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ARTICLE INFO ABSTRACT

Keywords: This paper describes the field performance of two instrumented free-fall penetrometers (FFPs), which offer the
Free-fall penetrometer possibility of low cost rapid strength profiling without requiring the equipment associated with conventional
Clay

CPTs or drilling and sampling. The devices considered are a free-fall cone penetrometer (FFcP) and an instru-
mented free-fall sphere (IFFS). The performance of the FFPs in assessing soil undrained shear strength was
investigated and compared through field trials in the soft sediments of the Swan River, Perth, Western Australia.
The penetrometers achieved impact velocities of 1.4-5.8 m/s from drop heights of 0.7-3.0 m above the riverbed,
and embedded to depths of up to 1.6 times the FFP length (1.45 m) and 4.5 times the IFFS diameter (0.89 m). The
FFP data provided the shear strength indirectly using the acceleration measured from an onboard inertial
measurement unit. The accuracy depends on the assumptions made regarding the magnitude of dynamic bearing
and shaft frictional resistance. Uncertainty associated with dynamic bearing resistance causes a +10% and
+13% variation in the calculated strength for the IFFS and the FFcP, respectively. However, the equivalent
uncertainty in dynamic shaft resistance can cause a variation in the calculated strength of up to £76% for the
FFcP. The FFcP has higher embedment potential than the IFFS, but the IFFS has the advantage of a simpler

Field tests
Undrained shear strength
Dynamic embedment

interpretation without needing to account for dynamic shaft resistance.

1. Introduction

Offshore geotechnical surveys, particularly involving in-situ pene-
trometer testing, are costly due to the requirement of large specialised
vessels that can deploy heavy seabed reaction frames. These costs can be
reduced by using free-fall penetrometers (FFPs) that can be deployed
more simply, by allowing them to free-fall into the seabed. By including
easily deployed FFPs, a site investigation can require fewer conventional
push-in penetrometer tests. Also, an FFP campaign can be integrated
into other surveys using smaller vessels earlier in a project, obtaining in-
situ test data earlier and reducing the requirement to carry design
uncertainty.

The last decade has seen a resurgence in FFPs, with numerous sys-
tems developed and trialled in the field (e.g. as summarised in Randolph
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et al., 2018), and an increase in their use on commercial projects (e.g.
Young et al., 2011; Jeanjean et al., 2012; Peuchen et al., 2017). These
FFPs vary in size and level of instrumentation, ranging from lightweight
portable penetrometers deployable by hand but that typically penetrate
only by 1-2 m (e.g. Stark et al., 2009; Morton et al., 2016a), to relatively
large penetrometers requiring large vessels for deployment, but which
provide data to a penetration depth that is comparable to push-in tests
(e.g. Stephan et al., 2012; Young et al., 2011). Most FFPs are geomet-
rically slender with conical tips, and resemble their push-in counterpart,
a cone penetrometer. Some of these slender penetrometers are
‘streamlined’ with a reduced shaft diameter further from the tip in an
attempt to reduce shaft friction during penetration (e.g. Stephan et al.,
2012; Albatal et al., 2020). Alternatively a FFP can be spherical, such as
the instrumented free fall sphere (IFFS) (Morton et al., 2016a). The IFFS
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Fig. 1. (a) Free-fall cone penetrometer (FFcP); (b) instrumented free-fall sphere (IFFS); and (c) Inertial measurement unit (IMU).

is somewhat similar to a push-in ball penetrometer, but with the pene-
trometer rods replaced by a tether. In this way, the IFFS exploits some of
the advantages of full-flow ball penetrometers over cone penetrometers
(Randolph et al., 2011), but also the data quality is less vulnerable to
rotation of the device as the projected area remains the same regardless
of the sphere orientation.

FFP test interpretation methods have been developed and improved
through experimental studies in the laboratory (e.g. Dayal and Allen,
1973; Chow and Airey, 2014; Chow et al., 2014; Chow et al., 2017;
Morton et al., 2016b; Albatal et al., 2020) and in the field (e.g. Stephan
et al., 2012; Stark et al., 2009; Morton et al., 2016a). These studies
demonstrate that the accuracy and complexity of the data interpretation
is dependent on both the penetrometer geometry and the level of
instrumentation. Most FFPs are only instrumented with accelerometers,
so the soil strength is derived indirectly from acceleration measurements
by solving the equations of motion. For FFPs with more sophisticated
instrumentation (e.g. Stegmann et al., 2006; Chow et al., 2017; Peuchen
et al., 2017), the soil strength can be determined directly from tip load
cell measurements.

This study compares the performance of conical and spherical FFPs
through field deployments in a riverbed in Perth, Western Australia. The
accuracy of the interpreted riverbed strength profiles is assessed by
comparison with data from push-in piezocone tests.

2. Development of free-fall penetrometers

The two FFPs were fabricated from stainless steel and are relatively

light (<60 kg), to enable deployment from smaller vessels using non-
specialist equipment. The first penetrometer is a free-fall cone pene-
trometer (FFcP) with a cone and shaft diameter, d = 0.089 m and a total
length, L = 0.88 m such that the aspect ratio, L/d ~10 (Fig. 1a). The
diameter was selected to accommodate the instrumentation package (an
inertial measurement unit, IMU) described later. The FFcP is comprised
of three sections; a lower 0.66 m long section with a 60° conical tip, a
0.2 m long middle section to accommodate the IMU, and an upper top
cap, 0.02 m long, that provides access to the IMU and accommodates the
tether connection. The design is modular, with three separate lower
sections that vary in mass (with different internal voids) such that the
total mass is m = 24.5, 30.7 or 36.6 kg. O-rings are used in the threaded
connections between each section to prevent water ingress.

The second penetrometer is an instrumented free-fall sphere (IFFS),
based on the design described in Morton et al. (2016a), and available
with a diameter, D = 0.2 or 0.25 m, with a corresponding mass, m = 29.4
or 56 kg. The sphere consists of two hemispheres bolted together with an
internal vertically oriented cylindrical void to accommodate the IMU
(see Fig. 1b). As with the FFcP, an O-ring located between the two
hemispheres prevents water ingress.

2.1. Instrumentation

The IMU is a self-contained motion logger designed for free-fall
projectiles (Fig. 1c). The IMU measures acceleration along three
orthogonal axes, and rotation rates about the same three axes using a
combination of micro-electromechanical system (MEMS) rate
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Fig. 2. Test site showing locations of existing boreholes (BH), piezocone penetrometer tests (CPTu), and free-fall penetrometer tests (FFcP and IFFS).

gyroscopes and accelerometers. These measurements, after processing, 2016a). The device is equipped with two 13-bit three-axis MEMS ac-
provide the projectile trajectory during free-fall in water and embed- celerometers. The first accelerometer (ADXL326) has a resolution of
ment into the sediment (Blake et al., 2016), as well as an indirect esti- 0.004g with a measurement range of +16g and the second accelerometer
mation of the undrained shear strength profile (e.g. Morton et al., (ADXL377) has a resolution of 0.05g with a measurement range of

Fig. 3. Field testing arrangement: (a) deployment via quick release shackle; (b) retrieval.
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Table 1
Field test program and results.
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Penetrometer/test ID ~ Mass, m (kg) ~ Water depth, s, (m)  Fall height, s;(m)  Impact velocity, v; (m/s)  Final embedment depth, z, (m) =~ Embedment ratio, z./L or z.,/D"
FFcP 1 30.70 3.3 1.34 4.31 0.191 0.22
FFcP 2 30.70 3.1 2.46 5.32 0.252 0.29
FFcP 3 30.70 3.2 2.93 5.72 1.306 1.48
FFcP 4 30.70 3.2 1.60 4.85 1.451 1.65
IFFS 1 29.42 3.3 0.72 1.43 0.423 2.12
IFFS 2 29.42 3.2 2.63 5.32 0.892 4.46
IFFS 3 29.42 3.3 2.60 5.42 0.820 4.10
IFFS 4 29.42 3.6 1.92 5.03 0.675 3.38
IFFS 5 29.42 3.6 0.90 3.59 0.398 1.99
IFFS 6 29.42 3.5 2.86 5.77 0.624 3.12
IFFS 7 29.42 3.5 0.89 2.06 0.313 1.57
IFFS 8 29.42 3.4 1.82 4.72 0.303 1.52

2 L = 0.88 m for the FFcP, D = 0.2 m for the IFFS.

+200g, such that the IMU can appropriately cater for sediments of
different strengths. The +16g accelerometer was used in this study as
soft sediment was expected at the test locations. Two 16-bit dual-axis
MEMS rate gyroscopes (LPR5150AL) with a resolution of 0.05°/s and
a measurement range of +1500°/s allow roll, pitch and yaw rotations to
be determined. The accelerometer and gyroscope data were logged at 1
kHz using a Diversified Technical Systems (DTS) data acquisition system
(DAS). This logging frequency allows for 300 h of data collection before
the 16 Gb of onboard memory is exhausted, but is limited to ~12 h due
to the capacity of the lithium-ion battery that powers the DAS. The DTS
DAS is very compact, measuring only 42 x 42 x 22 mm for six channels
of data measurement. The complete IMU fits within a watertight stain-
less steel tube, 170 mm long and 78 mm in diameter.

3. Field test details
3.1. Test location

The free-fall penetrometer tests were conducted in the Swan River in
Perth, Western Australia. The locations for all FFcP tests, IFFS tests and

pre-existing boreholes are shown in Fig. 2, where the water depths
varied between 3.1 and 3.6 m. Fig. 2 also shows the locations where
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push-in piezocone tests, were conducted previously along the shoreline
up to 200 m away from the FFP tests. Boreholes at close vicinity to the
test sites indicates that the upper 2.5 m of the riverbed at this location is
a silty sandy CLAY (with 50% shell fragments) of high plasticity (BH1),
or a clayey SILT (with traces of fine grained sand and shell fragments) of
high plasticity (BH2). Other available index properties for the sediment
include: a natural moisture content of approximately 87%, specific
gravity of 2.58 and unit weight of approximately 14.6 kN/m®. The
sediment properties are very similar to Burswood clay (Low et al., 2011),
which is located within 1 km from the test site as indicated in Fig. 2.

3.2. Test procedure

The FFP tests were conducted from the RV BF Ryan, an 8 m research
vessel equipped with a 80 kg capacity davit fitted with an electronic
winch system. A 6 mm diameter Dyneema synthetic rope was used as the
FFP deployment and retrieval line. Deployment was achieved by pulling
on a quick-release shackle connected to the loading hook of the davit
arm (Fig. 3). The test setup is shown in Fig. 3 and the test procedure is
summarised below:

1. The IMU was powered and secured in the penetrometer;
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Fig. 4. Typical motion and rotation profiles for: (a) (c) test FFcP 1; and (b) (d) test IFFS 8.
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2. The penetrometer was attached to the quick release system and
lowered in the water to the pre-determined drop height;

3. After ensuring there was sufficient slack in the deployment line, the
quick release shackle was opened (Fig. 3a), allowing the penetrom-
eter to free-fall and embed into the sediment;

4. Penetrometer embedment depth was estimated by pulling the rope
taut and noting identifier markings on the rope at the waterline;

5. The penetrometer was retrieved using the electric winch (Fig. 3b);

6. The vessel was then moved to the next test location and steps 2-5
repeated;

7. At the end of testing or upon switching penetrometer, the IMU was
retrieved and the data downloaded.

A typical FFP test employing the above procedure (steps 2-5) takes
about 10-15 min, depending on weather conditions.

3.3. Test program

The field test program is summarised in Table 1 and includes four
FFcP and eight IFFS tests with fall heights varied to achieve impact
velocities, v; ~1.4-5.8 m/s. To enable direct comparison between the
two penetrometers, the field tests involved penetrometers with compa-
rable masses, the FFcP with m = 30.7 kg and the 0.2 m diameter IFFS
with m = 29.4 kg.

4. Field measurements

The field test results are summarised in Table 1 in terms of the
penetrometer mass, m, the water depth, s,, (measured using the vessel’s
onboard acoustic echo sounder which has a resolution of approximately
0.1 m), fall height, s;, impact velocity, v;, final embedment depth, z,
interpreted from the IMU data, and embedment ratio, z./L (FFcP) or z./D
(IFFS). The IMU data were interpreted using the framework described in
Blake et al. (2016), which allows the 3-dimensional motion (%, y, z) of
the FFPs to be transformed from a non-stationary body reference frame
of the IMU (and consequently of the penetrometer) to a fixed inertial
reference frame defined with the z-axis aligned in the direction of the
Earth’s gravitational vector. This transformation from a moving body
frame of reference to a fixed inertial frame of reference is needed to
avoid erroneous determinations of distance travelled, and also erro-
neous determinations of undrained shear strength from accelerometer
data (Blake et al., 2016).

MEMS accelerometers measure both constant acceleration (e.g.
Earth’s gravity) and changing acceleration (due to motion). Hence, the
acceleration needed in the interpretation of FPP data is the acceleration
due to motion, which requires that g = 9.81 m/s? is subtracted from the
acceleration in the z axis of the inertial frame of reference. Here we use
the term ‘acceleration’ and the notation, a, to describe acceleration due
to motion. Penetrometer velocity, v, and displacement, s, can then be
determined in either the body or inertial frame of reference by numer-
ically integrating the acceleration (once for velocity and twice for
displacement).

Typical time histories of acceleration, a, velocity, v and displace-
ment, s for the FFcP and IFFS are shown in Fig. 4a and b in the z-axis of
both the body (with subscript b) and inertial frames of reference. Ac-
celeration, a, becomes non-zero at the point of release (t ~ 0 s), partly
due to the motion from opening the quick-release shackle, but then
approaches a ~7.6 m/s? during free-fall in water, noting that a < g
during free-fall in water due to the fluid drag resistance acting on the
penetrometer and on the trailing rope.

The acceleration immediately reduces upon impacting the riverbed,
reaching a maximum deceleration, a = —146 m/s? (FFcP 1) and a =
—151 m/s®> (IFFS 8) before coming to rest. The velocity, v and
displacement, s, are noticeably different in the body and inertial refer-
ence frames during free-fall in water and when the penetrometers come
to rest, indicating that the penetrometers were non-vertical during free-
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Fig. 5. Typical velocity-displacement profiles: (a) test FFcP 1; (b) test IFFS 8.

fall.

To further explore the verticality of the penetrometers during the
tests, the corresponding time histories of rotation for tests FFcP 1 and
IFFS 8 are presented in Fig. 4c and d, with ¢, 6, and y representing the
pitch, roll, and yaw rotations about the inertial frame axes x, y, and z as
defined in Blake et al. (2016). The x and y axes lie in the horizontal
plane, and the z axis is initially vertical.

Prior to release, the FFcP and IFFS were swaying in water, registering
angles of y ~15° and ~9° from the vertical respectively. Despite con-
cerns that operating the quick-release shackle would lead to a side-pull
on the deployment line that would cause additional rotation, the
maximum change in rotation for the FFcP was about 6° during free-fall
in water. Although the IFFS experienced greater rotations of up to
around 22° during free-fall, the spherical geometry ensures that there is
no change in the projected area.

During penetration in soil, the FFcP continued to rotate (changing ¢
and 6), but only deviated slightly more from the vertical, such that the
maximum rotation was i ~ 17° when at rest in the soil. Impact with the
riverbed led to a rotation ‘correction’ for the IFFS, although as noted
previously, rotation of the sphere will not affect analysis of the IFFS
measurements provided the interpretation considers a fixed inertial



S.H. Chow et al.

water surface

~

mudline
e
W
(submerged
W weight)
(submerged TN N
Nk Fam ([ )
l (added mass) \\ v //'//

Fo(drag) I IFbuoy(buoyancy)

I Firict (shaft friction) Foear (bearing)

Fo(drag) IFbuoy (buoyancy)

Frear (bearing)

(a) FFcP (b) IFFS

Fig. 6. Forces acting on the free-fall penetrometers during embedment in soil:
(a) FFcP; and (b) IFFS.

reference frame. FFcP rotation can be reduced by adding stabilizing fins
to encourage self-straightening during free-fall in water, as confirmed
through the minimal rotations measured in a later (unpublished) study
where the FFcP included stabilizing fins.

These measured rotations highlight the importance of considering
the motions within a fixed or inertial reference frame as shown in Fig. 5,
which plots the same data as profiles of velocity, v with displacement, s.
Fig. 5 shows that an interpretation within a body frame of reference
would lead to a gross overestimation of impact velocity, v; by up to 13%
and of embedment (in sediment), z, by up to 14%, consistent with Blake
et al. (2016).

5. Undrained shear strength determination from free-fall
measurements

The profile of undrained shear strength, s,, with depth can be
determined indirectly for both the FFcP and IFFS tests by considering the
force balance on the penetrometer:

ma= Wb - Fre:[sl (1)

where m is the penetrometer mass, a is acceleration in the inertial frame
of reference, Wj is the penetrometer weight submerged in water and
Fresise is the sum of the various resisting forces acting on the penetrom-
eter. These forces depend on the penetrometer geometry (Fig. 6).

(a) FFcP
For the FFcP, Eq. (1) may be written as (Chow et al., 2017):

ma=Wy, — Fyear — Fpiicc — Fp — Fpuoy (2)

where the resisting forces are bearing resistance at the cone tip (due to
soil strength), Fpeqr, frictional resistance along the shaft, Fpyi, drag
resistance, Fp, and a buoyancy force, Fpyoy, €qual to the effective weight
of the soil displaced by the advancing penetrometer. The inclusion of the
drag resistance term, Fp, in Eq. (2) is warranted, particularly for very soft
sediments, and has been shown to be the dominant resistance acting on a
dynamically installed anchor in normally consolidated clay over about
one-third of the penetration (Blake and O’Loughlin, 2015).
Bearing and frictional resistances are expressed as:

Frear = Ry(pear) ($uN1A,) 3)
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Fpric = Re(gricr) (@S u(avg)As) “4)

where A; and A; are the tip and shaft areas respectively, Ny, is the cone
factor, a is the interface friction ratio, s, is the undrained shear strength
at the cone tip and sy is the average strength over the length of the
embedded shaft. Rypear) and Rericp in Eqgs. (3) and (4) are power-law
strain rate formulae to account for the well-known dependence of soil
strength on strain rate (Biscontin and Pestana, 2001) expressed as:

Ppear
_ [ /d)
Ry (pear) = ((V/d),-ef) >1 5)
Prrict
_ [ W/d)
Ry (riery = < W/ d)ref> >1 (6)

where the (v/d) terms are proxies for strain rate, d is the penetrometer
diameter, and fpeqr and Sy are strain rate parameters for bearing and
frictional resistance respectively. The (v/d).s term represents the
average strain rate in the equivalent test used to measure the (reference)
undrained shear strength, typically an in-situ push-in penetrometer test.
The drag resistance term is formulated as
1 2
Fp :EPSCDArV )
where p; is the saturated density of the soil and Cp, is the drag coefficient.
The soil buoyancy force, Fpyuoy, is calculated as the effective weight of
the displaced soil:

Froy=pVsg €)

where p’ is the submerged density of soil and V is the volume of soil
displaced by the penetrometer. V; is equal to the sum of the currently
submerged penetrometer volume and of the cavity formed in the wake of
the advancing penetrometer. Here we assume that the soil does not flow
back behind the penetrometer over the very short installation duration
(O’Loughlin et al., 2013), such that Vs is calculated assuming a cylin-
drical cavity with a height from the trailing edge of the penetrometer to
the mudline and with a diameter, d.

(b) IFFS

The forces acting on the IFFS during dynamic embedment in soil are
shown in Fig. 6b. The equation of motion for the IFFS in Eq. (9) is an
expanded form of the solution formulated in Morton et al. (2016b):

ma=W, — Fg, = Fan — Fpear — Fp )

where Fpqr is now the bearing resistance acting on the frontal area of the
sphere and the additional term, F,, is an added mass force that accounts
for the soil that accelerates or decelerates with the IFFS (noting that it is
negligible for the FFcP due to its slender geometry; Blake and
O’Loughlin, 2015). Fqp, is calculated as:

Fam = aCymygg 10)

where a is the acceleration in the inertial frame of reference as defined
previously, Cp, is the added mass coefficient and my,; is the product of
the soil density and the volume of the sphere. As discussed in Morton
et al. (2016b), the Fpeqr and Fp terms can be combined via a super-
position approach in which the strength and drag resistance components
are simply summed into a single resistance force, F:

F, = NApR (bear)Su an

where Ay, is the frontal or bearing area of the sphere, Rypeqr) is the power-
law strain rate function for bearing resistance (Eq. (5)), s, is the un-
drained shear strength corresponding to the equator depth on the sphere
and N is a single capacity factor defined as:
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Table 2
Model parameters for undrained shear strength determination.
Model parameter FFcP IFFS
Ny (Eq. (3)) or N, (Eq. (12)) 11.2 10.9
a (Eq. (4)) 0.22 -
Ppear (Eq. (5)) 0.06 0.06
Birice (Eq. (6)) 0.21 _
Cp (Eq. (7)) 1.20 0.26
Cm (Eq. (10)) - 0.5
s 1487 kg/m> 1487 kg/m>
1
N= ECDR(’(mm—Newmnian) + N. (12)

N, in Eq. (12) is the conventional bearing capacity factor used to link
net penetration resistance to undrained shear strength (analogous to the
cone factor, Ni; in Eq. (3)) and Regon-Newtonian) iS the non-Newtonian
Reynolds number, defined as Remon-Newtonian) = psvz/suRf(bear).

5.1. Model parameters

Undrained shear strength, s,, can be determined using Eq. (2) and Eq.
(9) for the FFcP and the IFFS respectively. FFcP interpretation requires
the appropriate selection of four additional parameters beyond that
required for push-in cone data; @, fpear, fric and Cp. A complete inter-
pretation also requires selection of an appropriate cone factor, Ny, and a
soil density, ps, as required for push-in cone data. Interpretation of IFFS
data requires only two extra parameters relative to a push-in ball test;
Prear and Cp. As with the FFcP, IFFS interpretation requires a bearing
factor, N, and soil density, ps, as for a push-in ball test (the latter for
determination of net penetration resistance).

Both the FFcP and IFFS formulation require the nomination of a
(proxy) reference strain rate, (v/d)ry. In the context of attempting to
obtain the equivalent s, as from a push-in test, (v/d), should use a
typical CPT velocity and diameter. Here we assume a 10 cm? cone
penetrated at the standard 20 mm/s, such that (v/d)e = 20/35.7 = 0.56
s~ 1. This is two orders of magnitude lower than the maximum strain rate
in the free-fall tests, which is an appropriate magnitude of adjustment
using the power-law strain rate formula (O’Beirne et al., 2017a).

A laboratory-determined soil strength could be used for the reference
value. This would involve a much lower strain rate (typically 1076 s™1),
such that Egs. (5) and (6) would be applied over seven orders of
magnitude. Despite the much higher strain rates associated with a push-
in penetrometer test, laboratory (element) soil strengths are typically
similar in magnitude to push-in penetrometer soil strengths, due to the
compensating effect of strain softening. Consequently, applying Egs. (5)
and (6) with a laboratory reference strain rate would over-quantify the
strain rate effect and lead to a much lower and erroneous soil strength.

The model parameters are summarised in Table 2. Owing to the close
proximity of the site to the well-characterised Burswood soft clay
research site, many of the model parameters are selected on the basis of
knowledge of this soil (Low et al., 2011). If prior knowledge is not
available, the model parameters can be estimated based on established
ranges reported for other similar sediments in the literature. Further
discussion on the uncertainty of these parameters can be found in Chow
et al. (2017). The interface friction ratio for the FFcP is taken as a = 1/S;
= 0.22, where S; = 4.5 is the soil sensitivity derived from vane shear tests
on Burswood clay (Low et al., 2011). The strain rate parameter for
bearing resistance is taken as fpeqr = 0.06 for both the FFcP and the IFFS,
on the basis of variable rate T-bar and ball penetration field tests con-
ducted in Burswood clay (Low et al., 2008). Centrifuge FFcP tests in
kaolin clay reported in Chow et al. (2017) show that the strain rate
parameter for shaft resistance is 3.5 times that for tip resistance, i.e.
Pfrict/ Poear = 3.5, and this ratio was applied in these field tests, such that
Bfrice = 0.21. Cone and ball factors were taken as Ny, = 11.2 and N, =
10.9, consistent with interpretation of field piezocone and piezoball tests
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Fig. 7. Measured and calculated (with and without rope drag) velocity profiles
during free-fall in water: (a) FFcP; and (b) IFFS.

in Burswood clay (Low et al., 2011). Soil density was established from
specific gravity and moisture content measurements made during a
previous site investigation. Although adjustment for N, or Ni; during
shallow penetration can be made (e.g. Morton et al., 2016a; Guo et al.,
2022), a simplified approach assuming depth independent N, or N,
values was adopted here, such that the resulting calculations of s, should
be considered as conservative.

A drag coefficient, Cp, may be selected from theoretical or numerical
solutions. Alternatively, a value may be determined from fits to the
measured motion in water using Eq. (2) (FFcP) and Eq. 9 (IFFS), but
where the soil resistance terms are omitted and the drag resistance, Fp,
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Fig. 8. Effect of impact velocity on embedment for the IFFS: (a) acceleration signatures; (b) velocity profiles; (c) interpreted undrained shear strength profiles.

uses the density of water rather than soil. That approach is adopted here,
with good agreement obtained using drag coefficients of Cp = 1.2 for the
FFcP (Fig. 7a) and Cp = 0.26 for the IFFS (Fig. 7b). The added mass term,
Fom (Eq. (10)), was also considered for the IFFS to account for the mass of
soil accelerated with the sphere. Theoretical solutions give C,;, = 0.5 for
a sphere (e.g. Sumer and Fredsoe, 1997), which has been shown to work
well for the IFFS (Morton et al., 2016a) during freefall in water using the
mass of water, Myqeer, rather than my,; in Eq. (10). Drag resistance on the
trailing rope may also be considered, although as shown in O’Beirne
et al. (2017b) the effect is only significant when the free-fall in water
distance is large relative to the length scale of the penetrometer. This is
evident from Fig. 7, where alternative theoretical velocity profiles show

that rope drag resistance (using a drag coefficient for the rope, Cp =
0.019; O’Beirne et al., 2017b) has negligible effect over the 3 m free-fall
distance.

The back-fitted Cp = 0.26 for the IFFS is identical to that determined
from IFFS field tests reported in Morton et al. (2016a). However, the
back-fitted Cp = 1.2 for the FFcP is much higher than that expected for a
cone tipped slender cylinder; e.g. Cp = 0.22 from computational fluid
dynamic analyses of a slender cylinder (length/diameter = 12.5) with a
conical tip at comparable velocities (Richardson, 2008). The higher Cp
in this study is considered to be due to FFcP tilt (Fig. 4c), noting that the
average tilt for the four FFcP tests was y = 19.7° during free-fall in
water. Accounting for this tilt using the effective projected drag area
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Fig. 9. Effect of sediment strength on: (a) acceleration signatures; (b) velocity profiles; (c) interpreted undrained shear strength profiles.

(Ldsiny) instead of the FFcP tip area in Eq. (7), results in an equivalent
but lower Cp = 0.28, in reasonable agreement with Cp = 0.22 deter-

mined numerically by Richardson (2008).

5.2. Undrained shear strength profiles

Figs. 8c to 10c show s, profiles derived using the above approaches,
from release in water to final embedment in sediment. In water s, is
negligible indicating that the interpretation approach accounts correctly
for fluid resistance. A marked increase in s, is evident upon impact with

the sediment, providing reliable mudline detection.

The effect of impact velocity, v;, or fall height, s;, on embedment is
illustrated in Fig. 8 by tests IFFS 5 and IFFS 4, which were within 1 m
proximity, but achieved different impact velocities, v; = 3.6 and 5 m/s,
from different fall heights, s = 0.9 m and 1.92 m. The similar peak
deceleration between the two tests suggests the sediment is similar (as
discussed later), albeit that the sediment appears to become stronger at a
greater depth at the IFFS4 test location. The increase in final embedment
depth, 2., from 0.4 to 0.68 m shows the benefit of a greater fall height
when operating below the terminal velocity of the penetrometer,
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Fig. 10. Comparison between FFcP and IFFS: (a) acceleration signatures; (b) velocity profiles; (c) interpreted undrained shear strength profiles.

provided the contribution of rope drag is negligible. Fig. 9 compares
measurements from tests IFFS 4 and IFFS 8 which involved similar drop
heights and achieved similar impact velocities (v; = 4.7 and 5 m/s), but
at locations where the riverbed strength profile is markedly different.
Fig. 9a shows a distinctly different acceleration signature in the two
tests, with a peak deceleration, a = 36 m/s? in test IFFS 4 compared to a
much higher and more rapid deceleration in test IFFS 8, with a peak
value, a = 151 m/s2. The deceleration signature and the peak deceler-
ation have been proposed as a basis for sediment classification (e.g.
Stoll, 2006; Stegmann et al., 2006). The smaller spread in the deceler-
ation signature and the higher peak deceleration in test IFFS 8 indicates

10

a much stronger sediment at this location than at IFFS 4, as also reflected
in the interpreted s, profiles in Fig. 9c. The stronger sediment resulted in
alower embedment depth, z, = 0.31 m for IFFS 8, half of that in test IFFS
4 (z, = 0.68 m), despite both tests achieving broadly similar impact
velocities (Fig. 9b). In contrast, the peak deceleration in tests IFFS 4 and
IFFS 5 are similar (a = 36 m/sz, see Fig. 8), which results in similar peak
sy &~ 3.5 kPa in both tests.

The two penetrometers have approximately equal mass (IFFS: 29.4
kg; FFcP: 30.7 kg) but markedly different geometries. This is considered
in Fig. 10 by comparing tests FFcP 3 and IFFS 3, which achieved similar
impact velocities (FFcP 3: v; = 5.7 m/s; IFFS 3: 5.4 m/s) and therefore
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Fig. 11. Comparison between s, profiles established from free-fall penetrometer tests and existing piezocone tests.

impact energy, and were tested at locations with similar sediment
strength. The strength profiles from the two tests are broadly similar, but
the FFcP achieved 60% higher embedment (z, = 1.31 m), compared to
the IFFS (z, = 0.82 m). This aspect, linked to the smaller projected area
of the FFcP, is considered later in the paper.

Fig. 11 shows s, profiles derived from all FFcP and IFFS tests.
Evidently the riverbed at the locations of FFcP 1 and FFcP 2 is much
stronger than those at the other test sites, as z, < 0.25 m, with peak s,
values of 51 and 57.8 kPa for FFcP 1 and FFcP 2, respectively. Embed-
ment depths at the other locations were between 0.31 and 1.45 m, with
back-figured s, that increases by (on average) 3.5 kPa/m, such that the
typical riverbed strength at these locations is s, < 20 kPa.

Fig. 11 also compares FFP s, profiles with those established from
conventional piezocone tests. The piezocone tests (CPTu 1 to 7) were
conducted onshore near the edge of the river as part of a previous site
investigation (see Fig. 2 for locations), and utilised a 10 cm? cone,
penetrated at the standard 20 mm/s. The equivalent normally consoli-
dated syccpruy,nc) profiles in the riverbed (taking into consideration the
apparent over-consolidation effects due to the onshore fill above the
mudline) are estimated using the SHANSEP equation (Ladd and Foott,
1974):

Y
Su(CPTuNC) = O, <;l,‘) / OCR”
v/ oC

where (s,/0’,)oc is the over-consolidated strength ratio derived from the
onshore piezocone test, ¢’, is the vertical effective stress in the riverbed,
OCR is the overconsolidation ratio taken as the ratio of the pre-
consolidation stress, ¢’, (taken as overburden pressure of the onshore
fill) over the vertical effective stress, ¢’y, and n is the SHANSEP param-
eter taken as 0.94 for intact Burswood clay established from aniso-
tropically consolidated triaxial compression tests (Low et al., 2011). For
each piezocone test, the thickness of the onshore fill is determined as the
distance of piezocone zero depth (shore surface) to water table/surface,
plus the water depth of 3.35 m (averaged from all free-fall tests).
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Fig. 11 shows that both FFPs yield comparable s, profiles that are
bound by the s, determined from the net piezocone resistance. The s,
profiles derived from the piezocone and from the FFPs exhibit similar
scatter, reflecting the lateral spatial variability in the sediment. As noted
earlier in the paper, the main uncertainty when calculating s, from a
piezocone test is the choice of Ny, factor. This uncertainly also applies to
interpretation of FFcP data, but with added uncertainties associated
with the choice of strain rate parameters for bearing and frictional
resistance, drag coefficient and interface friction ratio. There are fewer
additional uncertainties in the interpretation of IFFS data, as the
spherical geometry avoids the complication of considering frictional
resistance and its variation with strain rate. Hence interpretation of IFFS
data requires that N, fpeqr, Cp and Cp, are selected, whereas the equiv-
alent interpretation of FFcP data requires Nis, fpear, Bfrict, @ and Cp to be
selected. However, the magnitude of Cp (for both the IFFS and the FFcP)
and Cp, are mainly controlled by the penetrometer geometry, such that
there is little uncertainty in their values. As selection of N, and Ny, (for
the IFFS and FFcP respectively) is also required for a static push-in
penetrometer test, the additional uncertainty that the freefall pene-
trometer tests introduce is selection of fpeqr for the IFFS test and Spear,
Price and a for the FFcP test. Equations (5) and (6) indicate that an
appropriate value for (v/d).f also needs to be selected, but the approach
considered here is to analyse the freefall data to produce an s, profile
that is comparable to the push-in test, such that (v/d).ef would be based
on the velocity and diameter of the push-in test, both of which are
known.

To explore the sensitivity of the selection of fpear, Bfrice and a on the
resulting s, profiles, a (reported) range for each parameter was consid-
ered as shown in Fig. 12 and Table 3. Fig. 12 shows the influence of
varying Ppear, Pfrice and a on the derived s, profile for Test FFcP 3.
Adjusting fpeqr from 0.035 to 0.085 results in a +£13% maximum varia-
tion in s, (relative to the nominated parameters in Table 2), reducing
slightly to £10% for ffic = 0.18 to 0.24. The slightly higher variation in
sy for Ppeqr reflects the slightly wider range considered for this parameter,
although the ratio of the tip area to the side wall area also affects the
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Table 3
Sensitivity of model parameters on s, estimation.

Test Model parameter ~ Range considered  Variation in s, estimation (%)!
FEcP 3 fpear 0.035 to 0.085" +13

Brict 0.18 to 0.24" +11

a 0.1 to 0.5° +65
IFFS 2 Poear 0.035 to 0.085" +10

# Measured in centrifuge free-fall piezocone tests in kaolin (Chow et al., 2017)
and typical of that reported by others (e.g. 0.05 to 0.09, Chung et al. 2006; Low
et al., 2008).

b Reported from laboratory and field studies (e.g. Dayal et al. 1975; Steiner
et al. 2014; O’Loughlin et al. 2016; O’Beirne et al., 2017a; Chow et al., 2017).

¢ Estimated as the inverse of soil sensitivity, S; = 2 to 10.

4 Relative to the nominated parameter values in Table 2.

sensitivity of s, to each strain rate parameter. Adjusting a from 0.1 to 0.5
has a much more significant effect, causing up to +65% variation in s,.
There is an even higher variation of up to £76% when the limits on S
and a are paired (i.e. ffrcc = 0.18 combined with a = 0.1 and fficc = 0.24
combined with a = 0.5), similar to the 75% error noted by Chow et al.
(2017) when the parameters controlling the magnitude of the dynamic
frictional resistance needed to be selected ‘blind’. This aspect of the
interpretation can be removed if the FFcP is instrumented with a load
cell to measure directly the tip resistance and a pore pressure sensor to
measure pore pressure at the uy position, which would reduce the error
from 75% to 10% (Chow et al., 2017). The dynamic frictional resistance
could also be minimised for the FFcP by adopting a tapered body (e.g.
Stark et al., 2017). This allows for an interpretation that avoids
consideration of frictional resistance, which was shown by Chow et al.
(2017) to reduce the inaccuracy in s, determined from FFcP measure-
ments to £10%. Fig. 12d examines the sensitivity of the choice of strain
rate parameter on s, as derived from Test IFFS 6. Adjusting fpeqr from
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0.035 to 0.085 (i.e. as done for the FFcP) causes up to +£10% variation in
sy, slightly lower than that for the FFcP.

Table 3 summarises the sensitivity of the derived s, value to these
inputs. Evidently, the effect of parameter uncertainty is lowest for the
IFFS. This beneficial aspect of the IFFS is offset somewhat by the lower
penetration potential of the IFFS relative to the FFcP (see Fig. 10).
Hence, there is a tradeoff to be considered with respect to the relative
merit of the two penetrometers.

6. Embedment potential of free-fall penetrometers

A further comparison between the two penetrometer types is of their
maximum achievable embedment. This must encompass the depth of
interest, which may be a few centimetres for a habitat survey, or up to a
metre or more for pipeline or cable routes. The maximum embedment
can be estimated via a forward analysis of the equations of motion in
Egs. (2) and (9), following the approach adopted for predicting the
embedment depth of projectiles or dynamically installed anchors (e.g.
True, 1976; O’Loughlin et al., 2013; O’Beirne et al., 2017b). The mass, m
of the penetrometers is controlled by the diameter, d, with the constraint
that L/d = 10 for the FFcP (as per the geometry of the device considered
in the field tests) and assuming that the penetrometers were solid
stainless steel (ignoring the instrumentation void which reduces the net
density of the penetrometer).

Ranges in penetrometer diameter, d = 0.05-0.2 m for the FFcP and d
= 0.1-0.4 m for the IFFS were considered, such that the corresponding
masses varied in the range m = 7-465 kg for the FFcP and m = 4-263 kg
for the IFFS. The factor 4 range in diameter gives a factor 64 range in
mass. Undrained shear strength, s,, was assumed to vary linearly with
depth according to kz with zero strength at the mudline and k taken in
the range 1-10 kPa/m, for the purposes of exploring the effect of
penetrometer geometry. Impact velocities in the range v; = 1-13 m/s
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~ 0 , : . . . . L . L L .
£ V;1imie (90% terminal velocity) g 0
= 14 < 1A
N d=0.05m N
< 2 4 ——— < 2
° @@ d=0.075m ‘ D=0.3m
] ) .
0.35
E 3 d=01m E 3 Increasing D m
5 c D=0.4m
£ 4 - d=0.125m g 4
3 a
. d=0.15m 8 .
g Increasing d g
"_CU 6 1 Note: g=0.175n} =< 6  Note:
Hrod ; k =2 kPa/min all cases d=02m IE . k=2 kPa/min all cases
(c) Undrained shear strength gradient, k (kPa/m) (d) Undrained shear strength gradient, k (kPa/m)
0 2 4 6 8 10 12 0 2 4 6 8 10 12
— 0 1 1 1 1 = #l — 0 1 1 1 1 1
E 14 o—o E IFFS (D= 0.23 M, v, = 8 m/5)
N IFFS (solid, m = 33Kg, V;jme = 3.5 M/s) N
£ 2 < 17
I a
_ch 3 FFcP (half-solid, m = 232 kg, Ve = 9.3 m/s %
- - 2 4
< 4 N FFCP (d = 0.095 kg, V;jimie =9 m/s)
-:E; 5 FFcP (solid, m = 465 kg, Vi = 13.1m/s) _g
7} o 3 4
Q Qo
[S 6 FFcP (partially-solid, m = 33Kg, V; jm¢ = 3.5 m/s) £
] )
s 7 T 4
L% 8 Note: L% Note:
d=D=0.2min all cases m=50kgin all cases
9 5

Fig. 13. (a, b) Influence of impact velocity; and (c, d) Influence of undrained shear strength gradient on final embedment of free-fall penetrometers examined

through forward analysis of Eq. (2) and Eq. (9).
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were considered, with the upper end of the range limited to 90% of the
terminal velocity for that particular penetrometer mass.

Fig. 13 shows the effect of adjusting the independent variables (d or
D, k, v;) on final embedment, z,, using the model parameters established
previously for the FFcP (Ni; = 11.2, a = 0.22, fpeqr = 0.06, Bfice = 0.21,
and Cp = 1.2) and for the IFFS (N, = 10.9, Bpeqr = 0.06 and Cp = 0.26).
The results on Fig. 13 support the field observations, in that embedment
is shallower for the IFFS than for the FFcP, reflecting primarily the
higher projected area and therefore proportionally higher penetration
resistance.

The influence of impact velocity, v;, on 2, for the FFcP and IFFS
penetrating a sediment with an undrained shear strength gradient, k = 2
kPa/m is illustrated in Fig. 13a and b respectively. 2z, increases non-
linearly with increasing v; and penetrometer diameter, d or D and
hence mass, m. The rate of increase in 2, with v; is higher for the IFFS
than the FFcP and increases marginally with increasing diameter,
reflecting the higher strain rate effect on shaft resistance that impedes
the FFcP. Over the range of impact velocities considered (v; = 1 m/s to
90% of the terminal velocity), z, for the FFcP increases by a factor of
1.58-1.61, but by a factor of 2.29-2.53 for the IFFS.

For the FFcP and k = 2 kPa/m, an increase in diameter from d =
50-200 mm, increases the limiting impact velocity from Vjjmi =
6.5-13.1 m/s and the associated embedment depth from z, = 1.55-6.44
m (i.e. by a factor of 4.2). The equivalent comparison for the IFFS (i.e.
increasing D from 100 to 400 mm) causes V; jimir to increase from 5.3 to
10.6 m/s and 2, from 0.76 to 3.13 m (i.e. by a factor of 4.1). A similar
analysis at a constant impact velocity, v; = 4 m/s, shows an increase in 2,
by a factor of 3.5 and 2.4 for the FFcP and IFFS respectively.

These factors of ~4 gain in 2, from a factor 4 increase in diameter can
be approximated from energy considerations, neglecting the strain rate
and soil drag terms. The overall energy balance of impact energy vs.
energy dissipated through soil end bearing resistance can be expressed
as:

1

1
—mv?, . =-A,N5uz,

5V i = a4

Since m«d® and v,
d? and since the soil strength increases linearly with depth, the average
value, 5,xz.. Consequently, if rate effects are ignored, and if the soil
resistance is dominated by the base, the maximum depth is proportional
to the penetrometer size. The detailed analyses in Fig. 13a and b shows
the additional influence of rate effects, beyond the general trend of this
approximate analysis.

The influence of undrained shear strength gradient, k, is examined in
Fig. 13c by considering 2. at V; jimi: for d = D = 0.2 m with various m (i.e.
varying the penetrometer solid content). From the energy balance

«d, the impact energy scales with d*. Also, Apx

above, z,x1/ vk, but Fig. 13 captures the additional influences of rate
effects and shaft friction, which alter the trend slightly. The results in
Fig. 13c consider a solid IFFS and a partially solid FFcP with identical m
= 33 kg, a half-solid FFcP (m = 232 kg) and fully solid FFcP (m = 465 kg)
to explore further the role of mass in z,, and also in recognition that an
FFcP may need to be bottom heavy to maintain verticality during free-
fall.

Embedment depth is seen to decrease non-linearly with increasing
strength gradient at a rate that is slightly higher for the heavier (FFcP)
penetrometer. 2, for a fully-solid FFcP is higher than that for the IFFS by
a factor of between 3.8 and 4.8 (increasing with k), reducing to between
2.0 and 2.7 for the half-solid FFcP. Comparing both penetrometers with
the same mass shows that the IFFS embeds further (by a factor of be-
tween 2.1 and 2.7, increasing with reducing k), which is due to the
increased frictional resistance that develops along the FFcP shaft.
However, Fig. 13d shows that when both penetrometers are fully solid,
but with a diameter, d = 0.09 m for the FFcP and d = 0.2 m for the IFFS,
such that they have the same mass, m = 50 kg, the FFcP embeds further
than the IFFS, by a factor of between 1.5 and 1.9 (increasing with k).
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Although the total energy of both penetrometers at the mudline is
approximately the same (as both have the same mass and the limiting
impact velocity differs by only 1 m/s), the work needed to dissipate this
energy is reached at a deeper embedment for the FFcP due to the
reduced contact area (in bearing and friction).

In summary, the observations made from this simple parametric
study are consistent with the field measurements, but also provide a
basis for selecting an appropriately dimensioned free-fall penetrometer
for expected field conditions. Final embedment depth is governed more
by mass than impact velocity, consistent with findings reported in
O’Loughlin et al. (2013), such that there is a greater benefit in max-
imising mass than in raising the drop height (e.g. by limiting voids
within the penetrometer).

7. Conclusions

This paper has demonstrated the relative merit of cone and spherical
free-fall penetrometers as site investigation tools for water environ-
ments. The sediment strength of a riverbed was determined from the
penetrometer acceleration measurements using a framework that ac-
counts for hydrodynamic drag and added mass (in the case of the
spherical penetrometer) and the strain-rate enhanced geotechnical
resistance. Comparisons between these strength estimates and those
determined from push-in cone penetrometer tests are generally
favourable, and also demonstrate the variability in the sediment
strength of the riverbed. This can be quantified more readily and cost-
effectively by free-fall penetrometer tests than push-in penetrometer
tests.

Uncertainty in the model parameters leads to less variation in the
deduced sediment strength for the IFFS than the FFcP, due to difficulties
in quantifying the FFcP dynamic frictional resistance reliably. Whilst the
IFFS has the benefit of a simpler interpretation that avoids the compli-
cation of quantifying dynamic shaft resistance, its embedment potential
is lower. This tradeoff between accuracy and embedment potential
needs to be considered in the context of sediment depth of interest. The
models described here to back-analyse sediment strength can be used in
a forward analysis to estimate embedment potential for a range of ex-
pected sediment strengths and penetrometer geometries, which provides
a basis for selecting (or designing) an optimal free fall penetrometer for a
given application.
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