three weeks apart in time, on March 31 st, April 8th,
and April 16th 2018 (these tests are referred to as test 1, test 2 and test 3, respectively, from here
on), to allow for setting up of the soil in the test chamber as explained in the previous section. The
penetrometer was deployed in the middle of the chamber, and rested at its maximum penetration
depth for at least 24 hours. Data collection was restricted by the battery life and storage of the
penetrometer (being designed for continuous data recording of about 10 hours). The autonomous
pressure sensors were able to collect continuous data for the entire time.
3.4.1.1 Free-fall penetrometer
Figure 3.2 shows the deceleration measurements during the three laboratory tests. During test 1,
the FFP penetrated the clay layer deep enough (>48cm) to hit the geotextile, which is shown by
the deceleration of ~28g, where g is the gravitational acceleration. The decelerations measured
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Figure 3.2. Deceleration profile from penetrometer deployments

during penetration of the clay layer were in all cases lower than 25g. At depths shallower than
20cm, the decelerations were lower than 1g. Beyond 40cm, the higher decelerations are attributed
to the additional resistance provided by the underlying geotextile and sand layers.
The first test was performed with the pressure filter soaked in water overnight. The second and
third tests were performed with the pressure filter soaked in water overnight followed by a flushing
of the filter and the cavity inside with mineral oil before deployment. The FFP BlueDrop allows
the injection of saturation fluid through a port into the cavity in front of the sensor and behind the
filter ring. The injection of saturation fluid flushes air out from inside the pressure cavity and fills
the cavity inside the filter ring with mineral oil to ensure saturation and minimize time lags in
readings. Pore pressures measured during penetration of the soil sample are shown in Figure 3.3.
All tests show negative pore pressures during penetration. Pore pressure dissipation data (about 10
– 12 hours long), after the penetrometer has come to a stop, is shown in Figure 3.4. The data from
all three tests show somewhat different trends and quantitative values. All the tests show final
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Figure 3.3. Penetration pore pressures during laboratory deployments

pressure values that are lower than the expected hydrostatic values. These lower than hydrostatic
values are also revealed in the RBR Solo sensors data. It is suspected that the subhydrostatic pore
pressures might have resulted from an improper saturation of either the sand layer or geotextile,
which might have induced flow of water from the bottom of clay layer downwards. This would
lead to the subhydrostatic pore pressures.
Tests 1 and 3 generally show monotonic decay in pore pressures, whereas test 2 exhibited an initial
increase in pore pressures for up to about 10 seconds before subsequently decreasing. Test 1 shows
a decrease in pore pressures even after the 12 hours test time. The pressures, even though already
lower than expected hydrostatic, still seem to be dissipating. A simple test was performed later on,
where the same penetrometer using the same pressure filter was subject to a known water head.
The pressure response was sluggish and suggested clogging of the filter. Subsequent tests were
performed with the filter saturated with mineral oil. Saturation with mineral oil helped avoid
clogging by filling up the pores. Test 3 shows disturbance in the data after about 40 minutes. The
exact reasons behind this disturbance are unclear, but it is possibly due to some external influence
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Figure 3.4. Pore pressure dissipation data

such as vibrations. Thus, only data from test 2 are discussed and analyzed in further detail in the
subsequent sections, since the other two tests were likely affected by clogging and/or disturbance.
3.4.1.2 Autonomous pressure sensors
The RBR Solo pressure sensors were placed in the soil about a week before deployment. Data
logging was not initiated until a few hours before planned deployment of the penetrometer to
conserve battery life and storage. After the deployment of the penetrometer, the sensors recorded
data for more than 24 hours. Pore pressures measured using the RBR Solo sensors upon impact
for test 1, 2, and 3 are shown in Figure 3.5. The pore pressures measured just before the impact
were always lower than the expected hydrostatic values (based on the height of water column
above the sensor). A calibration check on the sensors did not reveal any calibration problems. It
was hypothesized that the clay sample may have become unsaturated due to insufficient initial
saturation of the geotextile and sand layer, which may have induced seepage of water from the
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clay to the sand layer. To investigate this, a tube sample was collected from the soil after the last
penetrometer deployment was performed. The degree of saturation was calculated for the sample.
For a clay depth of about 40 cm, a degree of saturation of ~83% was determined, while for clay
depth ranging from about 30-40 cm, a degree of saturation of ~89% was measured. This confirms
the hypothesis that the soil was not perfectly saturated. The higher degree of saturation for the
shallower soil is possibly due to the seepage of water from top to bottom.
The data following impact shows some variability between the three tests (Figure 3.5), which is
attributed to the low sampling resolution of the sensors. Penetration of the penetrometer takes less
than 0.2 second from the moment it hits the water-soil interface to the moment when it comes to a
stop. This means, some details are possibly lost in the low resolution. Regardless, the general
trends are similar. Sensors p1 and p4 showed some increase in pore pressures upon impact, but then
showed a drop in pore pressures as the penetrometer penetrated past them. Sensors p2 and p3 show
a steady increase in the pore pressures, with p2 exhibiting a pressure increase of higher magnitude
than p3, which is expected based on their distance from the penetrometer.
3.4.2 Field Dissipation data
Long term dissipation data recorded after the penetrometer came to a halt are presented from
different sites (Figure 3.6). As is evident, all the dissipation records exhibit an initial pressure
increase and subsequent decay of pore pressures. The hydrostatic pressures have been calculated
using the water head above the penetrometer as evaluated from the total depth of penetration of
the penetrometer. Data from Yakutat, AK (Figure 3.6(b)) shows a sudden downward spike. During
this deployment, the rope attached to the tether point of the penetrometer had been cut by the
propeller of the ship. This likely led to the dip in the pressure data. Sully et al. (1999) presented
two techniques to interpret non-standard dissipation curves. The first technique termed as
“Logarithm of time plot correction” consists of simply ignoring the initial pressure data where it
shows an increase until it has reached a maximum value. The maximum value is considered the
new zero time point. The second technique termed as “square root of time plot” involves
extrapolating the straight portion of the dissipation curve on a square root time scale after the
maximum pore pressure value back to an initial value at zero time. In this study the latter technique
has been employed. The former technique was not investigated because simply ignoring the initial
pressure data may lead to significant overprediction of t50 in highly plastic clays.
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Figure 3.5. Pore pressure data upon impact of the penetrometer. t = 0 roughly represents the time at which the penetrometer first impacts the claybed: (a) p1
(b) p2 (c) p3 and (d) p4
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Figure 3.6. Pore Pressure records plotted against square-root of time. The linear part of the pressure record after pore pressure redistribution is extrapolated
back to obtain corrected initial pore pressures (or u1) according to Sully et al. (1999). (a) Clay Bank, VA (b) Yakutat, AK (c) Herschel Island BDP2 and (d)
Herschel Island BDP4
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Figure 3.7. Normalized pore pressure records plotted against log of time. (a) Clay Bank, VA (b) Yakutat, AK (c) Herschel Island BDP2 and (d) Herschel
Island BDP4
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The square-root of time plot correction involves the extrapolation of the straight part of the
dissipation curve, when plotted as a function of square-root of time, back to time t = 0. The
intercept at time zero is assumed to be the initial pore pressure. Normalized curves can then be
made using the normalized pore pressure U calculated as:
𝑈 (𝑡) =

( )

(3.1)

where, u(t) is the pore pressure measured at time t, uo is the in-situ equilibrium pore pressure, and
ui is the initial pore pressure at t = 0. These normalized dissipation curves have been plotted in
Figure 3.7. The data from Herschel Island exhibit a very slow pore pressure response, especially
BDP2 (Figure 3.7(c)). Here, the application of the square-root extrapolation technique is doubtful
because the pressures do not start dissipating even after about an hour of the penetrometer being
at rest in the sediment. The other sites show an initial pore pressure increase up to a time of about
5 – 50 seconds, followed by pore pressure dissipation.
3.5

Discussion

3.5.1 Soil conditions in the laboratory tests versus the field tests
A comparison of the quasi-static bearing capacities, determined as per Stark et al. (2012), is
presented in (Figure 3.8). The data from depths deeper than 40cm from the laboratory test were
ignored, corresponding to the laboratory setting. The laboratory results match well with the range
of field observations at Herschel Island and Clay Bank, and it can be assumed to be soil of similar
strength. The soil tested in Yakutat Bay exhibited slightly more resistance which could be
attributed to the presence of coarser particles and shell fragments.
3.5.1.1 Chamber size effects
Deployments performed in a confined chamber may suffer from boundary effects. Most studies
aimed at investigating size and boundary effects in calibration chamber tests have focused on
sands. Although a broad range of ratios of chamber radius to cone radius have been suggested by
different studies to avoid boundary effects, a common observation is the relatively pronounced
boundary effects for dense sands compared to loose sands (Parkin and Lunne 1982; Ghionna and
Jamiolkowski 1991; Mayne and Kulhawy 1991; Salgado et al. 1998). Vesic (1972) calculated,
based on cavity expansion theory, ratios of the radius of plastic zone to the radius of a cylindrical
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Figure 3.8. Quasi-static bearing capacities determined from the deceleration profiles for the field and laboratory
data

cavity of 3 to 17 for saturated clays with rigidity indices from 10 to 300 indicating very soft to stiff
clays, respectively. For this study, the ratio of radius of chamber to the radius of cone penetrometer
is 9.25. Since, the clay sample in this study was a soft clay, the boundary effects were expected to
be negligible.
The data from pore pressure sensors can be used to investigate the boundary effects. Sensor p1 and
p2 show an immediate response or change in the pore pressures after penetration. p3 shows almost
no change in pore pressures immediately upon impact, but shows a later increase in pore pressures,
which is attributed to the redistribution of pore pressures or the draining of soils in the radial
direction. This shows that no excess pore pressures are induced at the location of p3, or at radial
distance greater than about 6 times the radius of the penetrometer, suggesting that the boundary
effects may be minimal. However, a detailed investigation of the boundary effects has not been
performed and is out of the scope of this study.
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3.5.2 BlueDrop pressure data
The pressures measured during test 1 show negative pore pressures upon impact with the geotextile
(Figure 3.3). Since, for test 1, the filter was only saturated with water, this may indicate a sucking
out of water from the filter upon impact due to the suction forces on the filter (Mumtaz et al. 2018).
Test 2 and 3 show some negative pore pressures during ongoing penetration. Lucking et al. (2017)
associated such behavior with fine-grained low-density clayey sediments. After the penetrometer
comes to a stop, all three tests show positive pore pressures.
Only dissipation data from test 2 is discussed in further detail here for previously discussed
reasons. The pore pressure signal from test 2 is marked by an initial increase in pore pressures up
to a time of about 10 seconds after the penetrometer comes to a stop. This initial increase can be
hypothesized to result from pore pressure gradients surrounding the cone, induced by the
penetration process (Burns and Mayne 1998). Negative pore pressures on the body of the
penetrometer may be a result of (a) decrease in mean normal stress on a soil element when moved
from under the cone to the side, (b) initiation of a pressure wave that moves soil and water away
from the probe resulting from the high-speed impact, or (c) a combination of both (Burns and
Mayne 1998; Lucking et al. 2017). Positive pore pressures are generated at some distance away
from the penetrometer, as shown by the autonomous pressure sensor data. These pore pressure
gradients likely initiate a flow of water towards the penetrometer (i.e. from areas of positive to
areas of negative pore pressures). After the initial redistribution, the pore pressures dissipate at a
rate governed by the consolidation and flow parameters.
3.5.2.1 Pressure filter saturation and clogging
In highly impervious soils, the pore pressure response might show a lag during initial times because
the inflow of water to the filter might be too low initially to trigger an accurate pore pressure
response. This might cause a delay in pore pressure readings with an improperly saturated pressure
filter (Levadoux 1980). It becomes worse as the permeability of soil decreases, showing slower
buildup of water pressure at the sensor and an issue with the initial recording. A parametric analysis
assuming a completely dry pressure filter was made to investigate potential impacts.
Different saturation and de-airing techniques have been discussed in the past. Levadoux (1980)
recommended placing all the parts of the probe in a vacuum for at least 12 hours, followed by
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flowing de-aired water through all the parts and assembling the probe under vacuum. They
reported that the usage of aforementioned technique compared to a different technique popular at
the time where the probe was put in a tank full of water for about 15 minutes and connected to a
vacuum pump gave significantly improved results in Scandinavian clays. However, the usage of
the same technique in Atchafalaya basin clays by Levadoux (1980) still led to a time lag in the
pressure readings. That shows how challenging it can be to properly saturate the filters before the
deployment and keep them saturated during the test. Regardless of how well saturated the filter is
before deployment, the filter can become unsaturated when penetrating through stiff or
overconsolidated clays (Sandven 2010).
Clogging of the pressure filter is another major challenge, while performing penetration testing.
Ideally, the filter pore size should be such that it allows the free movement of water, but the pores
are smaller than the soil particles to avoid clogging. However, this may not be feasible for finegrained soils such as clays. Clogging causes a delay/lag in the pore pressure response (Levadoux
1980). To investigate this, a simple parametric analysis was performed. The coefficient of
consolidation of soil is usually represented by:
(3.2)

𝑐 =

Even though the permeability of the filter should ideally be smaller than the soil (due to smaller
pore size), the compressibility of the filter material is smaller by a much bigger magnitude, and
the “coefficient of consolidation” value for the filter should be much larger. However, if we assume
a clogged filter, then the permeability is decreased even further, while the compressibility of the
filter-soil system is larger than the filter alone. Thus, for the purpose of a parametric analysis, it is
assumed that the c value might be in the range of the values of the coefficient of consolidation of
clays. Based on this, a simple analysis is performed. The pressure filter is considered as an extra
node adjacent to the soil mass with different assumed values of c. A soil with a horizontal
coefficient of consolidation, ch = 10-7 m2/s, which is typical for clays, is considered to be draining
radially with a logarithmic initial pore pressure distribution. The dissipation process was simulated
by solving the consolidation equation using finite difference techniques assuming radial drainage
only. The differences between the pressure at the node representing the filter and the node just next
to it (which represents the soil adjacent to the penetrometer) are evaluated. Figure 3.9 shows the
results of the analysis and shows the radial consolidation at the wall of a cylindrical cavity. This
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Figure 3.9. Results from simulation of pore pressure distribution with values of coefficient consolidation
assumed to represent clogged filters

is compared to the results of the analysis for the assumed values of c for the pressure filter. The
results show a sluggish pore pressure response. However, after the maximum pore pressures are
reached, the values in the pressure filter are almost the same as the pressures in the soil next to
filter. Interpretations of these dissipation curves would lead to almost similar t50 values. This also
shows that ignoring the initial part of the dissipation curve and employing an extrapolation
technique such as Sully et al.’s (1999) square root of time extrapolation technique may, in most
cases, be an adequate interpretation technique.
3.5.3 Pressure sensor data
As already discussed, the autonomous pressure sensors exhibit lower than hydrostatic pore
pressures before impact. The reason behind this is the partial saturation of the soil, as found out
from obtained samples. Considering this, only the changes in pore pressures are discussed from
here on. The change in pore pressures in soils upon loading or shearing is dependent on the pore
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pressure coefficients A and B (Skempton 1954). The parameter B is a function of saturation, and
has a value less than 1 when saturation is less than 100%. Thus, for an unsaturated soils, the
magnitude of changes in pore pressure will be different, however the general trend will remain the
same.
The autonomous pore pressure sensor data upon impact was restricted by the sampling frequency
(10 Hz) of the sensors. Nevertheless, similar trends were observed. Sensors p 1 and p4, which were
located close to the body of penetrometer, showed a similar pore pressure behavior. Both pressure
sensors exhibited an increase in pore pressures when the penetrometer first impacted the soil-water
interface. According to studies on pore pressures induced by pile driving, pore pressures would
expected to be at their maximum value when the penetrometer is at or just above the level of the
sensor (Roy et al. 1981). The low sampling rate of the sensors, as described earlier did not always
allow the observation of this phenomenon. The initial increase is attributed to an increase in the
mean normal stress on the soil. As the penetrometer penetrates further beyond the level of the
sensor, a decrease in pore pressures is observed in sensors p1 and p4. This decrease in pore
pressures is usually attributed to one or a combination of two effects: (i) Dilatant behavior upon
shearing under low effective stresses, and (ii) unloading of the soil when moved from cone to the
shaft (Burns and Mayne 1998). Sensors p2 and p3 did not exhibit such behavior, but showed a
monotonic increase in pore pressure, with the increase in pressure for p2 being much higher than
for p3. It appeared that this distance already lies outside of the zone of significant shear stresses.
Sensor p4 (which lie close to the water-soil interface) did not show further change after its initial
response. Thus, it was assumed that the shallow soils behaved like a slurry and could not sustain
any excess pore pressures. This was also confirmed by very low resistance provided by soils
shallower than 20 cm (Figure 3.2) against the penetrometer.
3.5.4 Back-calculating coefficient of consolidation
To model the dissipation process and back-calculate a coefficient of consolidation, the threedimensional Terzaghi-Rendulic consolidation equation (Rendulic 1936) was used:
= 𝑐

+ 𝑐

(3.3)

+

where u is pore pressure, t is time, z is vertical distance (or depth), r is radial distance, and cv and
ch are the vertical and horizontal coefficients of consolidation, respectively. For the case of soils
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with a constant isotropic coefficient of consolidation (cv = ch = c), the above equation can be
simplified to:
= 𝑐

+

(3.4)

+

The above equation was solved using the finite difference method. Drainage was assumed to occur
in the upward vertical and outward horizontal directions. The cone boundary was assumed to be
impermeable. Initial pore pressure distributions were obtained from the pore pressure sensors data.
As mentioned previously, soils shallower than 20 cm were assumed to behave like a slurry and
thus, could not sustain any pore pressures. Due to the limited spatial coverage of the pore pressure
sensors, interpolations had to be made to obtain excess pore pressure values at all the nodes. The
pressure distribution was determined using a 2d cubic interpolation method.
The dissipation process was simulated, starting at time t = 1 and 10 seconds after initial impact,
using a back-fitted value of c = 4 x 10-6 m2/sec, using a solution of the consolidation equation
(Figure 3.10). The dissipation data from the penetrometer shows an initial pore pressure increase
up to about t = 10 sec. Thus, the data from t = 1 second had to be corrected using Sully et al.'s
(1999) extrapolation technique. The simulated dissipation curves do not show this initial pore
pressure increase, because the initial pore pressure distribution close to the penetrometer is not
represented accurately enough. The thickness of the shear stress influenced zone is usually
considered to be very small and on the order of 1 – 10 mm next to the penetrometer (Burns and
Mayne 1998); this being significantly closer than the pressure sensors. Thus, details of the pore
pressure distribution may have been missed due to this.
Due to these reasons, the measured pore pressures show obvious differences from the simulated
pore pressures (Figure 3.10). However, using the extrapolation technique to obtain the initial
pore pressure and normalizing both measured and simulated pore pressures, the data shows good
agreement (Figure 3.11). From the normalized pore pressure curves, a t50 ~ 5-6 minutes has been
evaluated. The t50 can be used with Robertson et al.'s (1992) chart for t50 vs LL chart to evaluate
the coefficient of consolidation.
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3.5.5 Field Data
Pore pressure dissipation data from different field surveys described earlier are shown in Figure
3.6. All the dissipation curves exhibit an initial increase in the pore pressures. The dissipation
curves have been interpreted according to Sully et al.'s (1999) extrapolation technique and the
normalized curves have been shown in Figure 3.7. From the normalized curves, t50 ~750 seconds
for Clay Bank, VA, and t50 ~1100 seconds for Yakutat, AK may be interpreted. For the Herschel
Island data, deployment BDP2 came to rest close to the boundary of layer 2 and layer 3, whereas
BDP4 came to rest in layer 3. Layer 3 was hypothesized to be stronger and coarser sediment than
layer 2 (Stark et al. 2015). This is readily visible from the pore pressure dissipation curves. A
normalized pore pressure dissipation curve for BDP2 shows the t50 to be in excess of 104 seconds.
The resting time of about 55 minutes inside the sediment was too short to start full dissipation.
Extrapolating the curve to either get the initial pore pressure value or u 1, or to extrapolate the curve
further to obtain t50 involves assumptions and uncertainties. In any case, the curve makes it evident
that the t50 is greater than 104 seconds. On the other hand, for BDP4, the t50 is almost 3840 seconds.
Using Robertson et al.'s (1992) solution chart of evaluating ch as a function of t50, a ch ~ 4.5 x 106

m2/s and ~ 3 x 10-6 m2/s may be interpreted for Clay Bank, VA and Yakutat, AK, respectively.

The ch value for Yakutat, AK is in good agreement with estimated values from the cv vs. LL chart
(NAVFAC 1986). Atterberg limit results are not present for Clay Bank, VA, but considering the
presence of fair amount of silt sized particles in the soil, as mentioned in the previous section, the
higher coefficient of consolidation may be reasonable. The Herschel Island data, on the other hand,
led to very low ch values when interpreted using the same ch vs. t50 chart, even though the Atterberg
limit results are similar to Yakutat, AK. It may be interpreted as the filter being clogged (which is
usually marked by a sluggish response in the initial pore pressure increase). As already mentioned
above, a clogged filter will lead to an underestimation of coefficient of consolidation. Another
potential reasons may be a mismatch between the sediment depth of the penetrometer at rest and
of the extracted sample that cannot be ruled out from the sampling technique.
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Figure 3.10. Simulated versus Measured Pressures at (upper) t = 1 sec and (lower) t = 10 sec
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Figure 3.11. Simulated versus Measured Normalized Pressures at (upper) t = 1 sec and (lower) t = 10 sec
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3.6

Conclusions

In this study, the possibility of utilizing pore pressure dissipation data to estimate the coefficient
of consolidation was explored. FFP deployments were performed in the laboratory on an
instrumented soil sample, and the results were compared to field data. Finally, some of the
challenges with obtaining high quality pressure data in the field were discussed. A summary of the
conclusions drawn from this study is given below:
1. The pore pressure dissipation process is heavily influenced by the initial pore pressure
distribution in the soil surrounding the cone. Complex pore pressure distributions during
free-fall penetration testing arise due to the high-velocity impact, in addition to other
factors typically associated with cone penetration. The prediction of these complex pore
pressure distributions or the interpretation of these non-standard pore pressure dissipation
records using conventional theories may lead to erroneous results.
2. The non-standard dissipation curves may be interpreted by ignoring the initial portion of
the dissipation curve that exhibits increase in pore pressures. The square-root time
extrapolation technique suggested by Sully et al. (1999) may be used to produce
normalized curves. These corrected normalized curves can be interpreted according to
conventional consolidation theories or existing solutions based in conventional
consolidation theories to obtain an estimate of the coefficient of consolidation.
3. Obtaining high-quality pore pressure measurements is no trivial task in itself. The
saturation of the pressure filter is important for high-quality pore pressure measurements.
Different techniques have been suggested for ensuring saturation of the filter such as
soaking in water overnight, soaking in de-aired water under vacuum, flushing mineral oil
and glycerin through the pressure filter and the cavity behind it, using vacuum sealed
containers to transport the penetrometer, etc. Exercising these methods sometimes becomes
almost impossible in the field. This study indicated based on initial results that soaking the
filter in water overnight and flushing the cavity and filter with mineral oil before
deployment, may give satisfactory results.
4. Testing in very fine-grained soft sediments can sometimes lead to clogging of the filter,
which can create a delay in the pressure readings. Some theoretical data, assuming a
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clogged filter, was presented and analyzed. It was concluded, that with the exception of a
completely clogged sensor that is irresponsive to any pressure changes, the data from a
clogged filter may still be used. Sully et al.'s (1999) extrapolation technique may be used
to interpret the data as well. However, the time to consolidation will be overpredicted, if
the sensor is extremely clogged.

3.7
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Chapter 4: Conclusions and Outlook

4.1

Conclusions

The present study investigates and correlates pore pressure measurements from a portable free fall
penetrometer to in-situ soil properties. The following conclusions have been drawn:
1. Pore pressure measurements during the fall and initial penetration of the penetrometer are
affected by the dynamic nature of the test. A method, based on fluid dynamic principles,
has been presented as a proof of concept. Initial investigations suggest that this method can
be applied to correct the pore pressure readings for effects of fluid flow by the sensor.
2. The pore pressure dissipation process is heavily influenced by the initial pore pressure
distribution in the soil surrounding the cone. Complex pore pressure distributions during
free-fall penetration testing arise due to the high-velocity impact, in addition to other
factors typically associated with cone penetration. The prediction of these complex pore
pressure distributions or the interpretation of these non-standard pore pressure dissipation
records using conventional theories may lead to erroneous results.
3. The non-standard dissipation curves may be interpreted by ignoring the initial portion of
the dissipation curve that exhibits increase in pore pressures. The square-root time
extrapolation technique suggested by Sully et al. (1999) may be used to produce
normalized curves. These corrected normalized curves can be interpreted according to
conventional consolidation theories or existing solutions based in conventional
consolidation theories to obtain an estimate of the coefficient of consolidation.
4. Obtaining high-quality pore pressure measurements is no trivial task in itself. The
saturation of the pressure filter is important for high-quality pore pressure measurements.
Different techniques have been suggested for ensuring saturation of the filter such as
soaking in water overnight, soaking in de-aired water under vacuum, flushing mineral oil
and glycerin through the pressure filter and the cavity behind it, using vacuum sealed
containers to transport the penetrometer etc. Exercising these methods sometimes becomes
almost impossible in the field. This study showed that, in most cases, soaking the filter in
water overnight and flushing the cavity and filter with mineral oil before deployment, gives
satisfactory results.
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5. Obtaining high-quality pore pressure measurements is no trivial task in itself. The
saturation of the pressure filter is important for high-quality pore pressure measurements.
Different techniques have been suggested for ensuring saturation of the filter such as
soaking in water overnight, soaking in de-aired water under vacuum, flushing mineral oil
and glycerin through the pressure filter and the cavity behind it, using vacuum sealed
containers to transport the penetrometer, etc. Exercising these methods sometimes becomes
almost impossible in the field. This study indicated based on initial results that soaking the
filter in water overnight and flushing the cavity and filter with mineral oil before
deployment, may give satisfactory results.
6. Some uncertainties, unexplained mechanisms, and scatter does exist in the interpretation
of coefficient of consolidation from in-situ dissipation tests, which has been reported in the
literature by numerous authors and have also been investigated in this study. Obtaining
high quality undisturbed samples from the nearshore or coastal areas for performing design
is recommended. In some nearshore areas, this will be almost impossible, motivating
further research of this topic.
4.2

Outlook

This thesis represents initial efforts at investigating regards to pore pressure measurements during
FFP testing. To further improve the understanding of pore pressures during FFP testing, the
following recommendations for further research are made:
1. Laboratory or field tests, with adequate sediment information, can be performed for
different kind of soils with the FFP BlueDrop and a classification scheme based on the time
to 50% consolidation can be developed to complement classification schemes based on
decelerations or tip resistances only.
2. Usage of pore pressure measurements have been suggested for the detection of fluid mud
in coastal environments in the past Seifert and Kopf (2012). This could be investigated
further using computational fluid dynamic modelling and laboratory deployments with soil
slurries. These could be compared to actual field data.
3. Recently, there has been interest in evaluating the coefficient of consolidation of coarser
grained soils. The interest has arisen from a need to evaluate, whether coarse-grained soils
act drained or undrained during such high-strain rates as represented by FFP testing (White
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et al. 2018). For this purpose the use of methods that account for the simultaneous
generation and dissipation of pore pressures such as the point dislocation theory (Elsworth
1990, 1993) is suggested.
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Appendix A: Data repository information

This appendix contains the information of the repository that contains the raw data and results of
the analyses conducted in this research. All the datasets used in this dissertation are uploaded to
Virginia Tech’s data repository website (VTechData). The datasets can be accessed using the
following link (https://doi.org/10.7294/W489141D). The data organization and content are
illustrated in the readme file below, which is also associating the datasets.

A.1 Dataset Citation:
Muhammad Bilal Mumtaz (2018): Investigation of pore pressures during high-velocity impact by
a free fall penetrometer. University Libraries, Virginia Tech. (https://doi.org/10.7294/W489141D)

A.2 ReadMe File
This readme file was first created on 2018-04-26
--------------------------------------------------------------------------------------------------------------------TITLE OF DATASET
Investigation of pore pressures during high-velocity impact by a free fall penetrometer
--------------------------------------------------------------------------------------------------------------------KEYWORDS
Pore pressures, In-situ site investigations, Free-fall penetrometer, Consolidation properties
--------------------------------------------------------------------------------------------------------------------INVESTIGATORS INFORMATION
Principal Investigator:
Name:

Dr. Nina Stark
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Institution:

Virginia Polytechnic Institute and State University (Virginia Tech)

Address:

216 Patton Hall, 750 Drillfield Dr, Blacksburg, VA 24061

Email:

ninas@vt.edu

Co-investigator Contact Information
Name:

Muhammad Bilal Mumtaz

Institution:

Virginia Polytechnic Institute and State University (Virginia Tech)

Address:

20 Patton Hall, 750 Drillfield Dr, Blacksburg, VA 24061

Email:

bilalm@vt.edu

--------------------------------------------------------------------------------------------------------------------SHARING/ACCESS INFORMATION
There are no restrictions on the datasets use and no license needed to use this datasets; however,
proper citation is required when using this dataset.
--------------------------------------------------------------------------------------------------------------------GEOGRAPHIC LOCATION OF DATA COLLECTION
The data was collected from four locations:
1. Herschel Island in the Southern Beaufort Sea, Yukon territory, Canada. Coordinates are:
Latitude 69.5726, Longitude -138.9215
2. York River near Clay Bank, Virginia. Coordinates are: Latitude 37.3408, Longitude 76.6235
3. Ankau Saltchucks near Yakutat Bay, Yakutat City, Alaska. Coordinates are: Latitude
59.5373, Longitude -139.8343
4. York River near Yorktown, Virginia. Coordinates are: Latitude 37.2422, Longitude 76.5066
--------------------------------------------------------------------------------------------------------------------62

FILES FORMAT AND CONTENT
The data is divided into four main folders, based on the location.
Inside each folder, the data is divided into a subfolder for each deployment. If only one deployment
from the location is used, then the data is located in the root folder, and no subfolders exist. Only
data that was used in this thesis is included.
In each folder that corresponds to a deployment, the files include the raw data, a summary of
results, the analysis results, the script used to perform the analysis, and a readme file. The raw data
is in binary (.bin) format. The summary of results is in an excel file. The analysis results include
either the quasi-static bearing capacity as a function of depth, the pore pressures as a function of
time or both, and are in Tagged Image File Format (.tiff). The script was written in MATLAB and
is in a matlab script (.m) format.
-------------------------------------------------------------------------------------------------------------------VARIABLE NAMES AND DESCRIPTION
Since each dataset is associated to a different location and that some the parameters sought were
different as well, the variables are different for each dataset. The user is advised to return to the
associated publications or the dissertation to know more details about the different variables,
analysis methods, and results.
--------------------------------------------------------------------------------------------------------------------METHODOLOGY
While the outputs vary from location to another based on the sediment type and the parameters
under investigation, the main data analysis was coducted following Stark et al. (2012) and Sully
et al (1999) approach.
--------------------------------------------------------------------------------------------------------------------EQUIPMENT AND SOFTWARE
The raw data was collected using the free fall penetrometer BlueDrop.
The data analysis was performed using MATLAB R2017a.
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Mumtaz, M. B., Stark, N., and Brizzolara, S. (2018). “Pore pressure measurements using a portable
free fall penetrometer.” CPT18 - 4th International Symposium on Cone Penetration
Testing, Delft, NL.
Mumtaz, M. B. and Stark, N. (2018). “Pore Pressures induced by high-velocity impacts of a
portable free fall penetrometer in soils.” Not decided yet (Journal paper – in prep.)
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